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Editorial on the Research Topic
The Role of Neuroinflammation in Chronic Pain Development and Maintenance

Inflammation is originated by tissue injury and triggers several biochemical reactions that sensitize
the nervous system for pain perception. Chronic inflammation induces adaptive changes that can
cause altered pain signal processes. Indeed, inflammatory mediators provokes structural and
functional changes in the peripheral or central sensory circuits, resulting in pain like behaviors,
such as hyperalgesia, allodynia, and spontaneous pain. Accumulating evidence suggests that central
sensitization is driven by neuroinflammatory processes mediated by activation/proliferation of
resident microglia and glial cells with the consequent release of inflammatory mediators;
furthermore, several recent studies are relating the role of non-neuronal cells of the peripheral
nervous system with the modulation of neuroinflammation involved in the development and
maintenance of chronic pain.

Currently treatments for chronic pain are quite unsatisfying. Therefore, there is a need for
research aimed at discovering novel biological targets for new pharmacological approaches. Recently
the authors collectively participated in the study of neuropathic pain and the role of HCAR2
expressed by Schwann cells in a sciatic nerve ligation model. (Boccella et al.).

In this Research Topic, different signaling implicated in neuroinflammation and chronic pain and
possible therapeutic approaches have been described:

> Borbely et al. investigate the role of tachykinin hemokinin-1 (HK-1) in arthritis by using different
mouse models mimicking pathophysiology of rheumatoid arthritis in humans and integrative
methodology (functional, in vivo optical imaging, cell cultures) with special emphasis on pain.
They provide the first evidence that HK-1 mediates several arthritic inflammatory mechanisms and
pain by direct activation of primary sensory neurons not via its classical NK1 receptor.

> Lj et al., summarize the current knowledge of the role of microglia during sepsis by showing the
contribute of these cells in long-term sensorial and cognitive deficits. The Authors appropriately
illustrate the activation of microglia in the Central nervous system by describing specific
neurotransmissions and molecular pathways which may promote the cognitive damage and
chronic pain during sepsis.

> Pacini et al. test the effects of the natural antioxidant thioctic acid which is clinically used as
racemic mixture. The Authors report preclinical and clinical evidences suggesting positive
properties of thioctic acid in the treatment of low back pain with a more relevant efficacy of
(+)-thioctic acid as compared to (+/-)-thioctic acid on pain, on time of onset of therapeutic effects.
> De Caro et al., show the anti-inflammatory and analgesic properties of Perampanel, the selective
non-competitive AMPA receptor antagonist in acute (tail flick and hot plate tests) and chronic pain
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(Chronic constriction injury). They also suggest the involvement
of the cannabinergic system (i.e., activation of cannabinoid type 1
receptor, CBR1) in Perampanel actions.

> Scuteri et al, provide a systematic review and meta-
analysis assessing the efficacy of essential oils in pain.
They describe the literature search conducted on
databases relevant for medical scientific literature,
i.e., PubMed/MEDLINE, Scopus, and Web of Science
following the PRISMA (Preferred Reporting Items for
Systematic reviews and Meta-Analyses) criteria. Among a
total number of 30 studies included, three investigated
neuropathic pain conditions.

> Borges et al., review recent clinical and preclinical studies
investigating the epidermal growth factor receptor (EGFR)
signaling pathway in chronic pain states. EGFR inhibitors are
known for their use as cancer therapeutics however recent
evidence suggested their clinical use for treating chronic pain.
Here, the Authors provide an overview of EGFR signaling,
highlighting possible mechanisms by which EGFR and its
ligands may influence pain hypersensitivity and modulate
inflammatory mediators of pain.

> Brik et al, investigate the behavioral and biochemical
changes after intra-articular injection of sodium
monoiodoacetate  (MIA). This model mimics the
degenerative changes observed in osteoarthritic patients.
The Authors have characterized grading changes after
injection of 1, 2 or 3mg of MIA over a 28-day period.
They report significant dose- and time-dependent changes
in both gene expression and protein secretion levels of
inflammatory factors.

> Mazzitelli et al, provide a direct evidence for the
modulation of pain-like behaviors and spinal neuronal
activity by basolateral amygdala-central nucleus (BLA-CeA)
signaling and central nucleus-corticotropin releasing factor
(CeA-CRF) neurons on under normal conditions and in an
arthritis pain model.

> Ma et al, reveal the (fat-mass and obesity-associated
protein) FTO-triggered epigenetic mechanism of matrix

Editorial: Neuroinflammation and Chronic Pain

metallopeptidase 24 (MMP24) upregulation in the spinal
cord after spinal nerve ligation (SNL). They show that
blocking the SNL-induced increase of MMP24 in the spinal
cord mitigate pain hypersensitivity both in the development
and maintenance phase without altering the basal/acute
responses or locomotor functions. The Authors suggest that
MMP24 may be an endogenous initiator of neuropathic pain
and could be a potential target for this disorder’s prevention
and treatment.

> Bruno et al., indicate that B-adrenergic receptors (p-ARs),
mainly p2-and B3-ARs, contribute to tumor proliferation and
progression and cancer-associated pain in a mouse model of
cancer pain generated by the para-tibial injection of K7M2
osteosarcoma cells. This study highlights the ability of f-ARs
antagonists in modulating both tumor growth and the
neuroinflammation, showing a new therapeutic targets for
cancer therapy and associated pain.
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Target for Sepsis-Associated
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Yi Li', Lu Yin?, Zhongmin Fan', Binxiao Su, Yu Chen, Yan Ma, Ya Zhong, Wugang Hou,
Zongping Fang * and Xijing Zhang *
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Neurological dysfunction, one of the severe manifestations of sepsis in patients, is closely
related to increased mortality and long-term complications in intensive care units, including
sepsis-associated encephalopathy (SAE) and chronic pain. The underlying mechanisms of
these sepsis-induced neurological dysfunctions are elusive. However, it has been well
established that microglia, the dominant resident immune cell in the central nervous
system, play essential roles in the initiation and development of SAE and chronic pain.
Microglia can be activated by inflammatory mediators, adjacent cells and
neurotransmitters in the acute phase of sepsis and then induce neuronal dysfunction
in the brain. With the spotlight focused on the relationship between microglia and sepsis, a
deeper understanding of microglia in SAE and chronic pain can be achieved. More
importantly, clarifying the mechanisms of sepsis-associated signaling pathways in
microglia would shed new light on treatment strategies for SAE and chronic pain.

Keywords: sepsis, sepsis-associated encephalopathy, chronic pain, microglia, neuroinflammation

INTRODUCTION

Sepsis is a primary fatal syndrome in intensive care units (ICUs) that is characterized by an
imbalance in the pro- and anti-inflammatory systems after infection (van der Poll et al., 2017). Sepsis
is commonly accompanied by multiorgan dysfunctions and causes severe disturbances in the
nervous system, such as sepsis-associated encephalopathy (SAE) and chronic pain (Shankar-Hari
and Rubenfeld, 2016). SAE is defined as diffuse cerebral dysfunction during sepsis, while sepsis-
associated chronic pain is partly a reflection of central sensitization with synaptic plasticity and
increased neuronal responsiveness (Helbing et al., 2018; Ji et al., 2018). Both of these conditions can
lead to long-lasting decrements in health-related quality of life for patients. To be specific, it has been
demonstrated that SAE can cause long-term neurological deficits, including cognitive deficits
(10-20%) and anxiety and stress disorders (10-30%) (Iwashyna et al, 2010; Battle et al., 2013;
Helbing et al., 2018). Moreover, 31-70% of sepsis survivors claim to suffer from pain 6 months after
discharge from the hospital (Carpenter et al, 2019). Given that there is still a lack of specific
treatment options proposed for SAE and sepsis-associated chronic pain, understanding the
mechanisms of the pathological alterations in the brain is essential for developing effective
treatments to avoid the potentially devasting effects of sepsis.

Microglia, the resident immune cells in the brain, modulate multiple brain functions via cytokines
and their interactions with neurons and nonneuronal cells (Greenhalgh et al., 2020). Cytokines
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FIGURE 1 | Roles of microglia in SAE and sepsis-associated chronic pain. During sepsis, microglia can be activated by inflammatory mediators, adjacent cells and
neurotransmitters. Then, activated microglia integrate neuroinflammation and cause neuronal dysfunctions via secreted inflammatory mediators or glutamate to lead to
SAE and chronic pain. Glutamate may form a positive feedback mechanism in microglia activation.

protect the immune system against adverse stimuli and maintain
homeostasis, but cytokine dysregulation can induce
neurotoxicity, as has been verified in patients with
neurodegenerative disorders (van Gool et al, 2010). The
relationship between systemic infection and microglial
activation in the brain was confirmed in septic patients more
than a decade ago (Lemstra et al., 2007). Microglial activation in
the brain was further demonstrated in an animal model of sepsis
induced by lipopolysaccharide (LPS) and caecal ligation and
puncture (Szollosi et al, 2018). SAE and sepsis-associated
chronic pain are thought to be the consequences of
inflammation in the brain (Michels et al., 2015a; Baumbach
et al., 2016). Moreover, microglial activation contributes to
neuroinflammation during sepsis; thus, it is believed that
microglial activation plays an essential role in SAE and sepsis-
associated chronic pain (Sharshar et al., 2014). The correlation
between activated microglia and neurological deficits in sepsis has
been reported in a few studies; however, the underlying
mechanisms need to be further explored.

In this review, we summarize the current knowledge of the
activation of microglia during sepsis and roles of these cells in
long-term cognitive deficits and chronic pain, to shed new light
on the development of novel therapeutics for SAE and sepsis-
associated chronic pain (Figure 1).

Activation of Microglia in the Central

Nervous System During Sepsis
Under physiological conditions, microglia are in a resting state,
characterized by branched morphology and surveillance of the

microenvironment to maintain homeostasis; when these cells
encounter pathological insults, this resting phenotype will
switch to an activated amoeboid form and exert destructive
or neuroprotective effects (Hoogland et al., 2015). Microglial
activation in the brain has been observed in both LPS-treated
murine models and patients who died from sepsis, suggesting
that microglia are relevant to systemic inflammation and
pathology in the central nervous system (CNS) (Fukushima
et al., 2015; Westhoff et al., 2019). Peripheral inflammation
induces the immune response in the CNS via several pathways,
which might contribute to the considerable roles of microglia in
sepsis.

1. Inflammatory Mediators

Bacterial components stimulate microglia via pattern recognition
receptors such as Toll-like receptors (TLR-2, TLR-4, and TLR-9)
and nucleotide-binding oligomerization domain-2 (NOD2) (Ye
et al, 2019). In addition, it has been verified that cytokines
(particularly tumour necrosis factor « (TNF-a), interleukin 1p
(IL-1p), and interleukin 6 (IL-6)), which are generated
peripherally during sepsis, transmit signals through the
impaired blood-brain barrier (BBB) and activate microglia to
modulate neuronal function (van Gool et al., 2010). The IL-17A/
IL-17R signaling pathway has also been reported to play an
important role in stimulating microglia. The IL-17A/IL-17R
signaling  pathway facilitates microglial secretion of
inflammatory factors, including IL-1p and IL-23, which
exacerbate the secretion of IL-17A from immune cells and
create a vicious cycle of sustained, amplified inflammation in
the brain (Ye et al., 2019).
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2. Adjacent Cells
Adjacent cells have modulatory effects on microglia. Astrocytic
end-feet express multiple cytokine receptors and attach to
vascular endothelial cells or leptomeningeal cells in the
peripheral blood vessels, allowing astrocytes to initially
respond to systemic inflammation (Shimada and Hasegawa-
Ishii, 2017). Then, inflammatory signals are conveyed and
activate microglia through astrocyte-generated cytokines, such
as granulocyte-colony stimulating factor (G-CSF) and
CCL11(Shimada and Hasegawa-Ishii, 2017). G-CSF acts as a
microglial growth factor, and CCL11 can promote the
microglial migration to inflamed foci and facilitate microglial
production of reactive oxygen species (ROS), ultimately resulting
in excitotoxic neuronal death (Shimada and Hasegawa-Ishii,
2017). Simultaneously, in cultured cells, astrocytes produce
anti-inflammatory substances, including transforming growth
factor (TGF) and prostaglandin E2 (PGE2), which downregulate
microglial activity and restrict neuroinflammation (Michels et al.,
2017). However, whether this anti-inflammatory effect exists in
vivo of murine models of sepsis has not been fully studied.
Endothelial cells also play important roles in modulating
microglial functions. Wang, H. et al. showed that endothelial
cell activation can result in increased leukocyte adhesion, which
is responsible for elevated CX3CL1 expression on endothelial
cells, activating and guiding microglia toward the inflamed
brain during sepsis (Wang et al., 2015). Furthermore, TLR-4
on endothelial cells is also an important inducer of microglial
activation by regulating the secreting of CXCL10, TNF-a and IL-
1(Chen and Trapp, 2016). In the experimental autoimmune
encephalomyelitis (EAE) mouse model, it was demonstrated
that peripheral Th1/Th17 cells were initially recruited to the
brain and produced massive amounts of IL-17A, inducing the
activation of resident microglia and prolonging the
inflammatory response (Murphy et al., 2010). Since the IL-
17A/IL-17R pathway is a vital component in microglia-
mediated neuroinflammation in sepsis, it is possible that
Th1/Th17 cells play a similar role in this context.

3. Neurotransmitters

Microglia express receptors of various neurotransmitters,
including glutamate, acetylcholine (Ach), and so on, which
cooperate with each other to maintain normal neuronal
functions (Wolf et al, 2017). During sepsis, imbalanced
expressions of these neurotransmitters exert negative effects
on microglia and alter the equilibrium in the brain. In BV2 cells
(a murine microglial cell line), LPS increases the Ca?*
concentration and upregulates CaMKII phosphorylation,
thus inducing ERK1/2 and NF-«B phosphorylation, which
stimulate microglial activation and the expression of pro-
inflammatory cytokines and enzymes (Wu et al., 2018).
These processes are regulated by overexpressed glutamate
during sepsis and the inhibition of glutamate receptors
(N-methyl-p-aspartate (NMDA) receptors) could attenuate
those effects (Wu et al,, 2018). On the contrary, Ach and
nicotine can reduce LPS-induced TNF-a release from
microglia through the activation of «-nAChR, which was
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reported to deliver an anti-inflammatory signal. However,
the downregulation of cholinergic neurons during sepsis
eliminates this effect (Dal-Pizzol et al., 2014).

MICROGLIA IN SEPSIS-ASSOCIATED
ENCEPHALOPATHY

The Mechanisms of Sepsis-Associated
Encephalopathy

SAE is a common but severe complication of sepsis. During SAE,
the brain exhibits acute and long-lasting pathological alterations
in mouse models and human patients. Cerebrovascular
impairment and neuroinflammation are defined as the two
main triggering mechanisms of SAE. On the one hand,
impaired cerebrovascular-related changes in cerebral perfusion
were observed in patients with severe sepsis or septic shock,
which have been demonstrated to facilitate SAE (Schramm et al.,
2012). On the other hand, brain cytokines and chemokines are
generated within a few hours of sepsis onset in murine models,
which lead to increased permeability of the BBB, causing immune
cells, inflammatory factors and other substances in the periphery
to enter the brain and induce disturbances (Comim et al., 2011).
Cerebral endothelial activation is also a pathophysiological
condition in the progression of SAE and has been reported to
induce robust inflammation, abnormal BBB permeability, and
even facilitate coagulation by the release of pro-inflammatory
cytokines and nitric oxide (NO) (Sharshar et al., 2010; Heming
et al., 2017).

Many other mechanisms are also likely to participate in the
pathogenesis of SAE. Neuronal necrosis and apoptosis are
thought to directly induce neuronal loss in the brain
following LPS-induced SAE (Deng et al, 2013). And, it is
possible that mitochondrial dysfunction and increased levels
of reactive oxygen/nitrogen species can promote neuronal death
(Heming et al., 2017). Astrocytes can be activated and exert
effects during SAE via astrogliosis (Deng et al, 2013). In
addition, activated microglia in this situation release
inflammatory mediators to consequently impair the BBB and
suppress neuronal activity (Deng et al., 2013). Complement
cascade is also a phenomenon caused by overactive
inflammation during sepsis, leading to deleterious effects in
SAE (Jacob et al, 2007). Furthermore, changes in
neurotransmission, such as glutamate-related neuronal
excitotoxicity, facilitate neuronal apoptosis under the septic
condition (Heming et al, 2017). The dopaminergic,
p-adrenergic, cholinergic, and GABA receptor systems are all
impaired during sepsis, which might result from NO produced
by endothelial cells or elevated levels of circulating amino acids
(Heming et al., 2017).

Activated Microglia in SAE and Cognitive
Dysfunction

Cognitive dysfunction is a common but severe consequence of
SAE. Delirium is a typical symptom in the acute phase of SAE that
occurs in 50% of patients (Mazeraud et al., 2020). Even after
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effective treatment, a large number of individuals who survive
sepsis also develop long-term cognitive deficits and seem to have
a higher risk of suffering from dementia (Widmann and Heneka,
2014). The correlation between those long-term brain
dysfunctions and delirium in the acute phase of SAE has been
reported (MacLullich et al., 2009), and the shared mechanisms
underlying these two phenomena are receiving much more
attention. Activated microglia have recently been proposed to
play a role in accelerating SAE and have a close relationship with
cognitive changes. Consistently, inhibition of microglia by an
intracerebroventricular (ICV) injection of minocycline decreased
acute brain oxidative damage, inflammation, and long-term
cognitive impairment in sepsis survivors (Michels et al,
2015b). Thus, exploring the roles of microglia in SAE and
long-term  cognitive  impairment will deepen  our
understanding of pathology of SAE and probably offer a
potential therapeutic target for those patients.

Activated microglia lead to neuronal dysfunctions and
memory impairment via releasing large amounts of pro-
inflammatory mediators and inducing the expression of
multiple enzymes during sepsis (Wu et al, 2018). For
example, working memory, as well as hippocampal-
dependent memory, has a negative correlation with the level
of IL-1p, which can be released by activated microglia in SAE
(Tangetal., 2018). In addition, Nox2 (a member of the NADPH
oxidase family), GRK2 (G protein-coupled receptor kinase 2)
and NO-producing enzymes (such as inducible nitric oxide
synthase) in microglia regulate oxidative and nitrosative stress
during inflammation, contributing to the amplification of pro-
inflammatory mediators production, as well as long-term brain
deficits after sepsis (Hernandes et al., 2014; Widmann and
Heneka, 2014; Kawakami et al., 2018). Neurotransmitters can
also be regulated by activated microglia. A moderate level of
glutamate is released by neurons, astrocytes, and homeostatic
microglia. However, toxic amounts of glutamate are produced
by activated microglia through a mechanism that involves
connexin channels and the cystine/glutamate antiporter
system (Bozza et al, 2013; Michels et al, 2017). As
glutamate has a regulatory effect on microglia, it seems that
glutamate forms a positive feedback mechanism in microglia
activation.

It is important to note that elderly individuals with
neurodegenerative diseases have increased levels of innate
inflammation in the brain and are vulnerable to delirium
(van al, 2010). In animal sepsis models,
neurobehavioural impairments are highly distinct in those
with certain pre-existing conditions (Lemstra et al., 2007).
Microglia are known to play crucial roles in mediating
inflammatory ~ processes associated ~ with  various
neurodegenerative diseases (Tang et al, 2018). In these
contexts, once microglia are activated or primed, this status
is believed to be sustained for a long time (Lemstra et al., 2007).
Thus, during sepsis, it is well accepted that when activated/
primed microglia encounter a subsequent exogenous stimulus,
these cells are inclined to exert an exaggerated response and
produce enormous levels of cytokines, facilitating brain
disturbances and exacerbating SAE (Lemstra et al., 2007).

Gool et

Microglia in SAE and Chronic Pain

MICROGLIA IN SEPSIS-ASSOCIATED
CHRONIC PAIN

The Mechanisms of Chronic Pain

Pain is a key defense system that enables the host to detect and
avoid harmful stimuli. A complex and properly functioning
neural circuit is necessary for the perception of pain. Briefly,
noxious stimuli excite the peripheral ends of primary afferent
sensory neurons, through which excitatory information is
conveyed to the nociceptive projection neurons in the spinal
dorsal horn and further up to those in the brainstem and higher
brain regions, processing the sensory and affective components of
pain (Inoue and Tsuda, 2018). Although acute pain is considered
to exert a protective effect on the host, once the pain persists for
more than 3 months and develops into chronic and recurrent
pain, it becomes a disease condition (Milligan and Watkins,
2009). There are several types of chronic pain, including
neuropathic pain, inflammatory pain, cancer-associated pain
and drug-induced pain after chemotherapy and chronic opioid
exposure. All of these types of pain are characterized by
spontaneous pain, as well as evoked pain in response to
noxious (hyperalgesia) or non-noxious (allodynia) stimuli (Ji
et al., 2018).

Abnormal excitability in the CNS and the activation of glial
cells, including astrocytes, microglia, oligodendrocytes in the
CNS and satellite glial cells, Schwann cells in the peripheral
nervous system, are believed to be the two basic pathogeneses
contributing to chronic pain (Ji et al., 2013). Persistent peripheral
inflammation leads to the increased release of neurotransmitters
from the primary afferent central terminals to the spinal cord and
brain, producing a state of neuronal hyperactivity and
hyperexcitability (Ji et al, 2018). Besides, synaptic plasticity, LTP
and disinhibition of inhibitory signaling can all contribute to pain
hypersensitivity (Kyranou and Puntillo, 2012; Ji et al, 2018). Glia
activation is another driver of chronic pain. These cells are regulated
by several neuromodulators such as ATP, CSF, chemokines,
neuropeptides and facilitate neuroinflammation and chronic pain
via glia-produced factors indispensably (i et al., 2018). Notably, more
and more researchers are proposing that neuroinflammation is highly
effective in modulating pain sensitivity and is recognized to be
associated with the persistence and chronification of human pain
conditions (Ji et al., 2018). For example, TNF, IL-1p, and IL-6 rapidly
modulate the function of neurotransmitter receptors to result in
enhanced excitatory synaptic transmission and suppressed
inhibitory synaptic transmission in the spinal pain circuit
(Kawasaki et al, 2008). What’s more, neuroinflammation is also
participating in inducing and sustaining spinal cord LTP in chronic
pain (Ji et al,, 2018).

Activated Microglia in Sepsis-Associated
Chronic Pain

Chronic pain is a frequently reported consequence of critical care
illnesses, with 31-70% of septic patients claiming pain 6 months
after discharge from the hospital (Carpenter et al., 2019). The
most likely cause of this pain can be inflammation, and microglia
are believed to contribute to this pathology. Microglia activation
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was observed in animal model of inflammatory pain as long ago
as 1999 (Chen et al., 2018). And, functional imaging reveals glia
activation in patients with chronic pain (Loggia et al.,, 2015).

Increasing evidence suggests that microglia drive central
sensitization via microglial mediators, mainly TNF and IL-
1¢(Chen et al., 2018). For example, TNF induces spontaneous
excitatory postsynaptic current by modulating the activities of
TRPV1, AMPAR and NMDAR in spinal neurons (Chen et al,
2018). In addition, the cytokines PGE2 and brain-derived
neurotrophic factor (BDNF) released by microglia can
modulate inhibitory synaptic transmission via pre-, post- and
extra-synaptic mechanisms. Disinhibition and LTP in the CNS
also have tight correlations with activated microglia, as it has been
suggested that TNF and IL-1p secreted by microglia are individual
factors to induce LTP in spinal dorsal horn neurons (Ji et al,
2013; Chen et al,, 2018). Intriguingly, microglia signaling is sex-
dependent and spinal microglia play little or no role in regulating
neuropathic pain in female rodents. This may result from the
distinct expression levels of testosterone in male and female
rodents and T cells appear to replace the role of microglia in
neuropathic pain in female rodents (Sorge et al, 2015).
Furthermore, spinal microglia priming also increases vulnerability
to pain enhancement in mice via augmented microglia production
of pro-inflammatory products (Hains et al., 2010).

Bacterial infections can induce pain in rodents. For example,
the bacterium staphylococcus aureus causes pain not only in a
direct manner through activating nociceptors, but also in an
indirect manner via the intermediating effects of immune cells
and secreted inflammatory substances (Chiu et al., 2013). What’s
more, LPS has been demonstrated to produce pain
hypersensitivity by sensitizing TRPV1 in nociceptors
(Diogenes et al., 2011). Although an increasing number of
studies are focusing on the roles of microglia in chronic pain
as described above, it is worth noting that most studies are
conducted after nerve injury, not bacterial infections in
murine models. This can partly attribute to the absence of
models mimicking and criteria evaluating the chronic pain
after bacterial infections, particularly sepsis. For instance, after
subcutaneous injection of bacteria in the mouse hid-paw, the
infection-induced mechanical hypersensitivity seems to begin
declining in 6 h and disappear in 72 h (Chiu et al., 2013). And
it has been reported that shoulder pain is the most frequently
reported chronic pain of ICU survivors, which is difficult to
evaluate in murine models (Battle et al., 2013). The states and
functions of microglia are distinct in different circumstances,
such as in neuropathic pain and inflammatory pain (Milligan and
Watkins, 2009). Therefore, there is still a long way to go in
understanding the exact roles of microglia in sepsis and sepsis-
associated chronic pain.

TREATMENT
Treatment of SAE

In recent years, our understanding of the pathophysiology of
sepsis has improved. However, there is still no targeted treatment
for sepsis or its complications: SAE and chronic pain. Strategies
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for SAE treatment are still based on the management of sepsis and
the clinical manifestations of SAE, including seizure, delirium and
coma (Mazeraud et al, 2020). The use of sedation is a
controversial issue. Dexmedetomidine, an alpha agonist agent,
has shown beneficial effects in patients with septic shock
(Mazeraud et al., 2020). However, in a recent larger study, no
significant advantage was observed for critically ill patients in the
dexmedetomidine group (Shehabi et al., 2019). Moreover,
benzodiazepines and opioids should be avoided since they are
independent risk factors for the development of acute SAE in the
ICU. Neuroprotective agents have also been considered options
for SAE treatment. For example, impaired cholinergic
neurotransmission has an important role in the development
of delirium in SAE. However, rivastigmine, an inhibitor of
acetylcholinesterase and butyrylcholinesterase, caused higher
mortality and longer median duration of delirium than the
placebo in critically ill patients (van Eijk et al., 2010). So, it is
necessary to seek for new therapeutic strategies of SAE. For
example, during SAE, synaptic activity is significantly reduced.
Since GABA-A receptors participate in most neuronal inhibitory
synapses, GABA-A may become a new target for the prevention
and treatment of delirium (Molnar et al., 2018).

Treatment of Chronic Pain

There is limited knowledge about sepsis-induced chronic pain.
Experimental and clinical data show that there is a close
relationship between inflammation and pain perception. As
the most serious systemic inflammation, sepsis may induce not
only acute changes in nociception but also long-lasting alterations
in the CNS, increasing the risk of chronic pain conditions
associated with ICU stays (Baumbach et al, 2016). For the
treatment of pain, the first step includes non-opioid analgesics
such as paracetamol and non-steroidal anti-inflammatory drugs
(NSAIDs), which reduce inflammation and pain by reducing the
effects of the cyclooxygenases COX-1 and COX-2 and reduce the
production of inflammatory mediators. In the second step of pain
treatment, the weak opioids codeine and dihydrocodeine are
added. Opioids mimic the effects of natural pain by reducing
the chemicals (endorphins) that activate opioid receptors in the
CNS, thereby reducing the transmission of noxious signals. The
third step requires strong opioids, which are more effective than
weak opioids but also have more serious side effects (Hylands-
White et al., 2017). Other treatment approaches for chronic pain
management includes: adjuvant drugs, dealing with cognitive,
emotional and behavioural disorders in chronic pain conditions,
psychological and social approaches (Hylands-White et al., 2017).
Besides, with advances in our understanding of mechanisms of
chronic pain, cell-based therapy is now an option for treating
chronic pain, such as stem cell therapy and so on (Chakravarthy
et al., 2017).

Microglia as the Therapeutic Target of SAE
and Sepsis-Associated Chronic Pain

Microglial activation facilitates brain damage during sepsis; thus,
the modulation of microglial activation seems to be a relevant
approach for treating SAE and chronic pain. For example,
recombinant IL-17A can enhance neuroinflammation and
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microglial activation in caecal ligation and puncture mice. As
expected, neutralizing antibodies against IL-17A or IL-17R can
reduce CNS inflammation and microglial activation, thereby
reducing cognitive dysfunction (Ye et al, 2019). Plus, several
plant-derived substances, such as resveratrol, sophoraflavanone
G (SQ), attractylone, and p-elemene, have also been shown to
inhibit microglial-mediated neuroinflammation and improve
memory performance in mice with SAE (Guo et al.,, 2016; Sui
et al., 2016; Pan et al., 2019; Tian et al., 2019).

In addition, studies of the roles of microglia in chronic pain
have provided several new therapeutic approaches. And many
efforts to inhibit microglial activation significantly reduced chronic
pain. The strategies targeting on microglia can be roughly divided
into three aspects. First, treatments targeting specific receptors
necessary for microglial activation, such as TLR4, which has been
reported to be a trigger of microglial activation (Bruno et al., 2018),
the p38 MAPK pathways, and P2X4R. Second, treatments
suppressing the release of microglial mediators, such as pro-
inflammatory factors. Third, treatment targeting the mediators
released by microglial. For example, low-dose naltrexone was
shown to inhibit microglia activation similar to TLR4 inhibitor,
and be an effective treatment for chronic pain in a pilot clinical trial
(Younger and Mackey, 2009; Wang et al., 2016).

However, there are still many difficulties regarding robust and
consistent laboratory results and clinical trials. One of the reasons
is likely that microglia can also exert protective effects in the CNS.
While cerebral synaptic activity is decreased in SAE, activated
microglia insert their processes into the synaptic cleft to displace
the axosomatic inhibitory synapses of neurons and thus increase
neuronal excitatory activity, which results in the activation of
synaptic NMDA receptors to anti-apoptotic and
neuroprotective effect (Chen and Trapp, 2016). What’s more,
complex interactions of microglia and other cells in vivo,
polyphyletic effects of microglia-targeted drugs, differences
between human and murine microglia, and distinct roles of
microglia between female and male all can contribute to the
disappointing clinical results. Thus, Ru-Rong Ji et al. proposed
that the best strategy is to restore microglia normal function by
pro-resolution approaches, such as pharmacological approaches,
including CB2 (cannabinoid type 2) agonists, cell therapies and
neuromodulation (Ji et al., 2016).

The endocannabinoid system (ECS) and its endogenous
ligands play an important role on modulating the activation of
microglia. The ECS mainly includes cannabinoid receptor type 1

exert
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The tachykinin hemokinin-1 (HK-1) is involved in immune cell development and
inflammation, but little is known about its function in pain. It acts through the NK1
tachykinin receptor, but several effects are mediated by a yet unidentified target.
Therefore, we investigated the role and mechanism of action of HK-1 in arthritis
models of distinct mechanisms with special emphasis on pain. Arthritis was induced
by i.p. K/BxN serum (passive transfer of inflammatory cytokines, autoantibodies), intra-
articular mast cell tryptase or Complete Freund’s Adjuvant (CFA, active immunization) in
wild type, HK-1- and NK1-deficient mice. Mechanical- and heat hyperalgesia determined
by dynamic plantar esthesiometry and increasing temperature hot plate, respectively,
swelling measured by plethysmometry or micrometry were significantly reduced in HK-1-
deleted, but not NK1-deficient mice in all models. K/BxN serum-induced histopathological
changes (day 14) were also decreased, but early myeloperoxidase activity detected by
luminescent in vivo imaging increased in HK-1-deleted mice similarly to the CFA model.
However, vasodilation and plasma protein extravasation determined by laser Speckle and
fluorescent imaging, respectively, were not altered by HK-1 deficiency in any models. HK-1
induced Ca®*-influx in primary sensory neurons, which was also seen in NK1-deficient cells
and after pertussis toxin-pretreatment, but not in extracellular Ca®*-free medium. These
are the first results showing that HK-1 mediates arthritic pain and cellular, but not vascular
inflammatory mechanisms, independently of NK1 activation. HK-1 activates primary
sensory neurons presumably via Ca®* channel-linked receptor. |dentifying its target
opens new directions to understand joint pain leading to novel therapeutic opportunities.

Keywords: experimental arthritis, arthritic pain, primary sensory neuron, neuroinflammation, tachykinin, in vivo
optical imaging

INTRODUCTION

Rheumatoid arthritis (RA) is the most common autoimmune disorder of the joints characterized by
chronic inflammation and severe pain. Although the inflammation can be effectively controlled by
nonsteroidal anti-inflammatory drugs (NSAIDs), steroids, disease-modifying antirheumatic
drugs (DMARDs) and biologic agents (Sparks, 2019), pain is often resistant to these drugs
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(McWilliams and Walsh, 2019). Persistent pain has resulted in an
increased use of opioids among RA patients (Day and Curtis,
2019), though opioids are not effective in all cases (Chancay et al.,
2019) suggesting more complex pain pathomechanisms in RA
and making pain management an unmet medical need.

The joints are densely innervated by capsaicin-sensitive
peptidergic sensory nerves (Donaldson et al., 1995) expressing,
among others, the transient receptor potential vanilloid 1
(TRPV1) and ankyrin 1 (TRPA1) ion channels activated by a
broad range of inflammatory mediators (Pinho-Ribeiro et al,
2017). These nerves play an important role in complex neuro-
vascular-immune interactions resulting in chronic pain (Sun and
Dai, 2018). Recently, intensive investigations have been initiated
to reveal sensitization processes at molecular (Sommer and Kress,
2004) and histological levels alike (Ebbinghaus et al., 2019) that
convert inflammatory to neuropathic pain and contribute to
persistent arthritic pain. Exploration of its pathophysiological
processes is hindered by the fact that no single animal model can
mimic every aspect of RA, conclusions drawn using different
models might not necessarily apply to the human disease (Krock
et al., 2018). Studying the role of endogenous molecules of the
sensory-vascular-immune interactions is essential to identify key
mediators and potential novel drug targets.

Tachykinins are a family of neuropeptides that have been
shown to play important roles in immune mechanisms,
inflammatory vascular changes and pain (Onaga, 2014).
Their best-known member, substance p (SP) acts mainly
through the tachykinin neurokinin-1 receptor (NKIR), but
can also bind to the other two tachykinin receptors, NK2R
and NK3R, with much lower affinities. NKIR plays a key role in
the wind-up mechanism in the spinal dorsal horn (Herrero
et al., 2000), which is a crucial element in central sensitization
leading to chronic pain. SP through NKIR also sensitizes the
peripheral terminals of nociceptors (Nakamura-Craig and
Smith, 1989). NK1R antagonists were developed as analgesic
drug candidates, but despite promising preclinical results, they
did not prove to be effective in human pain conditions.
Therefore, tachykinins fell outside the focus of pain research
until the discovery of hemokinin-1 (HK-1) in 2000 (Zhang et al.,
2000) beginning a new era in this field. HK-1, encoded by the
preprotachykinin-4 gene (Tac4), was first isolated from bone
marrow B-cells (Zhang et al, 2000), and plays a role in
T-lymphopoesis as well (Zhang and Paige, 2003). HK-1
consists of 11 amino acids, it has a close structural
resemblance to SP, with seven matching aminoacids. HK-1
has the highest affinity to the NK1R similarly to SP (Morteau
et al., 2001), but it has been proven that HK-1 can exert effects
through other, so far unidentified target(s) (Borbély and Helyes,
2017). Our research group was the first to describe the mediator
role of HK-1 in the chronic adjuvant-induced mouse model of
inflammation and related nociception (Borbély et al., 2013).
Recently, we proved that HK-1 is involved not only in
inflammatory, but also nerve ligation-induced neuropathic
pain, which develops independently of inflammation with
prominent central sensitization mechanisms (Hunyady et al.,
2019). The present work focused on investigating the

involvement of HK-1 in arthritis models of distinct

Hemokinin-1 in Arthritis

mechanisms with special emphasis on pain, nociceptive
sensory neurons and the molecular mechanism of action.

MATERIALS AND METHODS

Animals and Ethics

Experiments were performed on inbred 12-18-week-old
(25-30 g) male Tac4 gene-deficient (Tac4”™) knockout (KO)
and NK1 receptor-deleted (Tacrl™™) mice and their C57BL/6]
wild type controls (WT) purchased from Charles-River Ltd.
(Hungary). The original Tacrl™~ breeding pairs (De Felipe
et al., 1998) were obtained from the University of Liverpool,
United Kingdom, The Tac4 ™~ strain was donated by A. Berger
(Berger et al., 2010). Both KO strains were generated on C57BL/6]
background and backcrossed to homozygosity for over five
generations. The mutated allele’s germline transmission and
excision of the selection cassette were verified by PCR analysis.
The experimenters were blinded from the genotype and
treatments in all cases. Animals were bred and kept in the
conventional Laboratory Animal House of the Department of
Pharmacology and Pharmacotherapy, University of Pécs at
24-25°C, 12 h light/dark cycles on wood shaving bedding in a
standard polycarbonate cage with two to six mice per cage and
provided with standard rodent diet and water ad libitum.

All experiments were carried out according to the European
Communities Council Directive of 2010/63/EU, Consideration
Decree of Scientific Procedures of Animal Experiments (243/
1988) and Ethical Codex of Animal Experiments and to the NIH
guidelines (Guide for the Care and Use of Laboratory Animals,
NIH Publication 86-23). The project was approved by the Ethics
Committee on Animal Research of the University of Pécs and
license was provided (BA 02/2000-2/2012).

Serum Transfer Arthritis

K/BxN arthritogenic and BxN non-arthritogenic sera were
harvested as described earlier (Jakus et al., 2010). Arthritis
was induced by intraperitoneally (i.p.) injecting 150-150 uL
of the arthritogenic serum on the 0 and 3 day of the
experiment. The control groups received the same amount of
non-arthritogenic serum. The mechanonociceptive threshold,
heat threshold and cold tolerance were measured (methods
described below). Paw edema was quantified using
plethysmometry (Ugo Basile 7140), bodyweight was
monitored after the first serum administration as a parameter
of general well-being. Weight loss was given as the percentage of
lost weight compared to pretreatment control values. Arthritis
severity was scored using a semiquantitative visual scale where
0-0.5 was no change and 10 was maximal inflammation (Jakus
et al, 2010). Swelling and redness of all four feet were
considered for the score. To assess joint function mice were
placed on a horizontal grid, the grid was turned upside-down
and the latency to fall was measured. The grasping ability
needed in this test correlates with the joint function. In vivo
imaging was performed with IVIS Lumina II (PerkinElmer; 60 s
acquisition, F/Stop = 1, Binning = 8) before treatment and 2 and

6 days after to quantify plasma extravasation and
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myeloperoxidase (MPO) activity, as described below. We chose
these time points to collect data from the acute phase on day 2
when the vascular inflammatory components are predominant,
and from the chronic phase on day 6, when the cellular
inflammatory mechanisms are more remarkable (Horvath
et al, 2016). On the 14th day after serum administration
tibiotarsal joints were removed for histological staining with
Safranin stain. Fibroblast proliferation, leukocyte invasion and
thickness of synovium were evaluated with 0-3 score depending
on severity, the maximum possible score being 9.

Mast Cell Tryptase (MCT)-Induced Acute

Knee Monoarthritis

MCT can be found in abundance in synovial fluid contributing
to the inflammation in different types of arthritis (RA,
osteoarthritis, spondyloarthritis) by activating the protease-
activated receptor 2 (PAR2) on the sensory nerves and
inflammatory cells. To investigate acute inflammatory
synovial microcirculatory changes, 1h after guanethidine
(12 mg/kg i. p., Sigma) pretreatment, MCT (Merck Millipore)
was applied topically to the synovial membrane of the knee joint
(12 pg/ml, 20 uL), after removing the skin under ketamine- and
xylazine-induced (100 mg/kg and 10 mg/kg i. p, respectively)
anesthesia. Contralateral knee joint was treated with 0.9% saline.
Blood flow was continuously monitored by laser Speckle
imaging for 40 min after the treatment, and the differences
compared to the baseline values of the respective area were
calculated. To measure acute inflammatory hyperalgesia and
edema, MCT was injected intra-articularly (20 pL, 12 pg/ml)
into the right knee joint. The paw mechanonociceptive
threshold and knee diameter were measured at 2, 4, and 6 h
post-injection.

Complete Freund’s Adjuvant (CFA)-Induced

Subacute Knee Monoarthritis
CFA is heat-killed Mycobacterium tuberculosis suspended in
paraffin oil (1 mg/ml; Sigma-Aldrich) which is taken up by
macrophages, activate their reactive oxygen species, cytokine
and enzyme generation within a few hours causing localized
arthritis of the injected joint without severe systemic symptoms.
CFA (20 puL) was injected into the right mouse knee joint
under ketamin-xylazine anesthesia as described above.
Contralateral knee joint was treated with 20 uL 0.9% saline.
Paw mechanonociceptive threshold and antero-posterior knee
diameter were measured 2, 6, and 24 h after CFA administration,
changes were expressed as percentage of change compared to the
pre-injection values. MPO activity was measured 24 h after
treatment.

Measurement of the Mechanonociceptive
and Heat Thresholds

The mechanonociceptive threshold was measured with the
dynamic plantar esthesiometer (DPE; Ugo Basile 37000) before
(to determine baseline nociceptive threshold) and after treatment.

Hemokinin-1 in Arthritis

The post-treatment values are shown as the percentage of
threshold-decrease of the individual mouse compared to its
baseline thresholds. Heat threshold was determined as the
temperature where the animal showed nocifensive behavior
(shaking, licking, lifting of the hind paw) on increasing
temperature hot plate (IITC Life Sciences), the cut-off value
was set at 53 °C. Cold hyperalgesia was given as the latency to
paw-withdrawal from 0°C water.

In vivo Optical Imaging
Mice were anesthetized with ketamine-xylazine anesthesia for in
vivo imaging with IVIS Lumina II (PerkinElmer; 120s
acquis‘igtion, F/stop = 1, Binning = 8) instrument and Living
Image software (PerkinElmer). Luminol sodium salt (5-amino-
2,3-dihydro-1,4-phthalazine-dione; 150 mg/kg) injection was
given i. p. in sterile PBS solution for MPO imaging. MPO
from neutrophil granulocytes produces reactive oxygen
species which interact with luminol and result in luminescent
signals which we measured 10 min after administration.
Luminescence was expressed as total radiance (total photon
flux/s) in identical Regions of Interests (ROIs) around the joints.
Inflammatory vascular leakage was evaluated by fluorescence
imaging with the Fluorescent Molecular Tomography (FMT)
2000 system (PerkinElmer Ltd.) using the 680 nm laser of the
equipment. A micellar formulation of the fluorescent IR-676 dye
(Spectrum-Info) dissolved in a 5w/v% aqueous solution of
Kolliphor HS 15 (polyethylene-glycol-15-hydroxystearate;
Sigma-Aldrich) was given i. v. in a 0.5mg/kg dose under
ketamine-xylazine anesthesia. The measurement was carried
out 20 min afterward dye administration with fluorescence
expressed as the calculated amount of fluorophore (pmol)
(Botz et al, 2015) in identical Regions of Interests (ROIs)
around the ankle joints.

Tissue Preparation and Protocol for gPCR
L3-L5 lumbar spinal cord and the respective dorsal root ganglia
(DRG,; total of six DRGs pooled per mouse) were obtained from
WT mice 6 days after treatment when behavioral results showed
the greatest difference between WT and Tac4 ™~ animals. Mice
were divided into three groups: K/BxN treated arthritic (n = 8),
BxN serum treated control (n = 5) and intact control (n = 7).
Spinal cord samples of Tac4”~ mice served as negative (n = 3),
while inguinal lymph nodes from WT mice served as positive
controls (n = 2).

Tissue samples were harvested after cervical dislocation and
placed immediately into 500 uL TRI reagent (Molecular Research
Center, Inc.), snap-frozen on dry ice, then stored on -80°C until
processing.

Tissue samples were thawed out on ice and homogenized in
TRI reagent. After homegenization, total RNA was extracted
using Direct-zol RNA MicroPrep (Zymo Research) according
to the manufacturer’s instructions (Aczél et al., 2020). The
quantity of the extracted RNA was examined using Nanodrop
ND-1000 Spectrophotometer V3.5 (Nano-Drop Technologies,
Inc.). RNA samples were treated with dnase I in order to
remove contamining genomic DNA, and 500 ng of RNA was
reverse transcribed into cDNA using High Capacity cDNA
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Reverse Transcription Kit (Thermo Fisher Scientific).
SensiFAST™ Probe Lo-ROX Kit (Meridiane Bioscience,
Memphis, United States) was used according to the manual in
the QuantStudio five Real-Time PCR System (Thermo Fisher
Scientific). Transcripts of the reference gene glucuronidase beta
(Gusb, Kecskés et al., 2020) and the target gene Tac4 were
evaluated  using =~ FAM-conjugated  specific ~ probes
(Mm01197698_m1, and MmO00474083_ml respectively,
Thermo Fisher Scientific). The gene expression was calculated
using AACt method (Pfaffl, 2001).

Primary Cultures of Trigeminal Ganglion
(TG) Neurons

TG cultures were prepared from neonatal NMRI mice. Ganglia
were excised in ice-cold phosphate-buffered saline (PBS),
incubated in PBS containing collagenase Type XI (1 mg/ml)
and then in PBS with deoxyribonuclease I (1,000 units/ml) for
8 min. Cells were plated on poly-D-lysin-coated glass coverslips
in a medium containing Dulbecco’s-Modified Eagle Medium-
low glucose (D-MEM), 5% horse serum, 5% newborn calf
serum, 5% fetal bovine serum, 0.1% penicillin-streptomycin,
200 ng/ml nerve growth factor (NGF). Cells were maintained at
37°C in a humidified atmosphere with 5% CO2 (Szoke et al.,
2010).

Ratiometric Technique of Intracellular Free
Calcium Concentration ([Ca®*]i)
Measurement with the Fluorescent
Indicator Fura-2 AM.

One-two-day-old neurons were incubated for 30 min at 37°C
with 1 uM of fluorescent Ca®* indicator dye, fura-2-AM. Cells
were washed with extracellular solution (ECS). Calcium
transients were detected with microfluorimetry as described
elsewhere (Szoke et al, 2010). Fluorescent imaging was
performed with an Olympus LUMPLAN FI/x20 0.5W water
immersion objective and a digital camera (CCD, SensiCam
PCO) and a Monochromator (Polychrome II., Till Photonics)
(generated light: 340 and 380 nm, emitted light: 510 nm). Axon
Imaging Workbench 2.1 (AIW, Axon Instruments) software
was used, R = F340/F380 was monitored, data were subsequently
processed by the Origin software version 7.0 (Originlab Corp.).
Ratiometric response peak magnitude was measured. Capsaicin
(330 nM), AITC (100 uM), HK-1 (500nM, 1puM) and SP
(500 nM, 1puM) were administered during the experiments.
CP99994, AMG 9810 and HC 030031 were administered in
10 uM concentration.

Drugs and Chemicals

AITC (Sigma) was dissolved in dimethyl sulfoxide (DMSO)
(Sigma) to obtain 10 mM stock solution. Further dilutions
were made with ECS solution to reach final concentrations of
100 pM. Capsaicin (Sigma) was dissolved in DMSO to obtain
a 10 mM stock solution. Further dilutions were made with
ECS or Hank’s solution to reach final concentrations of 330
or 100nM, respectively. Penicillin-streptomycin was

Hemokinin-1 in Arthritis

purchased from Gibco. D-MEM-low glucose, collagenase
type XI, deoxyribonuclease I, horse serum, newborn calf
serum, fetal bovine serum, poly-D-lysine, glycine, NGF,
pertussis toxin (PTX), SP, HK-1 were purchased from
Sigma. CP99994, AMG 9810 and HC 030031 were
purchased from Tocris.

Statistical Analysis

The treatments were not randomized within cages to prevent
control animals from harming the arthritic animals. Results are
expressed as the means + SEM of n = 6-10 mice per group in case
of in vivo functional tests. Data obtained in these experiments
were analyzed with repeated measures two-way ANOVA
followed by Bonferroni’s post-test with GraphPad Prism 5
software. In all cases p < 0.05 was accepted as statistically
significant.

RESULTS

HK-1 Mediates Mechanical Hyperalgesia,
Paw Edema and Decrease in Heat

Threshold in Chronic Immune Arthritis
Compared to pre-treatment control values, a significant decrease
in pain threshold developed in WT mice by the 5th day of the
experiment (-33.5 + 4.1%). This spontaneously resolved by the
end of the 3rd week. Tac4”~ mice showed significantly milder
decrease in the pain threshold (-19.4 + 3.8% on day 5) throughout
the entire experiment (Figure 1A). The decrease in heat threshold
began in WT mice at the 4th day (47.6 + 1.3°C) and was
significantly less severe in Tac4’~ mice (50.6 + 0.8°C)
(Figure 1B).

Paw edema developed by the 3rd day of the experiment
(43.8 £ 7.2% in WT), and spontaneously resolved by 2 weeks
after serum administration with significantly milder edema
seen in Tac4”~ mice (Figure 1C). Decrease in cold tolerance,
body weight and time spent on grid occurred in the
experiment, but gene deletion resulted in no difference
(Figures 1D-F). Change in mechanonociceptive threshold,
arthritis score, paw volume, cold tolerance, body weight and
time spent on grid in NKIR deficient mice showed no
difference compared to WT mice (Supplementary
Figure S1).

HK-1 Decreases MPO-Activity in K/BxN

Serum-Transfer Arthritis

Tac4™”~ mice showed a marked increase in MPO-activity 2 days
after serum administration (6,16 x 105 + 6,83 x 104 p/s),
whereas in WT mice it became significant on the 4th day
(409,917 + 56729) (Figure 2A). An increase in plasma
extravasation was detectable in both groups on the 2nd and
6th day, but no effect of the gene-deletion could be observed
(Figure 2B). Representative pictures of MPO-activity can be
seen on Figure 2C.
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FIGURE 1 | Change in mechanonociceptive threshold (A), heat threshold (B), paw volume (C), cold tolerance (D), body weight (E) and time spent on grid (F) in K/
) mice in comparison with BxN serum-treated non-arthritic groups (n = 4-10 per group;
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HK-1 Increases Histopathological Arthritis
Severity

On the 14th day of the experiment WT mice had a severity score
of 4.0 + 0.5 out of a maximum of nine points, while Tac4™~ mice
had a significantly lower score of 2.5 + 0.5 (Figure 3).

Tac4 mRNA Expression in DRG and Spinal
Cord

Tac4 mRNA showed a stable expression in the DRG throughout
the experiment, with a slight, non-significant decrease on day 6
(Supplementary Figure S3). In dorsal spinal cord samples, Tac4

specific signals were not detectable. The specificity of the reaction
was proved by using inguinal lymph nodes as positive control.
RNA samples of Tac4 ™ mice served as negative controls, in
which samples we did not observe any amplification products
with the applied probes.

HK-1 Mediates Mechanical Hyperalgesia
and Knee Edema in MCT-Induced Acute
Monoarthritis

Mechanical hyperalgesia developed in WT mice 2 days after MCT
administration (-11.8 + 4.0%), while knee edema developed on
the 4th day (13.3 £ 1.6). Both parameters were significantly less
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FIGURE 2 | Quantitative evaluation of MPO-activity (A) and IR-676 dye extravasation (B) in K/BxN arthritogenic serum-treated wild type (WT) and hemokinin-1-
deficient (Tac4~'-) mice. Representative images of MPO-activity (C). Box plots demonstrate medians with the upper and lower quartiles and all individual data points; n =
6-12 per group; *p < 0.05 vs. WT, ##p < 0.01, ###p < 0.001 vs. control (one-way ANOVA + Bonferroni’s post test).

severe in Tac4™”'~ mice. Increase in blood flow was detectable in
the first 40 min after treatment but showed no significant
difference between the groups (Figure 4).

HK-1 Mediates Mechanical Hyperalgesia
and Knee Edema, but Decreases MPO
Activity in CFA-Induced Subacute Knee
Inflammation

Mechanical hyperalgesia and knee edema were detectable 2, 6 and
24h after the CFA administration. Tac4”’~ mice had a
significantly milder mechanical hyperalgesia at every time
point and less severe knee edema at 24h. Tacd”~ mice
showed a significant increase in MPO-activity (457,125 +
94397) (Figure 5). Changes in mechanonociceptive threshold

and knee volume did not show significant difference to WT mice
in NKIR deficient mice (Supplementary Figure S2).

HK-1 Directly Activates Primary

Nociceptive Sensory Neurons

First, the effects of HK-1 and SP were investigated. Both peptides
in 500 nM (Figures 6A-E) and SP in 1 pM concentration (data
not shown) had no effect on Ca**-influx, but 1 uM HK-1 caused
remarkable Ca**-influx (R = 0.67 % 0.07) in 26.39 + 4.5% of the
neurons (19 out of 72). In the next step, we investigated the
mechanism of HK-1 action and the characteristics of the Ca®*-
signal. The NK1 receptor antagonist CP99994 did not influence
the HK-1 response, 20.93 + 3.8% of the cells (9 out of 43)
responded with Ca®*-influx (R = 0.62 + 0.08). This was
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similar in neurons of NK1R gene-deleted mice (21.4 + 3.5%, nine
out of 42 responsive cells, R = 0.49 + 0.04). The G-protein-
coupled receptor (GPCR) blocker PTX influenced neither the
ratio of the responding neurons (24.49 + 3.6%; 12 out of 49) nor
the extent of the response (R = 0.74 + 0.03) to HK-1. In order to
investigate  potential HK-1-induced ~Ca**-release  from
intracellular stores as a consequence of PTX-insensitive GPCR
mechanism, we did measurements using Ca** free ECS. No Ca**-
signal was detected in this condition indicating that HK-1 evokes
Ca**-influx from the extracellular space. The response to HK-1
was detected in the presence of the TRPV1 antagonist AMG8910,
22.7 + 4% of the cells (5 out of 22) responded with Ca*"-influx (R
= 0.7 £ 0.28) and the TRPAI antagonist HC 030031, 19.2 + 4.7%
of the cells (5 out of 26) responded with Ca®*-influx (R =
0.32 + 0.26).

In the next experiment four or five repeated treatments of
capsaicin on the same cultured sensory neurons were performed,
and the effect of 500 nM HK-1 and SP was investigated on
capsaicin-evoked Ca**-influx. The first application of 330 nM
capsaicin induced transient Ca**-accumulation which gradually
decreased in response to the second capsaicin stimulus due to

TRPV1 (transient receptor potential cation channel subfamily V
member 1) desensitization. Meanwhile, both HK-1 and SP
administered in separate cultures after the second capsaicin
stimulus diminished the desensitization as shown by the third
and fourth capsaicin-evoked responses (Figures 6F-I).

DISCUSSION

Here we provide the first evidence for an important role of HK-1
in pain transmission using different arthritis models. This is likely
to be mediated by direct activation of primary sensory neurons
via NK1R-independent, PTX-insensitive, but extracellular Ca**-
dependent mechanism. Besides its key importance in pain
development, HK-1 has a complex regulatory function in joint
inflammatory processes: it mediates edema formation and
histopathological alterations including inflammatory cell
accumulation, but inhibits early neutrophil/macrophage-
dependent MPO-activity increase in the chronic model.

K/BxN induced arthritis is a widely accepted chronic passive
transfer disease model (Malcangio, 2020), MCT is an important
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diameter (B) and blood flow (C) in mast cell tryptase-induced acute arthritis of
wild type (WT) and hemokinin-1-deficient (Tac4~'~) mice. Data points
demonstrate the means + SEM of n = 5-10 per group; *p < 0.05, **p <
0.01, ™p < 0.001 vs. WT (repeated measures two-way ANOVA +
Bonferroni’s post test).

local mediator of inflammation (Kobayashi and Okunishi, 2002),
mediating its effects through sensory neurons (Borbély et al,
2016), and acute CFA (Billiau and Matthys, 2001) induced
arthritis is initiated by macrophages. Using these three
methods we could obtain a more detailed picture on how HK-
1 influences the development of joint inflammation and
related pain.

The deficiency of HK-1, but not the NKIR resulted in
significantly decreased swelling in the acute models and also in
the early phase of the chronic experiment. Plasma leakage was not
altered by HK-1 on days 2 and 6, but only venular fenestration and
dye extravasation at the timepoints of the examination can be
detected with the applied in vivo fluorescent imaging technique

Hemokinin-1 in Arthritis

(Botz et al., 2015). This is one component of the edema formation,
but it does not exclusively explain paw swelling differences at the
respective observation timepoints mainly due to different kinetics
of the different components of the vascular changes (vasodilation
and leakage). We found no difference in edema formation in the
chronic adjuvant-induced active immunization-based model in
HK-1 or NKIR deficient mice (Borbély et al., 2013), therefore,
the edemogenic action of HK-1 seems to develop in a much earlier
phase of the inflammatory process. The arteriolar vasodilation and
microcirculation-increase was not affected either by HK-1-deletion
in the MCT-model, which suggests that HK-1 is not a predominant
regulator of the vascular (Borbély et al., 2013) functions.
Cellular inflammatory response in the chronic arthritis model,
as shown by the histopathological arthritis score, was significantly
reduced in HK-1-deficient mice. These results are supported by
the well-established immunoregulatory role of HK-1. B-cells play
an important role in RA, restricting their function has been
shown to ameliorate autoimmune arthritis (T6th et al., 2019),
and HK-1 plays a critical role in the development of these cells
(Zhang et al., 2000). It also influences monocyte/macrophage
development (Berger et al, 2007) and neutrophils in vitro
(Klassert et al., 2008), which play a role in arthritis
development (Smith and Haynes, 2002). We found that
despite reduced functional and morphological inflammatory
alterations, MPO increase related to neutrophil and
macrophage activation occurred earlier (on day 2) in the
absence of HK-1. This virtual contradiction can be explained
by data showing that although MPO is generally known as a
mediator of tissue damage and inflammation, it has been shown
to prevent inflammation as well (Arnhold and Flemmig, 2010).
The elevation of MPO especially in the early phase of the
inflammatory cascade is considered to be protective, though
the mechanism is not well understood. MPO products have
been suggested to downregulate innate immunity, facilitate the
switch to adaptive immunity and inhibit T-cell reponses
(Prokopowicz et al, 2012). We have seen similar relation
between elevated MPO and decreased inflammatory
parameters in a previous study (Horvath et al,, 2016). Since
HK-1 and MPO are both produced by neutrophils, they might
have direct interactions, but these have not yet been studied.
There is limited evidence about the involvement of HK-1 in pain
which, in agreement with our present results, found it to be pro-
nociceptive. Intracerebroventricular administration of low dose
(1-10 pmol) HK-1 caused nocifensive behavior, while high dose
(=0.1 nmol) caused analgesia, all of which could be counteracted
by an NKIR antagonist, as well as opioid antagonists (Fu et al.,
2005). Other studies have shown that lumbar intrathecal
administration of 0.1 nmol HK-1 caused pain reaction in mice
which could be inhibited by an NMDA receptor antagonist
(Watanabe et al, 2016), but not an NKIR antagonist
(Watanabe et al., 2010). These results suggest that high doses
of HK-1 might have non-specific actions resulting in divergent
outcomes. Our earlier paper provided evidence that HK-1 has an
important role in neuropathic pain and microglia activation
(Hunyady et al., 2019). Other studies found that HK-1 mRNA
expression increases in the dorsal spinal cord of neuropathic rats
which could be blocked by inhibiting microglia activation and
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alleviating pain (Matsumura et al., 2008). Our current results show
that HK-1 mediates both the early inflammatory pain, and the late
neuropathic-type pain in arthritis observed during the 3rd week of
the K/BxN experiment (Christianson et al., 2010), while other
studies showed the activation of spinal microglia in experimental
arthritis (Agalave et al., 2014). Earlier findings showed significantly
decreased HK-1 mRNA in the DRG in the collagen antibody
induced arthritis (CAIA) mouse model (Makino et al,, 2012),
which is in agreement with the tendency we demonstrated in
the present paper, although the decrease was not statistically
significant due to individual variations. Joint inflammation was
alleviated by NKIR antagonists in the CAIA model, while the pain
could only be inhibited by indomethacin. In agreement with these
findings we have also showed that the NK1 receptor does not play a
role in arthritic pain, however, we conclude that HK-1 might be an
important mediator in an NK1R-independent manner by directly
activating primary sensory neurons.

Despite little information about HK-1 in pain and arthritis, the
best-known member of the tachykinin family, SP, and the NKIR
have been thoroughly investigated in these conditions
(Zieglgansberger, 2019). It is well established that SP via NKIR
activation is involved in pain, which initiated considerable
pharmacological research in this field. Despite the proof-of-
concept of SP as a pain mediator, unfortunately, NKIR-
antagonists have failed as analgesics in clinical trials (Botz et al,
2017), suggesting a yet unknown mechanism that can circumvent
NKI1R-targeted approaches. SP mediates chondrocyte differentiation
in cell cultures (Millward-Sadler et al., 2003) and vasodilation in
arthritic mice (Keeble et al., 2005) through the NK1 receptor. SP-like

immunoreactivity was shown to increase in the primary sensory
neurons of dorsal root ganglia (DRG) of arthritic mice (Willcockson
et al., 2010), but the number of sensory nerve fibers of the arthritic
joint capsule, that are the main sources of SP, decreased (Buma et al.,
2000). Since SP and HK-1 cannot be differentiated by immunological
methods, it is possible that these immunohistochemistry data
referred (at least partially) to HK-1 expression.

In order to explore the direct effect and mechanism of action of
HK-1, we did further studies on cultured primary sensory neurons.
HK-1, but not SP, induced Ca*"-influx into these neurons. HK-1-
induced direct Ca®*-influx could be seen during PTX administration
and also in sensory neurons derived from NKIR™~ animals. The
main finding of our experiments was that the Ca**-influx was
coming from the extracellular space in an NKI1R-independent
manner since the signal disappeared in Ca**-free extracellular
solution. It suggests an ion channel-coupled receptorial
mechanism, but not TRPV1- or TRPAl-mediated mechanism,
since the TRPV1 receptor antagonist AMG9810 and the TRPA1
receptor antagonist HC 030031 did not influence the HK-1-induced
Ca®" influx response. Furthermore, even lower concentrations of
both HK-1 (similarly to SP) diminished desensitization of the
TRPV1 receptor that upon repeated capsaicin administration
could also contribute to the peripheral pain generating and
maintaining effect of HK-1. The neuronal activating potential of
HK-1 is supported by earlier data showing the ability of HK-1 to
evoke direct post-synaptic activation of cholinergic hippocampal
neurons in a tetrodotoxin-resistant manner. However, unlike
sensory neurons, this response was not inhibited in Ca**-fee
media and was similar to the effect of SP (Morozova et al., 2008).
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Some limitations of the present study are that we only performed
our experiments on male mice to avoid the influencing factors of the
estrus cycle and that we could detect HK-1 neither qualitatively by
immunohistochemistry nor quantitatively by immune assays due to
the lack of antibodies able to differentiate it from SP.

In conclusion, we provide the first evidence using three
different mouse models mimicking distinct mechanisms of
rheumatoid arthritis and integrative methodology (functional,
in vivo optical imaging, cell cultures) that HK-1 mediates several
arthritic inflammatory mechanisms and pain by direct activation
of primary sensory neurons not via its classical NK1 receptor. The
main translational value is that we modeled the late neuropathic
component of arthritic pain related to neuropathic mechanisms
without inflammatory symptoms and describe the involvement of
HK-1 in this process. These findings add to the growing evidence
that HK-1 has another, so far unidentified target initiating further
research in this direction.
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GLOSSARY

AITC allyl isothiocyanate

CAIA collagen antibody induced arthritis

CFA complete Freund’s adjuvant

DMARD disease-modifying antirheumatic drugs
D-MEM Dulbecco’s-Modified Eagle Medium-low glucose
DMSO dimethyl sulfoxide

DPE dynamic plantar esthesiometer

DRG dorsal root ganglion

ECS extracellular solution

GPCR G-protein-coupled receptor

HK-1 hemokinin-1

i.p. intraperitoneal

i.v. intravenous

KO knockout

MCT mast cell tryptase

MPO Myeloperoxidase

NGF nerve growth factor

NKI1R tachykinin neurokinin-1 receptor
NK2R tachykinin neurokinin-2 receptor
NK3R tachykinin neurokinin-3 receptor
NMDA N-metil-d-aspartic acid

NSAID nonsteroidal anti-inflammatory drugs
PAR2 protease-activated receptor two

PBS phosphate-buffered saline

PCR Polymerase chain reaction

PTX pertussis toxin

RA rheumatoid arthritis

ROI region of interest

SP substance P

Tac4 preprotachykinin-4 gene

Tacr1 tachykinin receptor one gene, encodes NKI1R

TG trigeminal ganglion

Hemokinin-1 in Arthritis

TRPAL1 transient receptor potential cation channel subfamily A member one

TRPV1 transient receptor potential cation channel
member one

WT wild type

subfamily V
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Analgesic and Anti-Inflammatory
Effects of Perampanel in Acute and
Chronic Pain Models in Mice:
Interaction With the Cannabinergic
System

Carmen De Caro'?, Claudia Cristiano®’, Carmen Avagliano?, Mariarosaria Cuozzo?,
Giovanna La Rana?, Gabriella Aviello?, Giovambattista De Sarro’, Antonio Calignano?,
Emilio Russo’ and Roberto Russo?**

7Depz-zrtment of Health Sciences, School of Medicine, University of Catanzaro, Catanzaro, Italy, 2Depar[ment of Pharmacy,
University of Naples Federico Il, Naples, Italy

Pain conditions, such as neuropathic pain (NP) and persistent inflammatory pain are
therapeutically difficult to manage. Previous studies have shown the involvement of
glutamate receptor in pain modulation and in particular same of these showed the key
role of the AMPA ionotropic glutamate receptor subtype. Antiseizure medications (ASMs)
are often used to treat this symptom, however the effect of perampanel (PER), an ASM
acting as selective, non-competitive inhibitor of the AMPA receptor on the management of
pain has not well been investigated yet. Here we tested the potential analgesic and anti-
inflammatory effects of PER, in acute and chronic pain models. PER was given orally either
in acute (5 mg/kg) or repeated administration (3 mg/kg/d for 4 days). Pain response was
assessed using models of nociceptive sensitivity, visceral and inflammatory pain, and
mechanical allodynia and hyperalgesia induced by chronic constriction injury to the sciatic
nerve. PER significantly reduced pain perception in all behavioral tests as well as CCl-
induced mechanical allodynia and hyperalgesia in acute regimen (5 mg/kg). This effect was
also observed after repeated treatment using the dose of 3 mg/kg/d. The antinociceptive,
antiallodynic and antihyperalgesic effects of PER were attenuated when the CBj;
antagonist AM251 (1 mg/kg/i.p.) was administered before PER treatment, suggesting
the involvement of the cannabinergic system. Moreover, Ex vivo analyses showed that PER
significantly increased CB+ receptor expression and reduced inflammatory cytokines (i.e.
TNFa, IL-1B, and IL-6) in the spinal cord. In conclusion, these results extend our knowledge
on PER antinociceptive and antiallodynic effects and support the involvement of
cannabinergic system on its mode of action.

Keywords: perampanel, AMPA receptor, pain, inflammation, CB1 receptor
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INTRODUCTION

Neuropathic pain (NP) is a chronic pain condition characterized by
different symptoms, including abnormal increase of sensitivity to
innocuous stimuli (allodynia), and/or exacerbated sensitivity to
noxious stimuli (hyperalgesia) (Jensen and Finnerup, 2014). NP
is usually caused by one or multiple injuries at the central and/or
peripheral nervous system as a result of a cascade of neurobiological
processes. There are many medications available for pain sufferers,
ranging from over-the-counter products to prescription
medications including analgesics, antidepressants and antiseizure
medications. Recently, antiseizure medications (ASMs) have shown
to play an important role in the management of pain and especially
in chronic NP (Sidhu and Sadhotra, 2016) and their use - also in
combination with opioid analgesics - has been approved by the
Food and Drug Administration (Chaparro et al, 2012).
Antiepileptic drugs (AEDs) exert their antiseizure as well as
analgesic effects by blocking sodium channels, increasing GABA-
mediated inhibition, binding on specific subtype of calcium
channels, and reducing glutamate release or blocking its
ionotropic receptors (Bialer, 2012; Sidhu and Sadhotra, 2016;
Tomic¢ et al.,, 2018).

Alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA) receptors mediate fast excitatory transmission and have
a critical role in synaptic plasticity in the spinal cord
(Latremoliere and Woolf, 2009). They are tetramers consisting
of dimers of four different subunits, GluA1-4, all of which are
expressed in the dorsal horn (DH) (Polgar et al., 2008). Activation
of AMPA receptor triggers intracellular cation influx resulting in
membrane depolarization, which in turn leads to N-methyl-D-
aspartate (NMDA) activation, an increased influx of Ca®* in the
intracellular space (Hanada et al, 2011). High levels of
intracellular Ca®" activate signal transduction pathways
responsible for the hyper-excitability of post-synaptic neurons
(Douyard et al., 2007), thus AMPA receptor activation may be
critical in the initiation of pathophysiological changes resulting in
pain development.

It has been reported that upregulation of AMPA receptors in
DH neurons causes central sensitization for a long period of time
(Gwak et al., 2007). Moreover, peripheral inflammatory pain
induces upregulation of Ca** permeable AMPA receptors at both
synapses and the extra synaptic membranes of DH interneurons
(Chizh et al., 2000; Adedoyin et al., 2010) the latter being linked to
persistent pain. Some studies claimed a prominent role of AMPA
receptor modulation in (Davidson et al., 1997; McRoberts et al.,
2001). For instance, several studies imply a prominent role of
AMPA receptors in the initiation of NP, as well as in different
neurodegenerative conditions (Adedoyin et al, 2010) (Gwak
et al, 2007). Although the analgesic effect of AMPA
antagonists is supported by emerging preclinical evidence
(Khan et al., 2019), their use needs to be further tested and
their clinical potential remain to be investigated.

PER [2-(2-ox0-1-phenyl-5-pyridin-2-yl-1,2-dihydro- pyridin-
3-yl) benzonitrile hydrate 4:3] is the first selective non-
competitive AMPA receptor antagonist approved for the
treatment of epilepsy (Hanada et al, 2011). It exerts a broad
spectrum of antiseizure activity in preclinical models of either
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partial or generalized seizures (Hanada et al.,, 2011; Russo et al.,
2012; Russmann et al., 2016; Citraro et al., 2017) and in patients
with epilepsy (Di Bonaventura et al, 2017; Leo et al.,, 2018;
Potschka and Trinka, 2019). To date, a few studies in rats
have shown the effects of PER in attenuating pain in chronic
constriction injury-induced (CCI) models of NP and the partial
involvement of the opioid system on its mode of action
(Khangura et al, 2017; Hara et al., 2020). In this study, we
aimed at exploring the analgesic effects of both single and
repeated PER administration in specific rodent models of
acute and chronic pain and studied the potential involvement
of the cannabinergic system in its modulation of
neuroinflammation at spinal cord level.

MATERIALS AND METHODS

Animals

Male CD1 mice (25-30 g) were purchased from Charles River
Italy (Lecco, Italy) and housed in cages in a room kept at 22 + 1°C
with a 12:12 h light/dark cycle. The animals were acclimated to
their environment for 1week and had ad libitum access to
standard rodent diet. Procedures involving animals and their
care were conducted in conformity with international and
national law and policies (EU Directive 2010/63/EU for animal
experiments) and approved by the Institutional Committee on
the Ethics of Animal Experiments (CSV) of the University of
Naples “Federico II” and by the Ministero della Salute under
protocol n0.996/2016-PR. At the end of all procedures, animals
were euthanized by CO, overdose. As suggested by the animal
welfare protocol, all efforts were made to minimize animal
suffering and to use only the number of animals necessary to
produce reliable scientific data.

Drugs and Chemicals

PER (EISAI S.rl., Milan, Italy) was dissolved in 10% PEG, 5%
Tween 80 and 85% water and administered by gavage either at
5 mg/kg (0.3 mL/mouse) dose for the oral single acute treatment
or at 3 mg/kg (0.3 mL/mouse) dose for repeated treatments (4
consecutive days, at 9-10 am). AM251 (Sigma-Aldrich, Italy) was
dissolved in DMSO and injected intraperitoneally (i.p.) 1 h before
PER administration at the dose of 1 mg/kg. Formalin (5% in
saline), A-carrageenan (1% in saline) and all other products used
were purchased from Tocris or Sigma-Aldrich (Italy).

Acute Pain Models

Tail Flick and Hot Plate tests

Each mouse was tested 1, 3, and 5 h after the administration of the
acute dose of 5 mg/kg or after the last dose of 3 mg/kg/d repeated
treatment, in both tail flick and hot plate tests. In the first test, tail-
flick was evoked by a source of radiant heat, which was focused on
the dorsal surface of the tail (de Novellis et al., 2012). The cut-off
imposed was 15s to prevent tissue damage. In the second test,
mice were placed on a 55.5 + 0.5°C hot plate apparatus to measure
the latency (s) of either first hind paw pain response or jumping
off the plate. The cut-off imposed was 60s to avoid tissue damage.
Control mice received vehicle only.
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Acetic Acid Evoked Writhing

Mice were placed separately into cages and allowed to acclimate
for at least 10 min and then visceral pain was induced by
i.p., injection (0.5 mL/mouse) of 0.6% acetic acid. In both
acute and repeated drug administration, tests started 1h after
PER treatment (after the fourth dose in case of the repeated
protocol). Control mice received vehicle only. The measurement
of nociception severity was determined by the number of
abdominal constrictions known as writhing. The number of
writhing episodes was recorded over a period of 25min
(Russo et al., 2016).

Formalin-Evoked Hind-Paw Licking

Mice received injections of formalin (5% v/v in saline; 20 pl/paw),
into the plantar surface of the right hind paw using a 27-gauge
needle fitted to a microsyringe. Paw licking was monitored
immediately after formalin administration by an observer
blind to the experimental treatments during two epochs:
0-15min (early phase) and 15-45min (late phase) (Sasso
et al, 2012). PER effect was evaluated after single and
repeated administrations; formalin test was performed 1h
after the last treatment.

Paw Edema

Paw edema was induced by a sub-plantar injection of 50 ul of
sterile saline containing 1% A —carrageenan into the right hind
paw. Paw volumes were measured by a plethysmometer
apparatus (Ugo Basile, Milan, Italy) at different time intervals:
before injection (0) and 1, 3, 5, 24, 48, and 72h after
administration of carrageenan. PER was administered orally at
the single dose of 5 mg/kg 30 min before carrageenan injection.
The increase of paw volume was evaluated as the difference
between the paw volume measured at each time point and the
basal paw volume measured immediately before carrageenan
injection (D’Agostino et al., 2007).

Neuropathic Pain model

Chronic Constriction Injury

The sciatic nerve of mice was surgically ligated, as previously
described (Russo et al., 2016). Briefly, mice (n = 6 each group)
were first anesthetized with i.p., injection of xylazine (10 mg/kg)
and ketamine (100 mg/kg), and then a small incision in the
middle left thigh (2cm in length) was performed to expose
the sciatic nerve. The nerve was loosely ligated at two distinct
sites (spaced at a 2-mm interval) around the entire diameter of the
nerve using silk sutures (7-0). In sham-operated animals, the
nerve was exposed but not ligated. Four days after surgery, mice
were treated orally with PER using the dose of 5 mg/kg for acute
treatment and 3 mg/kg for repeated administrations, as described
above. On day 7 after surgery, mechanical allodynia and
hyperalgesia were measured.

Mechanical Hyperalgesia

Paw withdrawal threshold (g) to mechanical stimuli was
measured using the Randall-Selitto analgesimeter for mice
(Ugo Basile, Varese, Italy). Latencies of paw withdrawal to a
calibrated pressure were assessed on both ligated and
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contralateral paws on day before ligation, and again on day 7
following sciatic nerve ligation (CCI), therefore each paw was
tested twice per session. Cut-off force was set at 100 g.

Mechanical Allodynia

To assess for changes in sensation or in the development of
mechanical allodynia, sensitivity to tactile stimulation was
measured using the Dynamic Plantar Aesthesiometer (DPA,
Ugo Basile, Italy), which is an automated version of the von
Frey hair assessment (Mannelli et al., 2013). Mice were placed in
Plexiglas boxes (30 x 30 x 25 cm) with a mesh metal floor covered
by a plastic dome that enabled the animal to walk freely, but not to
jump. When a trial is initiated, the device raises the filament to
touch the foot and progressively increases force until the animal
withdraws its foot, or until it reaches a maximum of 5 g of force
(cut-off). The DPA automatically records the force at which the
foot is withdrawn. Mice were acclimated for 15min to the
environment. Each paw was tested twice per session and the
test was performed on day before ligation, and again on day 7
following CCI. The means of the paws’ withdrawal was expressed
in grams.

Western Blot Analysis on Spinal Cord

Mice treated with acute (5 mg/kg) or repeated (3 mg/kg) PER
doses were euthanized and the spinal cord was removed via
dissection for the following determinations. Tissues were
homogenized in lysis buffer (50 mM Tris-HCI, pH 7.4, 1 mM
EDTA; 100 mM NaCl; 20 mM NaF; 3 mM Na3;VO,; 1 mM PMSF
with 1% (v/v) Nonidet P-40; and protease inhibitor cocktail).
After 45 min, lysates were centrifuged at 12,000 rpm for 20 min at
4°C and the supernatant was stored at —80°C until use. Protein
concentrations were estimated using bovine serum albumin as a
standard in a Bradford reagent assay. Proteins were separated on
SDS-PAGE, transferred to nitrocellulose membranes, and
incubated with the primary anti-CB; antibody (cat no P0369,
Sigma Aldrich). The signal was visualized with the ECL system
(Pierce) by Image Quant (GE Healtcare, Milan, Italy). Protein
bands were densitometrically quantified using Quantity One
software (Bio-Rad Laboratories). Membranes were incubated
with anti-B-actin (dilution 1:15000; Sigma-Aldrich; Milan
Italy) for normalization.

Real-Time Polymerase Chain Reaction

Analysis

Total RNA was extracted from the spinal cord using Trizol
(Ambion). Two micrograms of total RNA were used in first-
strand cDNA synthesis (Promega, Madison, WI) according to the
manufacturer’s instructions. PCRs were performed with a Bio-
Rad CFX96 Connect Realtime PCR System instrument and
software (Bio-Rad Laboratories). The PCR conditions were
15min at 95°C followed by 40 cycles of two-step PCR
denaturation at 94°C for 15s, annealing extension at 55°C for
30 s and extension at 72°C for 30 s. Each sample contained 500 ng
cDNA in 2X QuantiTech SYBRGreen PCR Master Mix and gene-
specific primers for Tnfa, Il1b, and Il6 were purchased from
Qiagen (Hilden, Germany). The relative expression of mRNA was
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FIGURE 1| Analgesic effect of PER on tail flick and hot plate tests. Mice were tested 1, 3, and 5 h following acute or repeated oral PER administration. Effect of (A)
acute PER (5 mg/kg) and (B) repeated PER (3 mg/kg/d) for 4 consecutive days administration in the tail flick test. Effect of (C) acute PER (5 mg/kg) and (D) repeated PER
(8 mgr/kg/d) for 4 consecutive days in the hot plate test. Data are shown as means + S.E.M, n = 6-7/group; *p < 0.05, ***p < 0.001 vs. Vehicle, followed by two-way
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normalized to Gapdh as housekeeping gene, and the data were
analyzed according to the 2-AACT method.

Statistical Analysis

The results were expressed as mean + S.E.M. Data were analyzed
using t test, one- or two-ways ANOVA (as appropriated) followed
by Tukey’s or Bonferroni’s post hoc comparison test. The
P-values *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Vehicle
group; *p < 0.05, **p < 0.01 vs. CCI-PER; *p < 0.5, “p < 0.01,
*p < 0.001, and “*p < 0.0001 vs. Vehicle sham group were

considered statistically significant.

RESULTS

Analgesic Effect of PER on Tail Flick and Hot

Plate Latency

Nociception was firstly evaluated by tail-flick and the hot-plate
tests (Figure 1). The tail flick latency, expressed in seconds, was
measured at 1, 3, and 5 h after PER administration (Panels A and
B). Acute oral administration of PER (5mg/kg) produced
significant changes in tail flick latency only 1h following
administration (*p < 0.05 vs vehicle; F(,, 30y = 17,02 for factor
time; F(y, 30y = 10,13 for factor treatment; F,, 30, = 0,8148 for time
X treatment interaction, followed by two-way ANOVA
Bonferroni’s post-hoc test)

Figure 1A No effect was observed at 3 and 5h after the
injection. Repeated daily oral administration, using a lower
dose of PER (3 mg/kg) for 4 consecutive days, produced a
marked and significant increase in the latency of the
nociceptive reaction, with a maximal effect 1h after oral
administration (***p < 0.001 vs. vehicle; Figure 1B). This

effect remained significant up to 3h after the last PER
administration (*p < 0.05 vs. vehicle; F(, 30y = 15,79 for
factor time; F(;, 30y = 16,79 for factor treatment; F(;30) =
4,440 for time X treatment interaction, followed by two-way
ANOVA Bonferroni’s post-hoc test; Figure 1B).

To confirm these results, we measured heat nociception
also using the hot plate test at the same time points. Similarly,
single oral administration of PER at the dose of 5mg/kg
significantly attenuated hypersensitivity in response to
thermal stimulus during the first hour (**p < 0.001 vs
vehicle; F,, 36) = 25,65 for factor time; F(;, 36) = 15,28 for
factor treatment; F 36 = 5,555 for time X treatment
interaction, followed by two-way ANOVA Bonferroni’s
post-hoc test; Figure 1C), while repeated administrations
of PER at the dose of 3 mg/kg significantly reduced
hypersensitivity up to 3 h after the last PER administration
(***p < 0.001 and *p < 0.5 vs. vehicle; F,, 36) = 18,11 for factor
time; F(;, 36) = 20,43 for factor treatment; F(, 3¢ = 3,658 for
time X treatment interaction, followed by two-way ANOVA
Bonferroni’s post-hoc test; Figure 1D).

Analgesic Effect of PER on Visceral Pain
PER efficacy in reducing the nocifensive behavior was studied
using the acetic acid-induced writhing test, where i.p., injection of
0.6% acetic acid normally determines approx. 40 writhing
episodes (Figures 2A,B). Acute oral administration of PER
(5mg/kg) induced a significant reduction of nocifensive
behavior (*p < 0.05 vs. vehicle; t = 3,029 Unpaired t test, two-
tailed; Figure 2A). Similarly, repeated oral administration of PER
showed significant reduction of writhing episodes compared to
controls (**p < 0.001 vs. vehicle; t = 4,269 Unpaired t test, two-
tailed; Figure 2B).
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FIGURE 2 | Effect of PER in a model of visceral pain. Mice were tested following the intraperitoneal 0.6% acetic acid injection. (A) Number of writhing after a single
administration of vehicle or PER (5 mg/kg); (B) number of writhing after repeated oral PER (3 mg/kg/d) for 4 consecutive days administration. Data are shown as means +
S.E.M, n = 6-7/group; *p < 0.05, **p < 0.01 PER vs. Vehicle, unpaired t test, two-tailed.
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FIGURE 3| Effect of PER in formalin (A,B) and carrageenan (C,D) animal models. In A and B mice were tested following formalin (5%) intraplanar administration; (A)

time spent in paw licking after a single vehicle or PER (5 mg/kg) administration, (B) time spent in paw licking after repeated oral vehicle or PER (3 mg/kg/d) for 4
consecutive days administration. C and D, mice were tested following carrageenan (1%) intraplanar injection. Paw oedema (C) and paw withdrawal latency (D) were
evaluated following oral acute vehicle or PER (5 mg/kg) administration. Data are shown as means + S.E.M, n = 6-7/group; “p < 0.05, **p < 0.01, **p < 0.001 PER

vs. Vehicle, followed unpaired t test, two-tailed or two-way ANOVA Bonferroni’s post-hoc test.

Anti-Inflammatory Effect of PER

The anti-inflammatory effects of PER were tested using the formalin
test (Figure 3). Intraplantar administration of formalin induced a
marked pain behavior, characterized by two phases, an intense early
sensorial phase (0-15min after injection), and a second
inflammatory phase (15-45min after injection). Single oral
administration of PER (5mg/kg) given 1h before the test,
produced an effect in both phases (**p < 0.001; ***p < 0.0001 vs.
vehicle; t = 5.976 Unpaired t test, two-tailed phase I, t = 9.394
Unpaired t test, two-tailed phase II, Figure 3A). A similar effect on
both phases was observed also after repeated administrations of PER
(3 mg/kg) up to 4 days (**p < 0.001; **p < 0.0001 vs. vehicle; t =
6.582 Unpaired t test, two-tailed phase I; t = 9.987 Unpaired t test,
two-tailed phase II; Figure 3B).

Considering the effect of PER in the second phase of formalin test,
known as inflammatory phase, we tested this drug in the carrageenan-
induced paw edema model of inflammatory pain (Figures 3C,D).

Following carrageenan injection, paw edema develops in two phases:
an acute phase in the first 5 h and a second phase peaking at 72 h (28).
The acute treatment with PER (5 mg/kg) 30 min before carrageenan
administration reduced paw edema in a time-dependent manner.
During the first phase (0-5 h), PER inhibited edema formation
for 3 h after carrageenan injection (*p < 0.05; **p < 0.01; F(s, 70) =
42,00 for factor time; F(; 79y = 42,34 for factor treatment; F(s ¢y =
1,435 for time X treatment interaction, followed two-way
ANOVA Bonferroni’s post-hoc test; Figure 3C), while in the
second phase, PER treatment did to affect edema formation. The
same mice were also subjected to the Randall-Selitto test
(Figure 3D). Results showed an increased in paw withdrawal
latency of PER group in the first 24 h compared to control group
(*p < 0.05; **p < 0.001; F(s, 60y = 12,97 for factor time; F; 60y =
19,71 for factor treatment; F5 60y = 2,828 for time X treatment
interaction, followed two-way ANOVA Bonferroni’s post-hoc
test; Figure 3D), while no effect was observed at 48 and 72 h.
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Involvement of Cannabinergic System on
PER’s Anti-Inflammatory Activity

The contribution of CB; receptors in PER effects was investigated
using the CB1 antagonist AM251 (1 mg/kg/ip), injected one hour
before the last PER administration in the repeated scheme of
3 mg/kg. Results clearly showed that AM251 was able to reverse
the effect of PER in both phases of formalin test ("p < 0.05 vs.
Perampanel; F(, 15y = 10,14 for treatment phase I; F, 15 = 11,11
for treatment phase II, followed one-way ANOVA Bonferroni’s
post-hoc test; Figure 4A). At this experimental time point, CB;
protein expression of PER treated mice in the spinal cord was also
determined. As reported in Figure 4B western blot analysis, PER
treatment induced a significant increase in expression of CB;
receptor compared to vehicle group **p < 0.001 vs. vehicle; t =
4,354, Unpaired t test, two-tailed).

Perampanel Effect in CCl-Induced

Neuropathic Pain
To examine whether PER was able to reduce allodynia and
hyperalgesia associated with NP, we induced peripheral
neuropathy in mice by ligation of sciatic nerve. Four days
after ligature, we started the acute (5mg/kg; Figures 5A,C)
and repeated (3 mg/kg; Figures 5B,D) treatment with PER
given orally. At day 7 we tested pain threshold after thermal
and mechanical noxious stimuli. It was observed a significant
increase in paw withdrawal threshold of vehicle-treated mice
compared to sham mice in response to von-Frey test, suggesting
the development of mechanical allodynia and the cute PER
administration (5 mg/kg) significantly reduced the number of
ipsilateral paw withdrawals. Acute PER administration (5 mg/kg)
significantly reduced the number of ipsilateral paw withdrawals at
1 h post treatment (*p < 0.05; **p < 0.01 vs. Sham; **p < 0.01 vs
CCl-vehicle; F;,931, 2896) = 1,145 for factor time; F,, 15) = 29,32
for factor treatment; Fy 39y = 3,532 for time X treatment
interaction, followed by two-way ANOVA Tukey’s post-hoc
test; Figure 5A).

Similarly, increased paw withdrawal latency was also observed
in Randall-Selitto test, indicating the development of mechanical

hyperalgesia until 3 h post treatment (**p < 0.001, ****p < 0.0001
vs. Sham;*p < 0.05; ***p < 0.001 vs. CCI-vehicle; F; 753, 2675) =
4,673 for factor time; F(,, 15) = 111,8 for factor treatment; F4, 30y =
14,93 for time X treatment interaction, followed by two-way
ANOVA Tukey’s post-hoc test; Figure 5C).

On the other hand, repeated oral PER administration
(3 mg/kg) significantly induced a significant antiallodynic (*p <
0.05; *p < 0.01 vs. Sham;*p < 0.05; **p < 0.01 vs CCl-vehicle;
F(1,900, 28,49) = 0,5204 for factor time; F (5 15 = 17,63 for factor
treatment; F (4 30y = 1,103 for time X treatment interaction,
followed by two-way ANOVA Tukey’s post-hoc test; Figure 5B)
and anti-hyperalgesic effect (**p < 0.001, ***p < 0.0001 vs. Sham;
*p < 0.05; ***p < 0.001 vs. CCI-vehicle; Fy 447, 21.70) = 4,170 for
factor time; F(,, 15y = 121,7 for factor treatment; F 4, 30) = 3,440 for
time X treatment interaction, followed by two-way ANOVA
Tukey’s post-hoc test; Figure 5D) at all experimental times (1,
3, and 5h post treatment).

Involvement of Cannabinergic System on
Anti-Neuropathic PER Activity

Western blot analysis showed that mice with CCI expressed
reduced levels of CB1 receptor protein in the spinal cord,
while the repeated treatment with PER (3 mg/kg) restored CB1
receptor expression in the spinal cord (*p < 0.05 vs. CCI-vehicle;
F(, 6) = 8,158 followed by one-way ANOVA Tukey’s post-hoc
test; Figure 6A). These data suggested a potential involvement of
the cannabinergic system in the mechanism of action of PER,
therefore a specific CB1 antagonist, AM251 (1 mg/kg, ip) was
used for the in vivo tests. AM251 was administered 30 min before
last PER (3 mg/kg) administration in CCI mice; mice treated with
AM251 showed a significant decreased PER effect in both
mechanical allodynia and hyperalgesia (p < 0.05; *p < 0.01
vs. Sham;*p < 0.05; **p < 0.01 vs. CCI-vehicle; "p < 0.05 vs. CCI-
PER; F(1,500, 4521) = 0,8809 for factor time; F(4, »5 = 30,90 for
factor treatment; Fg s9) = 0,4047 for time X treatment
interaction, followed by two-way ANOVA Tukey’s post-hoc
test; Figure 6B; (**p < 0.01, #*p < 0.001, **p < 0.0001 vs.
Sham; *p < 0.05; ***p < 0.001 vs. CCl-vehicle "p < 0.05 ""p < 0.01
vs. CCI-PER; F(1,977, 49,41y = 3,560 for factor time; F4, »5) = 94,49
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for factor treatment; F 59y = 2,173 for time X treatment
interaction, followed by two-way ANOVA Tukey’s post-hoc
test; Figure 6C).

Evaluation of Pro-Inflammatory Cytokines
in CCIl-Mice Spinal Cord

Since inflammation has been associated with the pathogenesis and
progression of chronic pain, we finally investigated the possible
modulation of cytokines involved in the inflammatory process in
CCI-mice treated with vehicle and PER at spinal cord level. On day
7 after surgery, CCI vehicle-group showed a significant increased
expression of pro-inflammatory cytokines (TNFa, IL-1p, and IL-6)
in spinal cord (*p < 0.05; **p < 0.0001 vs. sham-Vehicle; Figures
7A-C). Significant reduction of all these cytokines were observed
in CCI PER treated mice (*p < 0.05 vs. CCI-vehicle; Figure 7A-C)
(TNFCI, F(2,17) = 1421, IL-lB, F(2,17) = 1523, IL-6, F(2,17) = 6815,
followed by one-way ANOVA Tukey’s post-hoc test).

DISCUSSION

Pain is a complex debilitating and frustrating pathology that may
interfere with sleep, work, and activities, eventually leading to reduced
quality of life. At same way also pain management is difficult and can
lead to harmful effects if not properly administered and monitored.
Numerous types of receptors involved in various signaling pathways
are activated in pain perception. They can be considered targets for
the modulation of pain and studied to discover novel analgesic
molecules. For instance, antagonists of TRPV1, TRPMS, ASICs,
AMPA, NMDA, mGlu, NK1, and CGRP receptors have shown to
be effective in several animal models of pain (Khan et al, 2019);
similarly, the activation of specific pathways, such as opioidergic,
serotoninergic and cannabinergic systems has shown analgesic
properties by modulating the central and peripheral perception of
painful stimuli (Scherrer et al., 2009; Palit et al., 2011; De Gregorio
et al,, 2019).

In the present, study we evaluated the anti-nociceptive effects
of PER, a highly selective non-competitive AMPA receptors
antagonist, in several mouse models of acute and chronic pain
and for the first time, we assessed a possible correlation between
the glutamatergic and the cannabinergic system. PER is currently

AMPA-Receptor Inhibition Modulates CB4-Receptor

used in clinics as a broad spectrum ASM but it has shown efficacy
also in some models of other neurological disorders such as
multiple sclerosis, Parkinson disease and migraine (Akamatsu
et al., 2016; Lattanzi et al., 2018; Tringali et al., 2018). Different
studies have suggested that in cultured rat cortical neurons, PER
inhibits the AMPA-induced increase in intracellular Ca**, while
in contrast to its effect on AMPA receptors, PER caused little or
no inhibition of NMDA-induced Ca** responses, indicating a
selectivity for AMPA receptors versus NMDA receptors (Hanada
et al, 2011). It is well known that AMPA receptors regulate
excitatory neurotransmission in pain pathways (Woolf and
Salter, 2000). In fact, glutamate release in the spinal dorsal
horn after nerve injury and peripheral inflammation is an
important contributor to pathological pain (through AMPA
receptors) inducing a postsynaptic depolarization that is able
to remove the Mg** block from the NMDA receptor
(Ruscheweyh et al., 2011). Moreover, studies in hippocampal
slices have also demonstrated that PER selectively blocks AMPA
receptor-mediated synaptic transmission and neuronal excitation
that are the established causes for the development of NP (Ceolin
et al,, 2012). It was also shown that spinal AMPA receptors
contribute to the central sensitization associated with acute pain.
In fact, treatment with different doses of morphine showed
hypersensitivity to mechanical stimulation but intrathecal
administration of a Ca®" permeable selective AMPA receptor
blocker disrupted morphine-induced mechanical sensitivity with
an increased GluA4 expression and phosphorylation in
homogenates of dorsal horn (Cabarfiero et al., 2013). Moreover,
Tao has also shown that inflammation-induced changes in
AMPA receptor subunits (i.e., GluAl membrane insertion and
GluA?2 internalization) at postsynaptic membranes of dorsal horn
neurons are involved in central sensitization in persistent
inflammatory pain (Tao, 2010).

Based on this background, we started to investigate the
analgesic effect of PER in the tail flick and hot plate tests in
order to evaluate spinal nociceptive reflex and supra-spinally
responses, after acute or repeated administrations. We used
repeated regimen to understand if a poor-active dose
(3 mg/kg) in our experimental condition could to be more
efficacy and prolonged in the time, despite its short half-life
(1.6 h). In both tests PER showed a significant antinociceptive
activity following both acute and chronic regimen. Moreover,
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FIGURE 7 | Expression of pro-inflammatory cytokines in spinal cord on day 7 after sciatic nerve ligation. (A) mRNA level of TNFa. (B) mRNA level of IL-1p. (C) mRNA
level of IL-6. Data are shown as means + S.E.M, n = 6-7/group using ordinary one-way ANOVA; “p < 0.05, vs. Vehicle. #p < 0.05, ###p < 0.001 vs. Sham-Vehicle
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animals treated for 4 days showed a more prolonged in time
activity but did not correlate to a greater effectiveness between
the two posological regimens. Our results confirm that AMPA
receptors represent an important target to modulate pain
sensation. Then, we better characterized PER effects using acute
and chronic animal pain models such as, chemical-induced visceral
pain using writhing test, the paw licking test and paw edema to
assess somatic pain with inflammatory and neurogenic
component, and in pathologic conditions due to neuropathic
pain. This approach allowed us to analyze the efficacy of PER
oral administration on pain perception and also its capability to
modulate inflammation. Previous authors have shown that
selective, noncompetitive AMPA receptor antagonists, such as
SYM 2206, CFM-2, and GYKI 52466, produced antinociceptive
effects in the spinal cord of mice with neuropathic and
inflammatory pain (Garry et al., 2003). In agreement with these
data, results showed that single (5 mg/kg) and repeated (3 mg/kg/d
for 4 days) PER administration significantly attenuated writhing
episodes, reduced paw edema and formalin-induced pain. In this
last experiment, PER reduced the response in both the early phase
in which A§ and C-fibers are triggered, and the late phase
characterized by sensitization of nociceptive spinal neurons
(Coderre et al.,, 1993). This specific effect of PER seems to go
beyond the modulation of the AMPA channel, suggesting that
probably other systems are involved in its mode of action. A link
between the glutamatergic and the cannabinergic systems has been
previously demonstrated. The endocannabinoids anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) are synthesized “on
demand” from membrane lipids in response to cellular signals such
as activation of the postsynaptic glutamate receptors, moreover,
cannabinoid agonists inhibit glutamate release in many synapses in
the central nervous system, including the prefrontal cortex (Melis
et al,, 2004), hippocampus and cerebellum (Misner and Sullivan,
1999), striatum (Huang et al., 2001; Robbe et al., 2001), and spinal
cord (Morisset and Urban, 2001). Moreover, Palazzo and
coworkers showed that endogenous glutamate could tonically
modulate nociception through mGlu and NMDA receptors in
the periaqueductal grey (PAG) matter and the stimulation of these
receptors seems to be required for cannabinoid-induced analgesia
(Palazzo et al., 2001).

In our study, we considered the correlation between AMPA
modulation and cannabinergic activity by assessing CB; receptor
expression in the spinal cord of mice with CCI and we studied the
in vivo efficacy of PER using the CB; receptor antagonist AM251.
Results clearly showed that PER effects were cannabinergic
system-dependent, in fact AM251 was able to reduce PER
activity and western blot analysis showed a significantly
increased expression of this receptor in comparison with non-
treated animals. It is known that pathological conditions, such as
nerve injury and/or peripheral inflammation, are an important
contributor to long-term potentiation (LTP) of glutamatergic
transmission (Ruscheweyh et al., 2011). Glutamate release via
activation of presynaptic AMPA receptors initiates the
postsynaptic depolarization necessary to remove the Mg
block from the NMDA receptor channel, which can
sequentially induce Ca** influx, LTP, and hyperalgesia. In the

AMPA-Receptor Inhibition Modulates CB4-Receptor

current study, oral PER administration attenuated mechanical
and cold hyperalgesia in CCI mice, in agreement with other
authors (Murai et al., 2016; Khangura et al., 2017; Hara et al,
2020). Moreover, CB; antagonist AM251, reverted these effects,
underlining once again a strong correlation between PER effect
and the cannabinergic activity. Finally, an increasing amount of
studies suggest that neuroinflammation and pro-inflammatory
cytokines are important factors in the development and
maintenance of NP (Sweitzer et al., 2001; Zhang and An,
2007). In our study PER reduced proinflammatory cytokine
levels suggesting a reduction of the inflammatory state at
spinal cord level.

In conclusion, our evidences support the potential use of PER
as an analgesic. By means of specific mouse models of pain, we
further extend our knowledge on its mechanism of action
indicating a clear involvement of the cannabinergic system as
well as an anti-inflammatory action. Therefore, while PER
mechanism should be further studied also in order to
understand the link between AMPA receptors and
cannabinergic systems, its potential clinical use on pain
therapy should start to be considered.
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Peripheral neuropathies, characterized by altered nociceptive and muscular functions, are
related to oxidative stress. Thioctic acid is a natural antioxidant existing as two optical
isomers, but most clinically used as racemic mixture. The present study investigated the
central nervous system’s changes which followed loose-ligation-derived compression of
sciatic nerve, the putative neuroprotective role of thioctic acid and the pain-alleviating effect
on low-back pain suffering patients. Loose ligation of the right sciatic nerve was performed
in spontaneously hypertensive rats (SHR), a model of increased oxidative stress, and in
normotensive Wistar-Kyoto rats (WKY). Animals with sciatic nerve ligation were left
untreated or were treated intraperitoneally for 15days with 250 umol-kg™'-die™" of
(+/-)-thioctic acid; 125 umol-kg™'-die™" of (+/-)-thioctic acid; 125 umol-kg™'-die™" of
(+)-thioctic acid lysine salt; 125 umol-kg™"-die™" of (-)-thioctic acid; 300 umol-kg™'-die™"
pregabalin. Control SHR and WKY rats received the same amounts of vehicle. The clinical
trial NESTIORADE (Sensory-Motor Neuropathies of the Sciatic Nerve: Comparative
evaluation of the effect of racemic and dextro-rotatory forms of thioctic acid) examined
100 patients (49 males and 51 females aged 53 + 11 years) dividing them into two equal-
numbered groups, each treated daily for 60 days with 600 mg of (+/-)-thioctic acid or
(+)-thioctic acid, respectively. The trial was registered prior to patient enrollment at
EudraCT website (OSSC Number: 2011-000964-81). In the preclinical study,
(+)-thioctic acid was more active than (+/-)- or (-)-enantiomers in relieving pain and
protecting peripheral nerve as well as in reducing oxidative stress and astrogliosis in the
spinal cord. Main findings of NESTIORADE clinical trial showed a greater influence on
painful symptomatology, a quicker recovery and a better impact on quality of life of
(+)-thioctic acid vs. (+/-)-thioctic acid. These data may have a pharmacological and
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(+)-Thioctic Acid Against Neuropathic Pain

pharmacoeconomical relevance and suggest that thioctic acid, above all (+)-enantiomer,
could be considered for treatment of low-back pain involving neuropathy.

Keywords: neuropathic pain, thioctic acid, antioxidant, food supplement, neuroprotection

INTRODUCTION

Neuropathic pain is a form of chronic pain caused by lesions to
central or peripheral nervous system, which may be consequent
to mechanical damage or diseases. It is characterized by altered
nociceptive threshold and pain response, resulting in allodynia
and hyperalgesia (Riego et al., 2018). The lumbosacral syndrome
is a frequent neuropathic pathology described by a strong low
back pain which may come from damage or irritation of sciatic
nerve roots (Delitto et al., 2012). Treatment of its symptoms is
still debated: the comparative evaluation of efficacy and
tolerability of different drug categories (anti-inflammatory
drugs, corticosteroids, antidepressants, anticonvulsants, muscle
relaxants and opioids), concludes that most of the analyzed
studies are poor quality and the data insufficient to provide
guidance in the long-term treatment of the disease (Pinto
et al., 2012; Schnitzer et al., 2004).

The excessive and unbalanced presence of reactive oxygen
and nitrogen species causes oxidative stress, which alters the
structure of the biomolecules and consequently induces
neuronal damage (Adibhatla and Hatcher, 2010),
inflammatory events and negative loop of excitotoxicity of
afferent nociceptors, thus contributing to pain chronicization.
Antioxidant agents, like thioctic (alpha-lipoic) acid, proved a
therapeutic potential against neuropathy (Shay et al., 2009;
Opyenihi et al., 2015).

Thioctic acid is a natural substance, synthetized de novo in
mammalian mitochondria and existing as two optical isomers
(+)-, endogenously produced and biologically active, and
(-)-enantiomers. Racemic (+/-)-thioctic acid 1is sold
worldwide as a registered drug or in nutraceutical market as
dietary supplement and was reported to be a valid
pharmacological agent in treating oxidative stress related
diseases (Packer et al., 1995; Vasdev et al., 2000; Gomes and
Negrato, 2014). Clinical studies showed that treatments with
the racemic compound were able to reduce neuropathic low
back pain (Memeo and Loiero, 2008; Ranieri et al., 2009). Even
if the racemic mixture is the most widely used because of its
stability, recent studies developed salt derivatives of
(+)-thioctic acid with enough stability for a therapeutic use
on its own (Ranieri et al., 2009; Amenta et al., 2010).
Comparative studies revealed that (+)-thioctic acid displays
a more pronounced activity than the racemic (+/-)-thioctic
acid in several preclinical paradigms (Amenta et al., 2010;
Lokhandwala, 2010). In the present study, we aimed to
investigate if the (+)-thioctic acid is more active than its
racemic congener on painful symptoms of sensory-motor
neuropathies of the sciatic nerve in both a preclinical and
clinical setting. The strain of spontaneously hypertensive rats
(SHR), genetically harbouring hypertension and oxidative
stress, was chosen and underwent to the loose ligation of

the sciatic nerve (Tayebati et al., 2012). Pain relieving as
well as neuroprotective and antioxidant effects of thioctic
acid forms were compared to those of the reference drug
pregabalin, a currently in-use anticonvulsant for treating
chronic pain (Gilron et al,, 2015; Xu et al., 2016). Based on
the evidence from preclinical study, a clinical trial, named
NESTIORADE (Sensory motor neuropathy of the sciatic
nerve: Comparative assessment of the effectiveness of
racemic and dextrorotatory forms of thioctic acid), was
designed and conducted.

MATERIAL AND METHODS

Preclinical Study

Animals

Twenty-week-old male SHR (n = 42) and age-matched WKY
(n =42) rats were used. The animals were kept at 23 + 1 °C with
a 12 h light/dark cycle, light at 7 a.m. and fed with standard
laboratory diet and tap water ad libitum. 24 h before the test,
the animals were placed in the experimental room for
acclimatization. All animal manipulations were carried out
according to the Directive 2010/63/EU of the European
Parliament and of the European Union council (September
22, 2010, amended by Regulation (EU) 2019/1010) on the
protection of animals used for scientific purposes and to the
ethical guidelines of the University of Florence, consistent with
the Guide for the Care and Use of Laboratory Animals of the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1996; University of Florence assurance number:
A5278-01). Formal approval to conduct the experiments
described was obtained from the Italian Ministry of Health
and from the Animal Subjects Review Board of the University
of Florence. Experiments involving animals were reported
according to ARRIVE guidelines. All efforts were made to
minimize animal suffering and to reduce the number of
animals used.

Peripheral Mononeuropathy Rat Model

Neuropathy was induced in rats anaesthetized with 400 mg/kg
chloral hydrate intraperitoneally (i.p.) Chronic Constriction
Injury (CCI), according to the procedure described by
(Bennett and Xie, 1988). Under aseptic conditions, the right
common sciatic nerve was exposed at the level of the middle
thigh by blunt dissection and four chromic cat gut ligatures (4-
0, Ethicon, Norderstedt, Germany) were tied loosely around
the nerve with about 1 mm spacing. After that hemostasis was
confirmed, incision was closed in layers. After a period of
recovery from surgery, animals were housed one per cage with
free access to water and standard laboratory chow. Control
animals were sham operated.
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TABLE 1 | Primary antibodies used in immunohistochemistry.

(+)-Thioctic Acid Against Neuropathic Pain

Primary antibody Company Cat. No. Dilution IHC
Anti-neurofilament 200kDa, clone RT-97 (NF) Monoclonal antibody, Merck-Millipore (Cat. No. MAB5262) 1:500
Anti-myelin basic protein (MBP) Monoclonal antibody, Merck-Millipore (Cat. No. NE1019) 1:500
Anti-glial fibrillary acidic protein (GFAP) Monoclonal antibody, Merck-Millipore USA (Cat. No. MAB3402) 1:500
Anti-8-OHdAG Monoclonal antibody clone 2E2, Trevigen (Cat. No. 4354-MC-050) 1:250
Anti-mouse biotinylated Polyclonal antibody, Merck-Millipore (Cat. No. AP124B) 1:200
Anti-mouse Alexa fluor 488®, CellSignaling technology (Cat. No. #4408S) 1:100

Animal Treatment

Thioctic acid, as (+/-)-compound, lysine salt (+)-enantiomer
and (-)-enantiomer, was pursued from Sintactica (Milan,
Italy). Compounds were solubilized in NaOH-supplemented
physiologic solution and buffered to 7.4 pH by adding HCL
Different racemic and thioctic acid salt compounds were
solubilized in saline and injected intraperitoneally (i.p.).
Rats were treated for 15 days with intraperitoneal injection
of 250 pmol~kg_1-die_1 (+/-)-thioctic acid (n = 6);
125 p.mol-kgfldie*1 (+/-)-thioctic acid (n = 6);
125 pmol-kgfl-die*l (+)-thioctic acid lysine salt (n = 6);
125 pmol~kg_1-die_l (-)-thioctic acid (n = 6);
300 umolkg "-die”' pregabalin (n = 6). Control CCI and
SHAM (operated without ligating sciatic nerve) SHR and
WKY rats (n = 6 each) received the same amounts of vehicle.
To note, 250 umol-kg '-die”" thioctic acid lysine salt
(+)-enantiomer (about 90 mg/kg) can be converted in the
human dosage of 569 mg (considering 70 kg body weight)
accordingly to Reagan-Shaw et al. (2008) and Nair and Jacob
(2016) using the equation [(rat dose mg kg_1/12.3) x 70].

Paw Pressure Test

One hour after the last drug administration, the nociceptive
threshold was determined with an analgesimeter (Ugo Basile,
Varese, Italy) (Leighton et al., 1988). A constantly increasing
pressure was applied by a mechanical device to a small area of
the dorsal surface of the paw, using a blunt conical probe.
Mechanical pressure was increased until vocalization or a
withdrawal reflex occurred while rats were lightly restrained.
Vocalization or withdrawal reflex thresholds were expressed in
grams. Rats scoring below 40 g or over 75g during the test
before drug administration (25%) were discarded. An arbitrary
cut-off value of 250 g was adopted. The paw pressure test was
repeated in a second session at 24 h after the first experiments.

Tissue Processing

One hour after completion of the paw pressure test, animals were
sacrificed by cervical dislocation. The right sciatic nerve, was exposed,
excised and the portion containing the ligature was removed. Contra-
lateral nerves were also dissected out and a portion equivalent to that
of ligated nerve was removed.

Paraffin Embedding and Staining
After animal sacrifice, sciatic nerves were fixed in situ with 4%
formalin in phosphate buffered saline (pH 7.4). Following gradual

dehydration in ethanol, nerve samples were embedded in paraffin
(Diapath, Milan, Italy). Transverse 10 pm sections were cut on a
microtome (Leica, RM 2145), and mounted on polylysine coated
slides.

Sciatic Nerve Analysis: Histochemistry and
Immunohistochemistry

Consecutive paraffin sections (10 um thick) were stained
alternatively ~with Mallory’s trichrome staining, to
investigate morphology of different nerve components and
occurrence of oedema and inflammatory infiltrates, or
processed for immunohistochemistry techniques. Oedema
and infiltrate were graded by an arbitrary scale starting
from 1, mild infiltrate and oedema up to 10, severe
infiltrate and widespread oedema. Sections were processed
for 200 kDa neurofilament protein (NF) immunoreactivity,
for Myelin Basic protein (MBP) or Glial fibrillary acidic
protein (GFAP) immunohistochemistry using a mouse
monoclonal antibody, as detailed in Table 1. Briefly, after
deparaffinization and rehydration, sections were incubated in
H,0, 3% for 20 min, and in a blocking solution of bovine
serum albumin (BSA) in phosphate buffer saline (PBS) 0.1 M
pH 7.4 for 1 h at room temperature. Incubation with primary
antibodies was performed over night at 4°C at condition
detailed in Table 1. After three washes in PBS, sections were
incubated in a goat antimouse-biotinylated secondary
antibody. The product of the immune reaction was
revealed using a biotin-streptavidin immunostaining kit
(Vectastain ABC Kit Elite, Vector, Cat. No. PK 6100) and
3.3’-diamino benzidine (DAB) as a chromogen (DAB
peroxidase substrate, Vector Cat. No 4100). After washing,
sections were then dehydrated in ethanol, mounted in
mounting medium and observed under a light microscope.
Control sections were processed in the same way but using a
non-immune mouse IgG instead of the primary antibody.
These sections did not develop specific immunostaining (data
not shown). Sections processed for immunohistochemistry
were viewed under a light microscope connected to the screen
of IAS 2000 image analyzer. The intensity of axonal NF
immunostaining and the intensity of MBP immunostaining
developed in myelin sheaths were assessed microdensitometrically
with an image analysis system, calibrated to take as “zero” the
background developed in sections incubated with a non-immune
serum and “100” as the conventional value of maximum intensity of
staining,
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Spinal Cord Analysis: Malondialdehyde (MDA) Levels
and DNA Oxidation Status

In portions of spinal cord, oxidative stress indicators were
evaluated: malondialdehyde (MDA) levels via thiobarbituric
acid reactive substances (TBARS) kit (Cayman, Chemical
Company, Ann Arbor, MI, United States Cat. No.
10009055); DNA oxidation by 8-OHdG
immunohistochemistry. Paraffin sections of spinal cord
were processed for 8-OHdG immunohistochemistry, using
monoclonal antibodies as detailed Table 1. After
deparaffinization and rehydratation, sections were incubated
in a blocking solution of bovine serum albumin (BSA) in
phosphate buffer saline (PBS) 0.1 M pH 7.4 for 1 h at room
temperature. Incubation with primary antibodywas performed
over night at 4°Cat condition detailed in Table 1. After three
washes in PBS, sections were incubated in a biotinylated
secondary antibody solution (Table 1).

Protein Oxidation Status: Western Blot Analysis of
Carbonylated Proteins

Samples of spinal cord, taken from six rats for each group, were
homogenized in lysis buffer, as previously described (Tayebati
et al.,, 2017). We assessed protein carbonylation by treating equal
amounts of protein according to protocol of OxyBlot Protein
detection kit (Millipore, USA, Cat. No. S7150). The kit provides a
system to perform the immunoblot detection of carbonyl groups
introduced into proteins by oxidative reactions. As a
consequence, carbonyl groups are introduced into the side
chains of all proteins independently of the molecular weight.
The samples were separated by 8% SDS polyacrylamide gel,
transferred onto nitrocellulose and blotted with the specific
antibodies of the kit that recognize all the oxidized protein
with different molecular weight. Band intensities were
measured by densitometry with IAS 2000 image analyzer
(Biosystem, Rome, Italy).

Clinical Study

NESTIORADE is a comparative open trial, approved by the
Ethic Committee of “Azienda Ospedaliera Universitaria
Maggiore della Carita, Novara” and “Aziende Sanitarie
Locali” of Novara, Biella, Vercelli and Verbano Cusio Ossola
(NEST 2009) and written informed consent was obtained from
all subjects participating in the trial. The trial was registered
prior to patient enrollment at https://eudract.ema.europa.eu
(OSSC Number: 2011-000964-81; principal investigator: Prof.
Francesco Pipino; date of registration: February 28, 2011). The
study recruited 100 patients (49 males and 51 females, with a
mean age of 53 + 11 years) who met criteria for inclusion and
agreed to participate at the trial. The number of participants
were chosen to ensure a minimum statistical power of 90% and
alpha of 5%, considering variance and effect of primary
outcomes. Patients were divided by block randomization
using a random generation number into two different groups
of 50 subjects each and were assigned to a 600 mg/day treatment
with (+/-)-thioctic acid (Group 1), or to a 600 mg/day
treatment with (+)-thioctic acid (Group 2). Treatments lasted

(+)-Thioctic Acid Against Neuropathic Pain

60 days. Study was not controlled by placebo due to a request of
the ethic committee, that did not allow to keep patients without
therapy during pain condition. (+/-)-thioctic acid therapy was
considered safe, effective and a good reference thanks to
publications that highlighted the efficacy and safety of its use
in similar pathologies (Memeo and Loiero, 2008; Ranieri et al.,
2009).
Inclusion criteria were:

e Radiculopathy of the lower limbs,

Diagnosis confirmed by CT or MR,

Unilateral or bilateral presentation,

First event,

Onset of symptomatology not exceeding 40 days.

Exclusion criteria were:

e Cognitive deficits or psychiatric disorders,
Specific  indication  for  surgical
symptomatology,

Poor compliance toward inclusion in the study,
Concomitant neoplastic pathology,

Chemotherapy or immunosuppressive treatment ongoing,
Under treatment with thioridazine hydrochloride.

treatment  of

The evaluation of time loss/disappearance of symptoms was
performed by using multidimensional scales designed for
neuropathic pain (Xiong et al., 2015) listed below:

(1) Neuropathy Symptoms and Change (NSC) (Dyck et al,
2002);

(2) Neuropathy Impairment Score (NIS) (Dyck et al., 2002);

(3) Neuropathic Total Symptom Score-6 (NTSS-6) (Bastyr et al.,
2005).

To better assess the impact of the compared treatments on life
quality of patients, the following parameters were evaluated:

(1) Consumption of analgesics during the whole treatment
period;
(2) Quality of sleep.

This manuscript adheres to the applicable CONSORT
guidelines. (Figure 1).

Statistical Analysis

All data of different parameters were expressed as mean + S.D.
(n = 6), calculated from single animal data. The significance of
differences between groups of treatment was analyzed by analysis
of variance (ANOVA) followed by the Newman-Keuls test, while
for the analysis of the differences within the group over time,
Student’ t-test for paired data were performed. For analyzing the
different treatment over time a two way ANOVA for repeated
measure was used. X-squared (X?) test was performed to evaluate
differences in qualitative data. Data were collected by researchers
blind to the treatments.
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FIGURE 1 | CONSORT flow diagram of the clinical study NESTIORADE (Sensory motor neuropathy of the sciatic nerve: Comparative assessment of the

Analysed (n=50)
+ Excluded from analysis (give reasons) (n=0)

RESULTS

Preclinical Results

Paw Pressure Test

CCI SHR and CCI WKY rats were treated intraperitoneally (i.p.)
for 15days with (+/-)-thioctic acid (125-250 ymol-kg™"-die™")
(+)-thioctic acid (125 pmol-kg’l-diefl), (-)-thioctic  acid
(125 umolkg "-die™") or pregabalin (300 umol-kg '-die”"),
starting on the day of the surgery. Likewise, control SHAM and
CCI animals were treated i. p. with vehicle (data not shown). At the
end of the treatment, mechanical hypersensitivity was evaluated in
all the experimental groups of both strains, WKY (Figure 2A) and
SHR (Figure 2B), via paw pressure test on ipsilateral and
contralateral paw (1 h after the last treatment). Vehicle-treated
CCI animals presented an altered response to the noxious stimulus
on the ipsilateral paw, tolerating a bit more than half of control
weight; there was no significant difference in pain response
between the strains in all the experimental conditions. No

difference were reported between the left paw of vehicle-treated
CCI and SHAM group. A beneficial effect was observed with
repeated (+/-)-thioctic acid 250 pmolkg’l-die’1 treatment (p =
0.0005), since it increased pain threshold of the ipsilateral paw of
CCI animals; treatment with the half dose of (+)-thioctic acid
produced the same positive effects (p = 0.0004). Half dose of
racemic mixture induced a lower but however significant (p =
0.0008) improvement in pain sensitization. The analgesic activity
of both compounds was comparable to the outcomes of pregabalin
administrations; ~ conversely,  repeated  treatment  with
(-)-enantiomeric isoform of thioctic acid was not active. Similar
results were obtained repeating measurements 24 h after the last
administration of thioctic acid forms (data not shown).

Morphological Analysis: Sciatic Nerve

After the behavioral tests, animals were sacrificed, both sciatic
nerves and spinal cord tissue were explanted. Sciatic nerve sample
tissues were stained and processed: Mallory’s trichrome staining
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FIGURE 2 | Paw pressure test. Paw pressure test on operated (CCl) and unoperated paws of WKY (A) and SHR (B) following treatment with
300 umol-kg~".die”"pregabalin, 250 and 125 ymol-kg~"-die" (+/-)-thioctic acid (t.a.), 125 umolkg™"-die™" (+)- and (-)-thioctic acid or with vehicle (saline). Each
experimental group is n = 6; data are expressed as mean + SEM, in grams. **p < 0.01 vs the left unoperated paw value, “p < 0.01 vs CCI + saline solution.

(+/-)-t.a. (+)-t.a. (-)-t.a.

(Supplementary Figure S1); immunohistochemistry for
neurofilament (NF, Figure 3) and myelin basic protein (MBP,
Figure 4).

Mallory’s trichrome staining on CCI right sciatic nerve
highlighted a massive degeneration of myelinated and non-
myelinated axons distal to the ligation site both in WKY (data
not shown) and SHR rats (Supplementary Figure S1), induced by
constriction injury. In CCI SHR sciatic nerve, Mallory’s trichrome
staining of distal-to-ligation right sciatic nerve showed: a typical
Wallerian degeneration with less compact oedematous axons and
accumulation of inflammatory cells, absence or damage of myelin

sheaths and a scarcely identifiable myelin-axon border
(Supplementary Figure S1A). These changes were partly
inhibited only by the treatment with (+/-)-thioctic acid
250 umol-kg -die”"  (Supplementary  Figure S1C) and
(+)-thioctic acid (Supplementary Figure S1D). Administrations
of (+/-)-thioctic acid 125 pumolkg'-die”" (Supplementary
Figure S1B) and (-)-thioctic acid (Supplementary Figure S1E)
left the morphology of damaged nerve unaltered. Pregabalin
injections (Supplementary Figure S1F), restored the morphology
of the nerve countering the reduction of axon and myelin thickness
in nerve fibers of the lesioned nerve.

Frontiers in Pharmacology | www.frontiersin.org

February 2021 | Volume 12 | Article 607572


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Pacini et al.

(+)-Thioctic Acid Against Neuropathic Pain

T W ] N W - . Ve F i N T F
SRR LN B S PITIL T
T C e N IR s
LR > i < ® - W i . :
..‘):\ \ “"~~'\ \\m ) F] ” 4 -“ P lﬁﬁ‘. g
» Y & p .
VI TR S L “\‘ : '? 2 s Ve K
Fau b n\ &y *.‘-‘. e A ey . vy -
5 A v - |/ .
N IO \'\‘\\ 1'* - % » . '
APBAA & . P P\
O LY i & a e
wal\b e s \‘Q* :.y'k ¢ . % -\
A v . ® - % s ' |
1,‘:‘_‘ *l‘ a9 2%, ’.'Q 5 s A @ G
bORRE LML A T YL Y N : bt - A w Py =
| - - -
" “ ¢
F g h - 4 ) L)
25 4 L4
- A
4 &
¢ ' ’ .’. 2
| F | '
< A gy " ' p o AR 4 >
=) v a2 . . v
=) =L ] ‘ (‘ A
2 13 ; T T T “ " - — —
T » - e - o »
g . A LI sren N T
= 3 . ® a ‘ & A «w? P * 2
5 10 ¢ AR » ' m PE ® a9
£ o, - % ‘ A
b ’ " e » 4
. ™ 5 ¥ - ~ »
4 - - L3 o ¢ e » >
e I 1 ) 0! . ~ it
5 4 \ e > Q@ . . & R A" A S
. ot : J".- W e e L
. . - . 0. '\. a N " i ..' e - -
! . . & " > ad
0 NN [ S R G S ) Ny ../,._., § ¥, -" N
A B C D E F G ‘e e 8 “iv 8 "y LR
o ‘A L — @" Ay —_
FIGURE 3| Sections of sciatic nerve processed for neurofilament immunohistochemistry. Treatments are indicated as follows: (A) SHAM SHR + saline solution; (B)
CCI SHR + saline solution; (C) CCI SHR + (+/-)-thioctic acid 125 pmol-kg™"-die™"; (D) CCI SHR + (+/-)- thioctic acid 250 ymol-kg™"-die™"; (E) CCl SHR + (+)- thioctic acid
125 umol-kg™"-die™"; (F) CCI SHR + (-)-thioctic acid 125 ymol-kg™"-die™; (G) CCl SHR + pregabalin 300 umol-kg~-die™". Left-bottom graph represents a densitometric
analysis of the expression of neurofilament. Each experimental group is n = 6; data, expressed as Optical Density Unit (ODU), are the mean + SEM. Calibration bar:
10 um *p < 0.05 vs SHAM SHR, p < 0.05 vs CCl SHR + saline solution.

Sections of sciatic nerve explanted from SHAM SHR were
processed for NF immunohistochemistry: they developed a dark
brown axonal staining, with a particularly intense
immunoreaction in the external part of axons (Figure 3A).
Reduced NF immunoreactivity was observed in the distal to
ligation sciatic nerve from control (untreated) CCI SHR rats
(Figure 3B) as also demonstrated by quantitative analysis,
expressed as Optical Density Unity (ODU) in the left-bottom
graph, that showed a significantly (p = 0.0006) decrease of
quantitative immunoreaction (Figure 3, graph column B).
Only the treatment with (+)-thioctic acid augmented axonal
NF immunoreactivity in the distal part of the sciatic nerve in
a significant way (p = 0.0025) (Figure 3, panel and graph column
E). MBP immunostaining showed a physiological pattern of
myelin organization in the SHAM operated rats, with dark
brown immunoreactivity in the myelin sheaths (Figure 4A).
As showed by quantitative analysis (Figure 4, left-bottom
graph), a remarkable reduction (p = 0.0005) of MBP
immunoreactivity was evident in the distal part of the ligated
nerve (panel and graph column B). Treatment with racemic

thioctic acid 250 pmol-kg '-die”" (panel and graph column D)
and (+)-thioctic acid (panel and graph column E) significantly
raised MBP immunoreactivity (p = 0.0003) in the distal part of
ligated nerve, while the other compounds produced no
improvements.

Morphological and Biochemical Analysis: Spinal Cord
In the spinal cord we investigated oxidative stress signals: the levels
of malondialdehyde (MDA) (Supplementary Figure S2), protein
carbonylation and 8-hydroxy-2’-deoxyguanosine (8-OHdG)
(Figure 5: i-ii and iii-iv, respectively).

SHAM non-hypertensive and hypertensive rats had similar
MDA levels, while a statistically significant raise (p = 0.034) was
observed in the neuropathic SHR group (Supplementary Figure
S$2, column C) in comparison to control SHAM SHR
(Supplementary Supplementary Figure S2, column B); all
treatments were unsuccessful at recovery.

Densitometry analysis (Figure 5ii) on blotted carbonylated
protein (Figure 5i), showed that SHAM-operated WKY and SHR
(A, B bands/columns) displayed the same low level protein
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FIGURE 4 | Sections of sciatic nerve processed for myelin basic protein (MBP) immunohistochemistry. Treatments are indicated as follows: (A) SHAM SHR + saline
solution; (B) CCI SHR + saline solution; (C) CClI SHR + (+/-)-thioctic acid 125 pmol~kg’1‘die’1; (D) CCI SHR +(+/-)-thioctic acid 250 pmol~kg’1~die’1; (E) CCI SHR +
(+)-thioctic acid 125 pmol-kg~"-die™; (F) CCI SHR + (-)-thioctic acid 125 pmol-kg~"-die™"; (G) CCI SHR + pregabalin 300 umol-kg™"-die™". Left-bottom graph represents
a densitometric analysis of the expression of myelin basic protein. Each experimental group is n = 6; data, expressed as Optical Density Unit (ODU), are the mean +
SEM. Calibration bar: 10 um *p < 0.05 vs SHAM SHR, p < 0.05 vs CCl SHR + saline solution.

oxidation, while CCI-induced neuropathy resulted in higher
carbonylated protein values in spinal tissue of CCI SHR
animals (C band/column). (+/-)-thioctic acid
250 umol-kg "-die™! lowered carbonylated proteins to control
values (D band/column), the same result was gained by
dextrorotatory enantiomer administrations (F band/column)
and both treatments resembled pregabalin effects (H band/
column). Conversely, the treatment with (+/-)-thioctic acid
125 pmol-kg_l-die_land with (-)-thioctic acid (E, G bands/
columns) lead to a very slight non-significant reduction of
protein oxidation. Expression of 8-OHdG in dorsal horns of
spinal cord was investigated through immunohistochemistry and
related densitometric analisys (Figure 5iii,iv). CCI SHR rats
(panel/column C-bis) spinal cord displayed more pronounced
levels (p = 0.028) of 8-OHdG as compared to SHAM WKY and
SHR rodents’ spinal cord (panel/column A and B, respectively),
markedly in the cell body neurons of dorsal horns. Treatments
with almost all forms of thioctic acid induced an antioxidant
effect (panel/column D, E, F), only (-)-thioctic acid (panel/
column G) injections produced no amelioration, similarly to
pregabalin (panel/column H).

In addition, we evaluated the neuroprotective effects of
thioctic acid from ex-vivo analysis on the spinal cord (Figures
6i-6ii). Dorsal horn sections were probed with GFAP antibody

(Figure 6i): the number of GFAP-positive cells was comparable
between SHAM SHR and WKY rats (panels A and B), therefore
we moved on the analysis of SHR animals. Sciatic nerve ligation
induced an activation of astrocytes with high production of GFAP
and ramified branches (panel C), while treating with
(+/-)-thioctic ~ acid 250 pmol'kg "-die”"  restored  the
physiological state (panel D). Injections with (+)-thioctic acid
(panel F) reproduced the same result of double-concentrated
racemic compound (panel D); conversely, an opposite effect was
obtained by the treatment with 125 umolkg "-die”" racemic
compound and (—)-enantiomer (panel E and G, respectively).
A pattern of activated astrocytes was also observed in the spinal
cord of pregabalin treated rats (panel H). These observations were
confirmed by the analysis of mean area (um®) of GFAP-
immunopositive astrocytes, from both dorsal and ventral
horns (Figure 6ii). No significant differences between the two
regions were noticeable in each experimental group. In the dorsal
horn, sham WKY and SHR rats presented the same quantity of
immunoreactive tissue while CCI SHR animals had 30% more
GFAP-positive tissue. Treatments with (+/-)-thioctic acid
250 pmol-kgfl-die’1 (p = 0.005 vs. CCI) and (+)-enantiomer
125 umol-kg -die™" (p = 0.032 vs. CCI) reduced the area
almost to non-neuropathic values, while glial activation was
confirmed in groups treated with 125 ymol-kg '-die”" racemic
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FIGURE 5 | Oxidative stress status in the spinal cord (lumbar region L5). Carboxylated proteins blotting of the spinal cord () and its densitometric analysis (ii).
Sections of dorsal horns of spinal cord (lumbar region L5) processed for immunohistochemistry of 8-OHdJG (jii) and densitometric analysis (iv). Calibration bar of iii): A-C
200 pm; Cbis-H: 25 um; densitometric analysis was performed on 25 um calibration bar-images. In all panels, treatments are indicated as follows: (A) SHAM WKY +
saline solution; (B) SHAM SHR + saline solution; C, Chis) CCl SHR + saline solution; (D) CCl SHR + (+/-)-thioctic acid 250 pmol-kg’*-die’j; (E) CClI SHR +
(+/-)-thioctic acid 125 ymol-kg™"-die”"; (F) CCl SHR + (+)-thioctic acid 125 umol-kg™~-die™"; (G) CCI SHR + (-)-thioctic acid 125 umolkg™-die™"; (H) CCISHR +
Pregabalin 300 pmol»kgq-die". Data are expressed as mean + SEM. *p < 0.05 vs SHAM SHR + saline solution; p < 0.05 vs CCl SHR + saline solution.

thioctic acid, (—)-enantiomer and pregabalin. In the ventral horn
the pattern is the same.

Clinical Results

Neuropathy Symptoms and Change (NSC) Parameter
Initial (baseline) values for the NSC scale averaged 17.2 + 5.1 in Group
1 patients (+/—)-thioctic acid and 17.6 + 5.3 in Group 2 patients
(+)-thioctic acid. After 60 days of treatment, these values decreased to
13.0 + 54 in group 1 patients and 11.3 + 4.8 in group 2 patients
(Table 2). This reduction was statistically significant vs. baseline for
both treatments (respectively p = 0.0000 and p = 0.0000 for the two
groups at the two-sided Student’s t test for paired data). The average
reduction for this scale was of 4.12 + 3.13 points for patients of Group
1 and 6.26 + 4.30 points for patients of Group 2 (Table 2) (p = 0.0003,
ANOVA). (Supplementary Figure S3A). Values of the NSC scale
were also used to assess the percentage change compared to the
starting value. Percentage changes resulted to be of 24.7 + 17.3% in
Group 1 patients and 34.4 + 19.1% in Group 2 patients (Table 2) (p =
0.009, ANOVA). To analyze the different treatment over time a two
way ANOVA for repeated measure was performed: data showed

significative results for the model (p = 0.0000) and for the time (p =
0.0000) and treatment (p = 0.048) parameters.

Neuropathic Injury Score Parameter

Initial (baseline) average values for the NIS scale were 4.30 +
3.08 in Group 1 patients and 4.28 + 4.22 in Group 2 patients.
After 60 days of therapy, values decreased to 2.64 + 2.99 in
Group 1 patients and 1.94 + 3.80 in Group 2 patients
(Table 2). This reduction was statistically significant vs.
baseline for both treatments (p = 0.0000 for both groups at
two sided Student’s t test for paired data). The average
reduction in the scale was of 1.66 + 1.81 points in Group
1 patients and 2.34 + 2.56 points for Group 2 patients
(Table 2). This reduction did not reach statistical
significance at the ANOVA (p = 0.308). (Supplementary
Figure S3B). Values of NIS were also evaluated in terms
of percent reduction compared to the starting value: the
decrease, which averaged 40.2 + 43.3% in Group 1 patients
and 53.9 + 44.4% in Group 2 patients (Table 2), was not
statistically significant (p = 0.121). Results of the two way
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solution; p < 0.05 vs CCI SHR + saline solution.

FIGURE 6 | Astrocytes activation: GFAP immunohistochemistry in spinal cord. Sections of dorsal horn of spinal cord (images A-H, i) processed for the
immunohistochemistry of glial fibrillary acid protein (GFAP) and densitometric analysis (i) of the mean immunoreaction area in both dorsal and ventral horns. In all panels,
treatments are indicated as follows: (A) SHAM WKY + saline solution; (B) SHAM SHR + saline solution; (C) CCl SHR + saline solution; (D) CCl SHR + (+/-)-thioctic acid
250 umol-kg™".die™"; (E) CCI SHR + (+/-)-thioctic acid 125 pmol-kg™"-die™"; (F) CCI SHR + (+)-thioctic acid 125 umol-kg™-die™"; (G) CCI SHR + (-)-thioctic acid

125 pmol-kg"-die"; (H) CCI SHR + Pregabalin 300 pmol-kg’1-die". Calibration bar: 25 um. Data are expressed as mean + SEM; *p < 0.05 vs SHAM SHR + saline

Ventral horn

ANOVA for repeated measure showed significative results for
the model (p = 0.0000) and for the time (p = 0.0000) but not
significative for treatment (p = 0.474) parameter.

Neuropathy Total Symptom Score-6 (NTSS-6)
Parameter

Initial (baseline) average values for the NTSS-6 scale were 4.01 +
2.56 in Group 1 patients and 3.86 + 2.95 in Group 2 patients.
After 60 days of treatment these values decreased to 2.65 + 2.36 in
Group 1 patients and 1.98 + 2.47 in Group 2 patients (Table 2).
This reduction was statistically significant vs. baseline for both
treatments (p = 0.0000 for both groups at two sided Student’s
t test for paired data). The average reduction in the scale was of
1.35 + 1.95 points for Group 1 patients and 1.88 + 1.96 points for
Group 2 patients (Table 2). This decrease was not significant at
the ANOVA analysis (p = 0.165). (Supplementary Figure S3C).
Data were also evaluated as percent reduction compared to the
baseline: this analysis resulted in the 36.2 + 39.7% in the Group 1
patients and in the 53.7 + 40.2% in the Group 2 patients (Table 2)
(p = 0.031, ANOVA). Results of the two way ANOVA for
repeated measure showed significative results for the model
(p = 0.0000) and for the time (p = 0.0000) but not
significative for treatment (p = 0.264) parameter.

Quality of Life
Both treatment with thioctic acid were safe, no patients
withdrawn from study; of the 107 patients considered, 7 did
not meet the inclusion criteria (first manifestation, presentation
before 40 days). Of the patients only one experienced side effects
after about a month of treatment, with loss of taste and a sense of
bitterness in the mouth. The manifestation was considered a
“possible” side effect, but did not lead to discontinuation of
therapy and ended before the last visit of the study.
Considered quality of life criteria included the response rate to
therapy, the half-lives of pain, changes in sleep quality and
changes in painkillers assumption. As to NSC parameter, the
response rate to therapy was 84% in Group 1 patients
(+/-)-thioctic acid and 94% in Group 2 patients (+)-thioctic
acid. As to NIS parameter, the response was positive in 60% of
patients of Group 1 and in 66% patients of Group 2. For NTSS-6
scale, a positive response to therapy was observed in 64% patients
of Group 1 and in 78% patients of Group 2 (Table 3).
Half-life of pain, representing the time during which the
parameters were considered, reached half of the initial value:
for NSC it was 125 days in Group 1 patients and 84 days in Group
2 patients with a 32% reduction for (+)-thioctic acid as compared
to (+/-)-thioctic acid. The half-life parameter for NIS was 78 days
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TABLE 2 | Neuropathy Symptoms and Change scale (NSC), Neuropathy Impairment Score (NIS) and Neuropathy Total Symptom Score-6 (NTSS-6) in Group 1 patients
[(+/-)-thioctic acid)] and in Group 2 patients [(+)-thioctic acid] at baseline (TO) and after 60 days of treatment (Tlast).Data are means + S.D. Response rate and pain half-life
data represent the percentage of patients with reduction of pain score respect to baseline after treatment (response ratio) and the days for pain half-life.

Neuropathy symptoms and change scale (NSC), neuropathy impairment score (NIS) and neuropathy total symptom Score-6 (NTSS-6)

Pain scales Group 2 Group 1
(+)-thioctic acid (+/-)-thioctic acid
NCS TO 176 +53 17.2 £ 51
Tlast 11.3 + 4.8 13.0 £ 5.4*
Reduction from baseline 6.26 + 4.30" 412 +3.13
Percentage reduction 34.4 +19.1* 247 +17.3
Response rate 94° 84
Pain half-life 84 125
NIS TO 428 + 4.22 4.30 + 3.08
Tlast 1.94 + 3.80" 2.64 + 2.99*
Reduction from baseline 2.34 + 2.56 1.66 + 1.81
Percentage reduction 539 +44.4 40.2 + 43.3
Response rate 66 60
Pain half-life 55 78
NTSS-6 TO 3.86 + 2.95 4.01 + 2.56
Tlast 1.98 + 2.47* 2.65 + 2.36*
Reduction from baseline 1.88 + 1.96 1.35 + 1.95
Percentage reduction 53.7 + 40.2" 36.2 + 39.7
Response rate 78° 64
Pain half-life 62 89

D < 0.05 vs TO evaluated by Student’s t-test for paired data; *p < 0.05 vs Group 1 patients evaluated by ANOVA Test; ° p < 0.05 vs. Group 1 patients, X° test.

TABLE 3| Sleep quality and pain Killer intake variations in Group 1 [(+/-)-thioctic acid)] and in Group 2 [(+)-thioctic acid]. Data shown represent the absolute number and the
percentage of patients.

Sleep quality and pain killer intake variations

Quality of life Group 2 Group 1
(+)-thioctic acid (+/-)-thioctic acid Significance at the X squared test
Quality of sleep

Improved 33 (66%) 24 (48%) p = 0,00,097
Unchanged 17 (34%) 25 (50%)

Worsened 0 (0%) 1 (2%)

Painkiller intake

Increased 1(2%) 1 (2%) p =0,01,593
Unchanged 13 (26%) 20 (40%)

Reduced 36 (72%) 29 (58%)

in Group 1 patients and 55 days in Group 2 patients, with a 29%  In 2% of examined patients, analgesic medication was increased
reduction for (+)-thioctic acid as compared to (+/—)-thioctic acid. (Table 3).

Assessment of half-lives for the scale NTSS-6 resulted in 86 days

in Group 1 patients and 62 days in Group 2 patients, with a ~ Gender Influence Evaluation

reduction of 29% in favor of (+)-thioctic acid (Table 3). The stratification of data by gender showed that the groups were
Assessment of sleep quality showed in Group 1 patients a 48% of ~ mostly homogeneous in the distribution with regard to both sex
sleep improvement, a 50% of lack of difference and a 2% of worsening. ~ and age (Group 1: 24 female, mean age 53.0 + 10.0; 26 male, mean
In Group 2 patients, a 66% of sleep improvement, a 34% of no  age 53.5 + 12.5; Group 2: 27 female, mean age 54.6 + 11.4; 23
differences and no cases of worsening were reported (Table 3). male, mean age 52.7 + 11.4)
Analysis of the need to add painkiller to the antioxidant-based The analysis performed by two-way ANOVA for repeated data

therapy revealed in Group 1 patients a reduction of analgesics ~ considering the variables of sex and treatment showed at the end
intake in 58% of individuals, no changes in 40% of them and an  of the study that none of the three pain parameters considered
increase in 2% of subjects. In Group 2, 72% of patients reduced ~ were influenced by the sex of the participants. (NSC: overall value
the use of painkillers, which remained unchanged in 26% of cases. ~ p =0.006, treatment p = 0.005, gender p = 0.172; NIS: overall value
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p = 0.403, treatment p = 0.335, gender p = 0.377; NTSS-6: overall
value p = 0.379, treatment p = 0.171, gender p = 0.876).

DISCUSSION

Low back pain is becoming one of the most common diseases in
industrialized countries, due to inappropriate postural attitudes
and sedentary lifestyles: more than 70% of individuals are
estimated to suffer of low back pain at least one time in their
life (Baron et al, 2016); it is the fifth reason for medical
consultation in the United States (U.S.) and about a quarter of
U.S. adults experienced low back pain for at least one whole day
over a period of three months (Deyo et al., 2006). The guidelines
of the European Federation of Neurological Societies (EFNS) and
of the International Association for the Study of Pain (IASP) have
been considering the use of different classes of drugs, such as
analgesics, antidepressants and anticonvulsants, for the treatment
of neuropathic pain (Dworkin et al., 2007; Attal et al., 2010).
A proper treatment of low back pain should not only control pain,
but also maintain/restore nerve function. Oxidative stress reduces
neuronal function and local blood flow, limiting the arrival of
nutrients to nerve cells (Mitsui et al., 1999; Memeo and Loiero,
2008). Antioxidant products, therefore, could contribute to control
symptoms and act on the pathogenesis as well (Ranieri et al.,, 2009).
Thioctic acid is a natural fatty acid endogenously produced by
mammalian cells and chemically existing as two optical isomers. It
is an essential component of some mitochondrial enzyme complexes,
important in the glucose metabolism (de Arriba et al,, 2003) and able
to actively counter various forms of oxidative stress (Tibullo et al,
2017). The dextrorotatory enantiomer is better recognized by enzymes
(Streeper et al,, 1997) and maximum plasma concentration (Cmax) is
approximately 40-50% higher with (+)-thioctic acid than with
(+/-)-thioctic acid at the same dose (Carlson et al., 2007).
Preclinical experiments on CCI-SHR showed that following
a 15-days cure with thioctic acid (racemic form, dextrorotary
and levorotary enantiomers), neuropathic hypertensive rats
ameliorated their altered algesic sensitivity and oxidative stress
levels. Moreover, the treatment with (+)-enantiomer was as
effective as with double-concentrated racemic (+/-)-thioctic
acid and the nociceptive threshold closely reached that
obtained by administrating pregabalin; on the contrary, the
levorotatory enantiomer alone was as ineffective as injecting
the saline solution. All these data suggested a prominently
active role of the dextrorotatory enantiomer in the racemic
mixture. Accordingly, previous studies on chemotherapy-
induced neuropathy described similar results: thioctic acid
acutely dosed to vincristine-treated rats reversed allodynia
symptoms; chronic injections of 15, 30, and 60 mg/kg of
(+/-)-thioctic acid on neuropathic rodents, which were
given paclitaxel, significantly reduced mechanical and cold
allodynia (Kahng et al., 2015; Sun et al.,, 2019). As previously
reported (Tomassoni et al., 2013), SHR rats showed higher
values of systolic blood pressure as compared to WKY rats.
CCI did not induce an increase of blood pressure values, nor
different formulations of racemic and enantiomer thioctic acid
affected blood pressure values in SHR. These results

(+)-Thioctic Acid Against Neuropathic Pain

demonstrated that the analgesic and neuroprotective effects
of thioctic acid was not mediated by a decrease of systolic
blood pressure (Tomassoni et al., 2013).

Microanatomical analysis of this study revealed changes
after loose ligation of the sciatic nerve: either axonal
components of the nerve and myelin sheaths were affected,
involving myelinated and unmyelinated nerve fibers. These
findings support and extend previous studies reporting the
degeneration of axonal components and myelin sheaths, with
decrease of NF and MBP in the portion of nerve which is distal
to the ligation (Di Cesare Mannelli et al., 2009; Tomassoni
et al., 2018).

Thioctic acid, above all the (+)-enantiomer form, exerted a
protective activity on the peripheral nerve portion affected by
ligation, not shared by pregabalin. We would suppose that
amelioration of hyperalgesia after treatment may partly depend
on the effects that thioctic acid induced on sciatic nerve
morphology, due to the antioxidant ability to scavenge and
inactivate free radicals. Its supplementation as natural antioxidant
has already demonstrated multiple beneficial effects (Tibullo et al,
2017) and (+)-thioctic acid showed the most pronounced activity.

Studies about the mechanisms of neuropathic pain
following injury of peripheral nerves demonstrated that
nerve damage was related to altered neuronal plasticity and
aberrant function of glial cells in the lumbar spinal cord
(Cirillo et al., 2015; De Luca et al., 2016). These neuroglial
plastic changes induce both neuronal/astrocytic activation and
alteration of neuroglial interactions, determining maladaptive
synaptic plasticity in the spinal somatosensory system, which
seems to be directly responsible for the neuronal
hyperexcitability and the enhanced synaptic transmission
that sustain neuropathic pain (Gwak and Hulsebosch, 2009;
Wang et al., 2009).

As previously demonstrated (Cirillo et al., 2011, Cirillo
et al.,, 2012; Colangelo et al., 2012), our evidence confirms
that in the lumbar spinal cord CCI is associated with reactive
gliosis, characterized by hypertrophy of astrocytes and their
activation, and with an increase of oxidative stress phenomena
in the somatosensory neurons of the dorsal horn. Here, the
beneficial effects of thioctic acid were related to its antioxidant
properties, like the ability to restore the intrinsic antioxidant
systems, supporting their production or cell accessibility (Shay
et al., 2009; Goraca et al.,, 2011; Salehi et al., 2019). The
compound, in particular its dextrorotatory enantiomer,
lowered the oxidation status of proteins and the expression
of 8-OHdG in the somatosensory neurons of the dorsal horn: it
might be, in a positive loop, linked to effects on astrocytes cells,
since treatments with dextrorotatory enantiomer and double-
concentrated racemic formulation reduced size of astrocytes
and GFAP expression.

These data from spinal cord could explain the protection of
(+)-thioctic acid on the brain. In a previous study we indicated,
after mono-lateral CCI of sciatic nerve, augmented GFAP
expression mainly in the gray matter of sensory cortex and
decreased NF expression as a consequence of nerve damage;
we also showed that treatment with antioxidants, but not with
pregabalin, prevented to some extent astrogliosis and neuronal
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damage in cerebral cortex, similarly to the present findings in
spinal cord (Tomassoni et al., 2013).

Encouraged by the findings of the preclinical study, which
pointed out a more prominent activity of (+)-thioctic acid as
compared to the other tested forms of thioctic acid,
resembling or even exceeding the efficacy of pregabalin, a
clinical study was set up (using a dosage comparable to the
preclinical evaluation, Reagan-Shaw et al. (2008) and Nair
and Jacob (2016). The results of the clinical study confirmed
the efficacy of the antioxidant thioctic acid in the treatment of
the peripheral neuropathy without differences in male and
female (Memeo and Loiero, 2008; Ranieri et al.,, 2009;
Agathos et al., 2018; Mrakic-Sposta et al.,, 2018; Salehi
et al, 2019; 2020) being also
characterized by good safety profile which makes it
suitable for prolonged treatment even in the chronic phase
of this disease (Ametov et al., 2003; Ziegler et al., 2006).
Anyway, it should be carefully prescribed and monitored
since the possibility of side effects as recently emerged in a
preclinical toxicologic study (Lucarini et al., 2020). The
results of clinical study show a greater effectiveness of
(+)-thioctic acid compared to (+/-)-thioctic acid in terms
of major impact on pain symptoms, rapidity of therapeutic
effects onset and, more generally, better quality of life, as
confirmed by the response rate to therapy. Our results are
consistent with the effects observed in the same period of
time (60 days) in other studies (Mrakic-Sposta et al., 2018;
Passiatore et al., 2020), even if with minor side effects with
respect to those observed in patients treated with a dose
higher than 600 mg/day (Mrakic-Sposta et al., 2018). The
advantage in using (+)-thioctic acid, as compared to the
racemic form, may be related to an increased
bioavailability of this enantiomer, that boosts its
antioxidant activity (Maglione et al., 2015) as well as to
higher biological activity. Preclinical and clinical evidences
suggest positive properties of thioctic acid in the treatment of
low back pain with a more relevant efficacy of (+)-thioctic
acid compared to (+/-)-thioctic acid on pain, on time of onset
of therapeutic effects and on quality of life of patients
suffering from the symptoms under study. These
observations are worthy of further analysis, but they make
it a good candidate for treatment of low back pain.

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.
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Background: The demand for essential oils (EOs) has been steadily growing over the
years. This is mirrored by a substantial increase in research concerned with EOs also in the
field of inflamsnmatory and neuropathic pain. The purpose of this present systematic review
and meta-analysis is to investigate the preclinical evidence in favor of the working
hypothesis of the analgesic properties of EOs, elucidating whether there is a consistent
rational basis for translation into clinical settings.

Methods: A literature search has been conducted on databases relevant for medical
scientific literature, i.e., PubMed/MEDLINE, Scopus, and Web of Science from database
inception until November 2, 2020, following the PRISMA (Preferred Reporting Items for
Systematic reviews and Meta-Analyses) criteria for systematic reviews and meta-analyses.

Results: The search was conducted in order to answer the following PICOS (participants/
population, interventions, comparisons, outcomes, and study design) question: are EOs
efficacious in reducing acute nociceptive pain and/or neuropathic pain in mice experimental
models? The search retrieved 2,491 records, leaving 954 studies to screen after the removal
of duplicates. The title and abstract of all 954 studies were screened, which left 127 records
to evaluate in full text. Of these, 30 articles were eligible for inclusion.

Conclusion: Most studies (27) assessed the analgesic properties of EOs on acute
nociceptive pain models, e.g. the acetic acid writhings test, the formalin test, and the
hot plate test. Unfortunately, efficacy in neuropathic pain models, which are a more suitable
model for human conditions of chronic pain, had fewer results (only three studies).
Moreover, some methodologies raised concerns in terms of the risk of bias. Therefore,
EOs with proven efficacy in both types of pain were corroborated by methodologically
consistent studies, like the EO of bergamot, which should be studied in clinical trials to
enhance the translational impact of preclinical modeling on clinical pain research.

Keywords: essential oils, pain models, inflammatory pain, neuropathic pain, chronic pain, systematic review, meta-
analysis
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Scuteri et al.

1 INTRODUCTION

1.1 Rationale

Essential oils (EOs) containing components in exact proportion
contributing synergically to the whole plant effect, have been used
in traditional medicine for centuries since The Divine Farmer’s
Materia Medica, the first text of Chinese Traditional Medicine,
representing a form of combinatorial medicine (Li and Weng,
2017). The search for natural and green products is constantly
increasing the use of essential oils and the demand for these
products from developing countries. There has been a remarkable
increase in the import of EOs by the European market from
2011-2018 (Eurostat) and it is estimated that the demand for
essential oils in the global market will grow by 7.5% from 2020 to
2027 (GVR, 2020). These data are mirrored by the steady increase
of research on EOs that pave the way for the development of these
products.

Identifying the year 1880 as this field emerged (Wood and
Reichut, 1880), we found a remarkable increase in publications
concerned with EOs up to 2020 (Figures 1A,B) (see also (Scuteri
et al., 2017a)). EOs have shown several beneficial properties,
many of which concern the treatment of neurologic diseases,
mood disturbances, and pain. Modulation of the y-aminobutyric
acid (GABA) neurotransmission and blockade of neuronal
voltage-gated sodium channels (Na + channels) as well as
activity on serotonergic neurotransmission are proposed as
mechanisms involved in the action of EOs endowed with
anxiolytic and anti-nociceptive properties like bergamot
essential oil (BEO) (Rombola et al., 2017; Scuteri et al., 2018a;
Scuteri et al., 2019a; Scuteri et al., 2019b; Rombola et al., 2019;
Rombola et al., 2020), lavender essential oil (LEO) (Lopez et al.,
2017), and melissa (lemon balm) (Abuhamdah et al., 2008; Awad
et al., 2009). The cholinergic system is targeted by extracts of
plants as sage (Perry et al., 2000; Savelev et al., 2003; Savelev et al.,
2004), ginkgo (Stein et al., 2015; Zhang et al., 2018), and lemon
balm (Dastmalchi et al., 2009; Guginski et al., 2009), showing
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therapeutic potential for diseases like dementia. The gathered
evidence shows the potential benefits of EOs in the treatment of
pain in fragile patients for whom several drugs can be more
harmful, e.g. in aging or chronic neurologic diseases such as
dementia (Achterberg et al., 2020). Pain is associated with mood
disturbances (Evans, 1987; Husebo et al.,, 2011) influenced by
aging (Hamm and Knisely, 1985; Scuteri et al., 2020a) and
neuropathology (Scherder et al., 2003) and its treatment
represents a field of strong inappropriateness in patients
suffering from Alzheimer’s disease. (Scuteri et al, 2017b;
Scuteri et al., 2018b; Achterberg et al, 2020; Scuteri et al,
2020f). Therefore, aromatherapy represents a fundamental tool
for the safer handling of pain.

Despite a large amount of continuously growing research on
EOs, a real translation of aromatherapy into clinical settings and
the treatment of pain has not occurred. Research efforts have
aimed to discover the mechanisms at the root of the analgesic
activity of EOs, often focusing on the single components
commonly present in different plant oils e.g., linalool,
limonene, pinene, eugenol, and cinnamal. For instance,
linalool, limonene, and pinene contribute to the anxiolytic
and antidepressant properties of some EOs (see (Lizarraga-
Valderrama, 2020)). In particular, some natural components
of plants have been suggested as possible candidates for an
analgesic action in neuropathic pain (Quintans et al., 2014).
However, the strongest effect of EOs is due to the whole
phytocomplex made up of various plant components that
need to be present in a precise ratio to exert the so called
entourage effect (Ribeiro, 2018). Definite combination of the
constituents of EOs is necessary, but further studies are needed
to highlight the exact active composition for each EO. The EOs
of the species Citrus contain volatile components (85-99%),
most abundantly terpenoids, and a non-volatile fraction
including coumarins i.e. bergapten inducing phototoxicity
(Zaynoun et al., 1977). Thus, the EO of bergamot has been
deprived of bergapten (Bagetta et al., 2010), but is still endowed

A

17212
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106 3125

(Scuteri et al., 2017a).
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FIGURE 1 | Research in the field of essential oils (EOs) over the years.(A,B) Increase of research in the field of essential oils (EOs). (A) A PubMed advanced search
using the key word “essential oils” combined with the dates of publication from 1880 to present through the Boolean operator AND has retrieved an increase from 106 to
17,212 (date of last search November 19, 2020) of results. The first interval “1880-1950" is wider because no great amount of research in this field has been detected up
until the 1950s. (B) Data are presented per year of publication based on search query “essential oils” (date of last search November 25, 2020). Modified from
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with its characteristics. The EO of bergamot can modulate the
synaptic level of glutamate and this occurs when it is used as a
bergapten-free fraction (Morrone et al., 2007). Hence, a mixture
of monoterpene hydrocarbons within the volatile fraction may
be responsible for bergamot analgesic activity since glutamate is
significantly involved in the pain descending pathway due to
metabotropic glutamate receptors mGluR7 and mGIuR8
(Boccella al., 2020). The phytocannabinoid
cannabidihexol, with the terpenophenolic core of cannabidiol
and A9-tetrahydrocannabinol, has proven to significantly
reduce the late phase of the formalin test at low doses in
C57BL/6] mice (Linciano et al., 2020). Cannabidiol oil has
been demonstrated to reduce traumatic brain injury-induced
allodynia (Belardo et al., 2019). Certain EOs have been proven to
have enhanced efficacy if combined: e.g., peppermint and
caraway oil are significantly effective on post-inflammatory
visceral hyperalgesia only when used in combination (Adam
et al., 2006). Likewise, the route of administration and the time
of exposure can influence the effects of EOs (Scuteri et al., 2018a;
Koyama and Heinbockel, 2020). Moreover, some EOs are
efficacious in a preclinical setting (Sarmento-Neto et al,
2015), but often only in a definite model of pain, usually
acute e.g. the acetic acid-induced writhings, that does not
find a significant counterpart in clinic. Furthermore, EOs are
often administered as gavage or for inhalation not always
allowing an exact determination of the dose.

Clinical trials in aromatherapy are few, small and
methodologically limited, hence it is not always possible to
draw rigorous conclusions, particularly in dementia. As
recently demonstrated in a Cochrane systematic review by Ball
et al. (2020), the design, reporting and consistency of outcome
measurement have been identified as the weakest points and need
to be improved in the future. Thus, despite accumulating
preclinical and clinical evidence for EOs (Scuteri et al., 2020d)
and nutraceuticals (Scuteri et al., 2020e) in lots of forms and
supplements, which have been studied several
neurodegenerative conditions, a sound rationale for their
clinical use, especially in treating chronic pain (Lakhan et al,
2016), has not yet emerged.

et novel

in

2 METHODS
2.1 Objectives

The present systematic review and meta-analysis aimed to verify
the working hypothesis that EOs have analgesic properties by
investigating preclinical evidence in favor of the latter, to
understand whether there is a consistent rational basis for
clinical translation. For this purpose, the objective was to
assess the efficacy of EOs in preclinical models of both
nociceptive and neuropathic pain through the PRISMA
(Preferred Reporting Items for Systematic reviews and Meta-
Analyses) (Liberati et al., 2009; Moher et al., 2009) criteria for
systematic reviews and meta-analyses. The systematic review and
meta-analysis focuses on the following PICOS (participants/
population, interventions, comparisons, outcomes, and study
design) question: are EOs efficacious in reducing acute
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nociceptive pain and/or neuropathic pain in mice
experimental models? In particular, this work aimed at
evaluating:

e analgesic effectiveness (outcome);

o of EOs with a known composition (interventions), and not
single ~ components  or  extracts,  administered
intraperitoneally (i.p.) or subcutaneously (s.c.) to allow
determination of the exact dose and reproducibility;

¢ in male mice subjected to nociceptive or neuropathic pain
models (participants/population);

e with respect to providing a vehicle or other treatments
(comparators);

¢ in studies designed according to legislation to minimize the
suffering of animals (study design).

To the best of our knowledge, this is the first meta-analysis of
preclinical studies on the analgesic effects of EOs interventions in
models of both nociceptive and neuropathic pain.

2.2 Protocol

The search strategy and extraction of data to answer to PICOS
question followed the PRISMA (Liberati et al., 2009; Moher et al.,
2009) criteria. Due to the nature of preclinical animal
intervention systematic review and meta-analysis, the latter
aims at investigating the consistency of the body of evidence
for clinical translation without an outcome of clear human
relevance. For this reason, it has not been registered in the
International prospective register of systematic reviews
PROSPERO. However, statistically analyzing basic research
independent studies testing the same hypothesis with
comparable parameters can: determine its consistency allowing
to study that phenomenon in a larger sample surmounting the
issues concerned with small sample sizes; correct confounders;
improve reproducibility (Editorial, 2016). Thus, a systematic
review and meta-analysis is fundamental to establish a real
possible clinical translation of a preclinically studied effect
since it can highlight whether it has been consistently proven
with the most reliable human disease modelled approach. Two
independent researchers ran the search in agreement with the
previously established protocol and inclusion and exclusion
criteria, including double-checking the retrieved results, and
any conflicts found by them were resolved by a third author.

2.3 Eligibility Criteria

2.3.1 Inclusion Criteria

The analysis included studies assessing the antinociceptive effect
of EOs, administered i. p. or s. c. to allow determination of the
exact dose and reproducibility, with a known percentage of
components on male mice subjected to nociceptive or
neuropathic pain models. Compliance with animal welfare
regulations was an inclusion criterion of the utmost
importance. The studies included needed to be designed
according to legislation to minimize animal suffering. Either
acute nociceptive or neuropathic pain models are included.
Independently of the model used, the outcome of the study
had to be antinociception for eligibility.
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FIGURE 2 | Literature search and screening of retrieved records. PRISMA flow diagram (Moher et al., 2009) of the selection process of the studies eligible for
qualitative and quantitative synthesis.

2.3.2 Exclusion Criteria

Studies on species different from mice or any strains and female
gender were not eligible. The use of different species and genders
would not allow comparison and the number of papers examining
pain in non-rodent species is very small. Papers in which extracts or
single plant components are used were excluded. Studies that did not
consider ethics were excluded. Narrative or systematic reviews and
meta-analysis, in  vitro studies, abstracts and congress
communications, proceedings, editorials, book chapters, and studies
not published in English and not available in full text were not eligible.

2.4 Information Sources

A literature search was performed on PubMed/MEDLINE,
Scopus, and Web of Science. Embase could not be searched as
it was not freely/institutionally available. No restriction of
publication date was applied and databases were searched for
records matching the search strings used from their
inception. The date of the last search was November 2,
2020. After the elimination of duplicate records, the first

screening evaluated the title and abstract, and then the full
text was assessed to define inclusion in qualitative and/or in
quantitative synthesis.

2.5 Search Strategy

The following search terms and modifications were used as key
words in combination: essential oils, pain, animal pain models,
antinociceptive activity, allodynia, Von Frey (‘s test),
hyperalgesia, Hargreaves (‘test), hot plate, capsaicin test,
formalin test, tail flick test, acetone test, complete Freund’s
adjuvant, streptozocin, chemotherapy(-induced), oxaliplatin,
cisplatin,  paclitaxel, docetaxel, vincristine, vinblastine,
eribulin, bortezomib, thalidomide, neuropathy, mice.

2.6 Data Collection Process

The eligibility of the studies was assessed independently by two
authors to minimize the risk of excluding relevant records. The
references list of the articles was examined to extend and refine
the search. A complete consensus was reached and no relevant
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conflicts were raised. The selection process is illustrated in the
PRISMA flow diagram (Figure 2).

2.7 Synthesis, Risk of Bias, and Statistical

Analysis

A systematic and narrative synthesis of the results, according to
the Cochrane Consumers and Communication Review Group
guidelines (Ryan, 2019 http://cccrg.cochrane.org, March 13, 2019
(accessed DATE).) was carried out. The risk of bias (internal
validity) and the quality of the studies was assessed by two
independent researchers through tools specific to preclinical
animal studies like the Systematic Review Center for
Laboratory Animal Experimentation (SYRCLE’s) risk of bias
(RoB) tool (Hooijmans et al, 2014) and the Collaborative
Approach to Meta-Analysis and Review of Animal Data from
Experimental Studies (CAMARADES) checKlist for study quality
(Macleod et al., 2004). Any discrepancies were resolved through
consensus or with the help of a third author.

Meta-analyses were conducted using Cochrane Review
Manager 5.3 (RevMan5.3; Copenhagen: The Nordic
Cochrane Center, The Cochrane Collaboration). A
minimum of five articles per outcome measure was required
according to the systematic review protocol for animal
intervention studies by SYRCLE. When the tests included in
articles were multiple and performed at different times and
doses, only the most significant time point for pain
development and progression in the specific model was
considered for meta-analysis and only data related to the
most efficacious dose were included. Studies expressing the
analgesic outcome in a comparable way were included in the
meta-analysis. Data available and comparable, but not
expressed with the same measure of effect size as
proportional reduction of outcome in treated animals
relative to untreated controls were converted in mean and
standard deviation to allow statistical comparison. Data not
available and not extractable from graphs using digital ruler
software, e.g., PlotDigitizer 2.6.9, were excluded from
quantitative analysis. The Higgins I* value was calculated to
assess the heterogeneity of studies (Higgins and Thompson,
2002). Differences were presented as risk ratios (RR) including
95% confidence intervals (CI), using a random effect model
(DerSimonian and Kacker, 2007) to manage the eventual
heterogeneity of the studies and to assess intra- and inter-
study variation. Publication bias was assessed through Egger’s
linear regression test to measure funnel plot asymmetry,
adjusted through the “trim and fill” method (Egger et al,
1997; Duval and Tweedie, 2000; Sterne and Egger, 2001).

3 RESULTS

3.1 Selection Process and Data Collection

The search retrieved 2,491 results from databases and there were
no results from additional searches. The records were screened
for duplicates, leaving 954 studies. Title and abstract screening led
to an initial exclusion of narrative or systematic reviews and

Efficacy of Essential Qils in Pain

meta-analysis, in vitro studies, abstracts and congress
communications, proceedings, editorials, book chapters. This
left 127 records in full text. Among these, two had to be
excluded because the text was in Chinese (Li et al., 1991; Chen
et al., 2011) and one was excluded because it was written in
Spanish (Do Nascimento Silva et al, 2018). After full text
screening, 30 studies were included in qualitative analysis: 40
studies were not available in full text and 54 were excluded
because they did not meet inclusion criteria because of species
used, route of administration, composition, or lack of compliance
with animal welfare regulations. For instance, the study by Ali
etal. (2012) in which the EO of Nepeta pogonosperma Jamzad et
Assadi was proven to have significant efficacy at different doses in
the tail-flick and formalin test in Wistar rats was therefore not
eligible. Among the records included in qualitative analysis, eight
were included in quantitative synthesis, reporting comparable
outcomes and the exact number of animals used. The process of
literature search and screening was illustrated in the PRISMA
flow diagram (Moher et al., 2009) in Figure 2.

3.2 Qualitative Synthesis

The data obtained from the 46 studies included in the qualitative
analysis were grouped according to Cochrane Consumers and
Communication Review Group guidelines (Ryan, 2019 http://
ccerg.cochrane.org, March 13, 2019 (accessed DATE).). These
groups were based on the experimental pain model used in 1) EOs
showing analgesia in nociceptive models, and 2) EOs with
analgesic properties in neuropathic pain. The majority (27/30)
of the studies used an acute nociceptive model. Studies providing
a range and not an exact number of animals per group were not
considered eligible for quantitative analysis. Studies expressing
the analgesic outcome in a not comparable manner to the
majority were excluded from the meta-analysis. The main
characteristics of the studies with reference to the PICOS
question are reported in Tables 1, 2.

3.2.1 Essential Oils Endowed With Efficacy in Acute
Nociceptive Models
Based on the obtained results, several EOs showed analgesic
activity in acute nociceptive tests like the acetic acid writhings
test, hot-plate test, and the formalin test, with the latter very
useful since it includes features of both peripheral and central
pain. In the study by Anaya-Eugenio et al. (2016) the EO of
artemisia ludoviciana Nutt (Asteraceae) exerted dose-dependent
antinociceptive activity in the hot-plate and the formalin test. It
was less potent than the reference drug morphine and
antagonism studies have revealed that it was inhibited by the
non-selective opioid receptor antagonist naloxone. Inula
britannica L (Asteraceae) has shown analgesia in the acetic
acid writhings test, in the formalin test, in the tail-flick, and
the glutamate test (Zarei et al., 2018). This effect is reversed by
naloxone and potentiated by L-arginine, therefore all the studies
performed with negative and positive controls highlighted the
involvement of the opioid system and NO pathway (Zarei et al,,
2018).

The EO of Myrcia pubiflora DC., Myrtaceae (Andrade et al.,
2012) has demonstrated analgesic efficacy in the acetic acid
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writhings test and the formalin test, but not in the hot plate test.
From the same family, the EO of Eugenia candolleana DC
(Myrtaceae) reduced the number of writhings and licking
behavior in the second phase of the formalin test in a dose-
dependent manner (only at the dose of 100 mg/kg in the first
phase, but not the nociceptive reaction in the hot-plate test
(Guimaraes et al., 2009)).

Clove bud oil (Eugenia caryophyllata, Myrtaceae) significantly
reduced formalin-induced pain behavior but affected tail-flick
response in a variable way (Halder et al., 2012). The study by Bae
et al. (2020) considered basil for its i. p. administration and
demonstrated analgesic properties linked to action on 8- and
p-opioid  pathways. Moreover, it provides orofacial
antinociception at high doses (Venancio et al, 2011).
Aristolochia trilobata L. demonstrated strong analgesia in the
formalin test and was comparable to morphine in the acetic acid
test (Quintans et al., 2017).

The EO of Croton conduplicatus Kunth (Euphorbiaceae) has
shown efficacy (de Oliveira Junior et al., 2017; de Oliveira et al.,
2018): in the acetic acid test; on the formalin-induced nociceptive
behavior at all the doses and in both phases, with effect
antagonized by naloxone; on nociception in term of latency
time at the highest dose (50 (deOliveira et al,, 2018) and 100
(de Oliveira Junior et al., 2017) mg/kg) in the hot-plate test. In
particular, the mechanism of action of this EO has been proposed
to be influenced by ATP-sensitive K+ channels, opioid and
cholinergic systems (de Oliveira Junior et al., 2017; de Oliveira
et al., 2018).

Croton cordiifolius Baill (Euphorbiaceae) also had effective
results in acetic acid, formalin, and glutamate but not the
capsaicin test. This antinociceptive effect was independent on
naloxone (Nogueira et al, 2015). Croton adamantinus Mill
Arg. showed a strongly effective comparison with morphine in
reducing licking and was more efficacious than indomethacin in
decreasing abdominal contortions (Ximenes et al., 2013). Of the
study by Hajhashemi et al. (2009) only the experiments using the
EO i. p. and on mice could be included in the analysis, showing the
effectiveness of Heracleum persicum to be almost comparable to
indomethacin in the reduction of the number of writhings.

In the study by Jahandar et al. (2018) only the experiments
performed on mice were considered. Pycnocycla bashagardiana
(Apiaceae) has not proven analgesic but anti-inflammatory
properties. In another study by Ulku Karabay-Yavasoglu et al.
(2006) only experiments with the formalin test in mice were
considered. The EO of Satureja thymbra L (Lamiaceae) was
demonstrated to have antinociceptive efficacy in both the early
and late (also at a lower dose) phases of the formalin test (Ulku
Karabay-Yavasoglu et al., 2006).

In the study by Katsuyama et al. (2015) the EO of bergamot
(Citrus bergamia Risso) demonstrated significant dose-
dependent analgesia in both phases of the formalin test, only
when administered in the ipsilateral hindpaw and antagonized by
naloxone hydrochloride and methiodide (not able to cross the
blood brain barrier), suggesting the involvement of peripheral
opioid mechanisms. This was earlier observed in the capsaicin
test in which it also enhanced morphine analgesia (Sakurada
et al., 2011).

Efficacy of Essential Qils in Pain

Neroli (Citrus aurantium L.) significantly increases reaction
time (at 40 mg/kg) in the hot-plate test and significantly
decreased the number of writhings in the study by
Khodabakhsh et al. (2015), with the latter effect potentiated by
L-nitro arginine methyl ester (.L-NAME). In the study by Khalid
et al. (2011) the EO of Zingiber zerumbet (L.) Smith, dose-
dependent and comparable to acetylsalicylic acid, inhibited the
nociceptive response to capsaicin, acetic acid, glutamate, and
phorbol 12-myristate 13-acetate (PMA). Eucalyptus EO has
significantly reduced licking time in the second phase of the
formalin test in the study by Lee et al. (2019), and this effect was
mediated by the opioid system. It also reduced the number of
writhings in a dose-dependent manner but did not display
activity on thermal hyperalgesia (Lee et al., 2019). In the study
by Lima et al. (2012) the EO of Chrysopogon zizanioides L
(Roberty, Poaceae) produced antinociception similar to
morphine in the acetic acid test, and this effect was partially
reversed by naloxone. Moreover, it reduced the licking time in the
second phase of the formalin test, but it did not demonstrate any
effects in the Hargreaves’ test.

A common trait is the presence of antiinflammatory analgesia
devoid of thermal anti-hyperalgesic effect. The EO of Zhumeria
majdae Rech. F. and Wendelbo (Lamiaceae) has displayed dose-
related antinociceptive properties in the acetic acid and in the
hot-plate test (Miraghazadeh et al., 2015). Chamaecyparis obtuse
has also shown analgesia in the writhings and in the formalin, but
not in the hot-plate test (Park et al., 2015). Furthermore, in the
study by Mishra et al. (2010) Senecio rufinervis D.C. (Asteraceae)
produced significant and dose-dependent inhibition of writhes
and thermal hyperalgesia. In the study by Sharif et al. (2020)
Tanacetum balsamita (Compositae) presented an anti-
hyperalgesic effect. The antinociceptive properties exerted by
Xylopia laevigata (Annonaceae) in the acetic acid and in the
formalin test have not proven dependency on opioid pathways
(Queiroz et al., 2014). The antinociceptive effect of Bunium
persicum (Boiss.) is reversed by naloxone and attenuated by
chlorpheniramine and cimetidine (Zendehdel et al, 2015),
thus confirming the complex neuromodulation and the
involvement of histamine in nociception (Hayashi et al., 2020).
The main features of the studies on EOs analgesia in nociceptive
models are summarized in Table 1.

3.2.2 Essential Oils Endowed With Efficacy in
Neuropathic Models

Studies assessing the analgesic properties of EOs in
neuropathic pain models are fundamental because these
painful conditions are the most appropriate to model
chronic neuropathic pain in humans. In the study by
Komatsu et al. (2018) the EO of bergamot (Citrus
bergamia Risso) was demonstrated to reduce partial sciatic
nerve ligation (PSNL)-induced mechanical allodynia on the
seventh post-operative day, in which it peaks (Kusunose
et al., 2010). In the study by Kuwahata et al. (2013) the
EO of bergamot increased mechanical thresholds dose-
dependently and significantly at a dose of 20 pg/paw
(Kuwahata et al., 2013). Moreover, this anti-allodynic
effect is stronger than that of comparable doses of
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TABLE 1 | Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Study

Anaya-Eugenio et al.
(2016)

Andrade et al. (2012)

Bae et al. (2020)

Quintans et al. (2017)

de Oliveira Junior
et al. (2017)

de Oliveira et al.
(2018)

EO [most representative
components]

Artemisia ludoviciana [7)-
camphor (21%), y-terpineol
18%), borneol
18%),terpine-4-ol
%),1,8-cinecle
%),lavanderlactone

%), isoborneol
%),camphen-6-ol

%), trans-sabinylacet-ate
2.2%),andbornylacetate

(
(
3.5
3.4
3.4
2.4
2.3
(
(2.2%]

Myrcia pubiflora DC.,
myrtaceae [caryophyllene
oxide (22.2%), mustakone
(11.3%), 1,8-cineole (5.4%),
and tricyclene (5.3%)]

Ocimum basilicum L. (basil,
lamiaceae) [linalool (56.6%),
eugenol (18.1%), 1,8-cineole
(6.93%), y-cadinene
(6.43%), and

B-pinene (1.84%)]

Aristolochia trilobata L. [6-
methyl-5-hepten-2-ylacetate
(SA) (21.49 + 0.43%),
germacrene D (15.07 +
0.23%), bicyclogermacrene
(8.84 + 0.45%), linalool
(6.85 + 0.42%), (B)-
caryophyllene (5.58 +
0.12%), (E)-B-ocimene
(5.56 + 0.067%) and
p-cymene (4.68 + 0.10%)]
Croton conduplicatus kunth
[(E)-caryophyllene (13.72%),
and caryophyllene oxide
(13.15%) and monoterpene
camphor (8.25%)]

Croton conduplicatus kunth
[monoterpenes 1,8-cineole
(21.42%) and p-cymene
(12.41%) and
sesquiterpenes spathulenol
(15.47%) and caryophyllene
oxide (12.15%)]

administration

Control Mice
strain
Saline ICR
mice

Vehicle (saline + Swiss
Tween — mice
80 0.2%)

Control (0.9% C57BL/
saline); vehicle 6 mice
(almond oil)

Vehicle (saline Swiss
+0.2% tween mice
Vehicle (0.9% Swiss

saline +10 pL of mice
tween 80,
10 ml/kg)

Swiss
mice

Vehicle

Pain model

1) Hot-plate
test and 2)
formalin test

1) Acetic
acid-induced
writhing test,
2) formalin
test and 3)
hot plate test

1) Acetic
acid-induced
writhing test,
2) formalin
test and 3)
hargreaves’
test (n =9)

1) Acetic acid
test and 2)
formalin test

1) Acetic
acid-induced
writhing test,
2) formalin
test and 3)
hot plate test

1) Acetic
acid-induced
writhing test,
2) formalin
test and 3)
hot plate test
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Analgesic outcome
and
sample size

1) Dose-dependent
antinociceptive action
(n=28)2)
effectiveness in the
first phase at the
highest dose and in
dose-dependent
manner in the second
phase (n = 8)

All the doses (25, 50,
and 100 mg/kg) were
active in acetic acid
(n = 8) and formalin
test (n = 8) and no
dose in hot plate test
n=28

EO (45 mg/kg) is
effective in 1) acetic
acid test (n = 8-10)
and in 2) the second
phase (n = 7-12), but
only at a much higher
dose (180 mg/kg) in
3) the hargreaves’
test (n =9)

1) EO (25, 50 and 100
mg/kg) has exerted
analgesia comparable
to morphine and
sulcatyl acetate (n = 8);
2) EO (25, 50 and 100
mg/kg) has resulted
active in the second
phase and only at the
highest dose in the first
phase (n = 8)

EO has resulted
active at all doses in
acetic acid (n = 6) and
formalin test (n = 6)
and at dose of

50 mg/kg in the hot-
plate test (n = 6)

EO (25, 50 and

100 mg/kg) has
resulted active in
acetic acid (n =6) and
formalin test (n = 6)
and no dose in hot
plate test (n = 6)

Design

Use of increasing
logarithmic dose (1, 10,
17.7,31.6, and 100 mg/kg)
according to allometric
scaling. Use of a
References drug: morphine
sulfate. Antagonism studies
with naloxone, atropine
sulfate, L-nitro arginine
methyl ester (L-NAME), or
glibenclamide. No sample
power calculation,
randomization or blinding,
or conflict of interest
statement

Random housing.
Experiments performed
between 9am and 4pm.
Use of References drug
morphine. No conflict of
interest statement

Positive and negative
control drugs have been
used: morphine,
indomethacin, naloxone,
5'-guanidinonaltrindole,
naltrindole, L-NAME;
L-arginine, and
glibenclamide-hippuric
acid. Mice have been
randomly divided into
groups. No conflict of
interest statement

Mice have been randomly
assigned to groups.
Experiments have been
carried out from 08:00 a.m.
to 04:00 p.m. (during light
period) and in a blind
manner. Morphine,
acetylsalicylic acid and
sulcatyl acetatehave been
used as positive controls. No
conflict of interest statement
All the studies have been
carried out by the same
observers. Morphine and
indomethacin as positive
control. Antagonism
studies (glibenclamide,
naloxone and atropine).
Random housing.
Declaration of no conflict of
interest

All the studies have been
carried out by the same
observers. Morphine and
indomethacin as positive
control. Antagonism
studies (naloxone, atropine
and flumazenil). Random
housing. Declaration of no
conflict of interest

(Continued on following page)
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TABLE 1 | (Continued) Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Study

Guimaraes et al.
(2009)

Hajhashemi et al.
(2009)

Halder at al. (2012)

Khalid et al. (2011)

Jahandar et al.
(2018)

EO [most representative
components]

Eugenia candolleana DC.
(myrtaceae) [B-elemene
(35.87 + 0.13%), -elemene
(8.28 + 0.02%),
B-caryophyllene (8.15 +
0.08%). viridiflorene (6.96 +
0.05%) (Neves et al., 2017);
leaves in serra da guia, pogo
Redondo-SE, Brazil (GPS:
9.58047.05:S 37.52024.11:
W Guimaraes et al. (2009)]
Heracleum persicum [hexy!
butyrate (56.5%), octy!
acetate (16.5%), hexyl 2-
methylbutanoate (5.2%),
hexyl isobutyrate (3.4%) and
n-octyl 2-

methylbutyrate (1.5%)]
Eugenia caryophyllata (clove
oil; myrtaceae) [eugeno
(87.34%), eugeny! acetate
(56.18%), and beta-
caryophyllene (2.01%)]

Zingiber zerumbet (L.) smith
[zerumbone (36.12%),
humulene (10.03%),
humulene oxide | (4.08%),
humulene oxide Il (2.14%),
caryophyllene oxide I
(1.66%) and caryophyllene
oxide | (1.43%), camphene
(14.29%), borneol (4.78%),
camphor (4.18%), eucalyptol
(3.85%), a-pinene (3.71%),
y-terpinene (2.00%),
B-phellandrene (1.63%), 1-
terpend-ol (1.44%),
B-myrcene (1.22%) and
linalool (1.06%), as
previously described
Sulaiman et al. (2010)]
Pycnocycla bashagardiana
(apiaceae) [myristicin
(76.1%), E. p. Ocimene
(4.1%), Z. B. Ocimene (3.8%)
and p-eudesmol (2.9%)]

Route of Control
administration
i.p Vehicle (saline +1
drop of Tween-
80 0.2%)
ip Vehicle (1%

solution of tween

i.p 0.9% saline
i.p Vehicle
i.p Vehicle

Mice Pain model
strain
Swiss 1) acetic acid-
mice induced
writhing test,
2) formalin
test and 3)
hot plate test
Swiss Acetic acid-
mice induced
writhing test
Swiss 1) Formalin
mice test and 2)
tail-flick test
ICR Capsaicin,
mice acetic acid,
glutamate
and phorbol
12-myristate
13-acetate
(PMA)-
induced
nociception
NMRI 1) Formalin
mice test and 2)

hot-plate test

Analgesic outcome
and
sample size

EO (25, 50, and 100
mg/kg) dose-
dependently inhibits
acetic acid (n = 10)
and formalin-induced
(n = 10), but not hot-
plate (n = 10) behaviors

EO (50-100 mg/kg)
has reduced
writhings of 66 and
73% respectively (n =
6), in comparison with
the 80% reduction of
indomethacin

1) EO (0.1 mi/kg) has
reduced licking/biting
time in the first and
(0.025, 0.05, and

0.1 ml/kg) in the
second phase (n = 6);
2) effect of clove oil
(0.1 mlkg) (n = 6) at
30 min of reduced tail-
flick latency resutted
reverted by naloxone.
Though not
significantly, the dose
0.025 mi/kg of clove
oil, at 30 and 60 min
have increased the
mean tail-flick latency
EO (50, 100, 200,
300 mg/kg) has
exerted significant
dose-dependent
inhibition of:
abdominal writhings
(n = 10); capsaicin-
induced neurogenic
nociception (n = 10)
similar to that of
acetylsalicylic acid and
of capsazepine;
glutamate-induced
nociception (n = 10)
and of PMA-induced
nociception (n = 10),
comparable to
acetylsalicylic acid

1) EO (100, 200, and
400 mg/kg) has not
shown antinociceptive
activity in the formalin
test (n = 6-8); 2) EO
(50, 100, 200, and
400 mg/kg) has not
shown antinociceptive
activity in the hot-plate
test

Design

Experiments carried out
between 09:00 h and 16:
00 h. References drug was
acetylsalicylic acid.
Random housing. No
conflict of interest
statement

Indomethacin has been
used as positive control. No
conflict of interest
statement

Experiments performed at
daytime between 09:30
and 15:30. Morphine and
acetylsalicylic acid have
been used as References
drugs. Naloxone has been
used in the tail-flick test. No
conflict of interest
statement

Blinded, randomized and
controlled design.
Acetylsalicylic acid and
capsazepine have been
used as References drug.
Antagonism studies with
L-arginine, N®-nitro-
L-arginine, methylene blue
and glibenclamide. No
conflict of interest
statement

Morphine had been used as
References drug.
Declaration of no conflict of
interest
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TABLE 1 | (Continued) Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Study

Katsuyama et al.
(2015)

Khodabakhsh et al.
(2015)

Lee et al. (2019)

Lima et al. (2012)

Ximenes et al. (2013)

EO [most representative
components]

Bergamot (citrus bergamia
risso) [0.38% D-limonene,
70.26% linalyl acetate,
18.95% linalool, 0.62%
y-terpinene, and 0.03%
B-pinene]

Neroli (citrus aurantium L.)
[linalool (28.5%), linalyl
acetate (19.6%), nerolidol
(9.1%), and E,E-

farnesol (9.1%)]

Eucalyptus [(aromarant co.
Ltd., rottingen, Germany);
1,8-cineole (61.46%),
limonene (13.68%),
p-cymene (8.55%),
y-terpinene (5.87%),
a-pinene (4.95%), and
a-phellandrene (1.09%) Jun
et al. (2013)]

Chrysopogon zizanioides L.
roberty, poaceae) [khusimol
19.57%), E-isovalencenol
13.24%), a-vetivone
5.25%), vetiselinenol
(5.08%), a-cadinol (5.01%),
a-vetivone (4.87%) and
hydroxy-valencene (4.64%)]

(
(
(
(

Croton adamantinus mll.
Arg. [Methyl-eugenol
(14.81%), 1,8-cineole
(13.74%),
bicyclogermacrene (8.06%)
and

B-caryophyllene (5.80%)]

Route of Control Mice
administration strain
s.C Jojoba wax and ddy

none mice
i.p Vehicle Wistar
(sweet amond oil)  mice
i.p Control 0.9% C57BL/
saline and vehicle 6 mice
(almond oil)
ip Vehicle (distilled Swiss
water with one mice
drop of tween
80 0.2%)
i.p Vehicle Swiss
(cremophor mice
0.5%,
0.1 mi/10 g)

Pain model

Formalin test

1)acetic acid
and 2) hot-
plate test

1) Formalin
test, 2) acetic
acid test and
3)
hargreaves’
test

1) Formalin
test, 2) acetic
acid test and
3) hot-plate
test

1) Formalin
test and 2)
acetic acid
test

Analgesic outcome
and
sample size

Significant dose-
dependent inhibition
of both phases by EO
(2.5,5,10 pg) (h=10)

1) Neroli (10 and
20 mg/kg) has
significantly
decreased the
number of writhings
(n = 8) and 2) has
significantly
increased latency
time at dose of

40 mg/kg (n = 8)

1) EO (11.5, 22.5,
45 mg/kg) has
significantly reduced
licking time in the
second phase (n =
7-12); 2) dose-
dependent reduction
of the number of
writhes (n = 8-10); 3)
no significant effect
(n=10)

1) EO (50, and

100 mg/kg) has been
effective in the
second phase (n =
10); 2) EO (50, and
100 mg/kg) has
produced
antinociception
similar to morphine
(n = 10); 3) EO (25,
50, and 100 mg/kg)
has not shown
efficacy (n = 10)

1) EO (50 and

150 mg/kg) is
effective in both
phases, and in a
comparable way to
morphine in the
second phase; 2) EO
(50 and 150 mg/kg) is
more effective than
indomethacin.
Unreported number
of animals

Design

All behavioral experiments
have been carried out
during the light period
between 10:00 and 16:00.
The animals have been
tested in randomized order.
Antagonism studies with
naloxone hydrochloride and
naloxone methiodide. No
conflict of interest
statement

Mice have been used only
once and experiments have
been conducted between
10.00 am. and 13 p.m.
with normal room light.
Diclofenac has been used
as References drug and
L.-NAME as enhancer. No
References to
randomization of mice but
only for the experimental
part concerned with rats.
No conflict of interest
statement.

Antagonism studies with
the k-opioid antagonist 5'-
guanidinonaltrindole, the
§-opioid antagonist
naltrindole and the p-opioid
antagonist naloxone (also +
morphine). Indomethacin
has been used as
References drug for acetic
acid test. Declaration of no
conflict of interest
Morphine and
acetylsalicylic acid have
been used as References
drugs and naloxone for
antagonism study. Random
housing. No conflict of
interest statement

For the acetic acid test, the
observation has been
conducted by a blind
observer. Morphine and
indomethacin have been
used as References drugs.
No conflict of interest
statement
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TABLE 1 | (Continued) Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Study

Miraghazadeh et al.
(2015)

Mishra et al. (2010)

Nogueira et al.
(2015)

Park et al. (2015)

Queiroz et al. (2014)

EO [most representative
components]

Zhumeria majdae rech. F.
and wendelbo (lamiaceae)
[linalool (63.4%) and
camphor (27.5%)]

Senecio rufinervis D.C.
(Asteraceae) [germacrene D
(40.19%), B-pinene
(12.23%), B-caryophyllene
(6.21%) and

B-longipinene (4.15%)]

Croton cordiifolius baill.
(Euphorbiaceae) [1,8-cineol
(25.09%), a-phellandrene
(15.43%), p-cymene (8.02%),
spathulenol (6.68%) and
B-caryophyllene (6.58%)]

Chamaecyparis obtuse [(mg/
L): Isoprene 293, a-pinene
8,754, camphene 3,294,
B-pinene 2,940, §-3-carene
42, myrcene 36,440,
a-phellandrene 697,
a-terpinene 10,262,
p-imonene 50,135,
y-terpinene 23,361, cymene
2,862, terpinolene 10,137,
linalool 1824, camphor 250,
bornyl acetate 74,903,
a-humulene 1,628, terpineol
4,788, cedrol 7,230]

Xylopia laevigata (annonaceae)
[y-muurolene (17.78%),
§-cadinene (12.23%),
bicyclogermacrene (7.77%),
a-copaene (7.17%),
germacrene D (6.54%),
(E)-caryophyllene (5.87%),
y-cadinene (4.72%),
aromadendrene (4.66%), and
y-amorphene (4.39%)]

administration

i.p

Control Mice
strain
Vehicle NMRI

(sweetamond oil)  mice

Vehicle (2% v/v Wistar

tween 80) albino
mice

Vehicle Swiss

(polyethoxylated mice
castor oil -
cremophor)

Control (distilled C57BL/
water containing ~ 6J mice
0.5% DMSO

instead of

treatments)

Vehicle (saline +2  Swiss
drops of tween albino
80 0.2%) mice

Pain model

1) Acetic acid
test; 2) hot-
plate test

1) Acetic acid
test; 2) hot-
plate test

1) Acetic acid
test; 2)
formalin test;
3) capsaicin
test; 4)
glutamate
test

1) Formalin
test, 2) acetic
acid test, 3)
hot-plate
test and

1) Acetic acid
test; 2)
formalin test

Analgesic outcome
and
sample size

1) EO (5, 10, 20,

40 mg/kg) has
produced dose-
dependent analgesia
(n = 5); 2) EO (5, 20,
40 mg/kg) has
significantly
prolonged latency
time in dose-related
manner (n = 5)

EO (25, 50,

75 mg/kg) has
produced significant
and dose-dependent
inhibition of writhes
and also of thermal
hyperalgesia at the
doses of 50 and

75 mg/kg (n = 6)

EO (50 and

100 mg/kg) has
proven analgesia in all
tests (n = 8) apart
from capsaicin,
comparable to
indomethacin in its
highest dose (acetic
acid test) and higher
than morphine
(formalin test; in the
second phase only at
the highest dose). In
gluatamate test only
the highest dose has
been effective. This
effect id independent
on naloxone

EO (5 and 10 mg/kg)
is effective in 1)
formalin test (only at
the lowest dose in the
first phase) (n = 7-8)
and in the 2) acetic
acid test (n = 7-8), not
in the hot-plate test
(n=10)

EO (12.5, 25,

50 mg/kg) has
significantly reduced
the 1) acetic acid-
induced writhings-
induced nociception
(n = 8) and the 2) two
phases of the formalin
test (n = 8)

Design

Experiments have been
conducted between 10.00
a.m. and 13.00 p.m. and
mice used only once.
Diclofenac has been used
as References drug. No
conflict of interest
statement

Pentazocine has been used
as positive control. No
conflict of interest
statement

Indomethacin and
morphine have been used
as positive control and
naloxone as antagonist.
Declaration of no conflict of
interest

Acetylsalicylic acid has
been used as positive
control. No conflict of
interest statement

Mice have been used only
once. Morphine has been
used as References drug.
Naloxone has been used as
antagonist. Declaration of
no conflict of interest
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TABLE 1 | (Continued) Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Study EO [most representative Route of Control Mice Pain model  Analgesic outcome Design
components] administration strain and
sample size
Sakurada et al. Bergamot (citrus bergamia s.C Saline, jojobawax  ddy Capsaicin Dose-dependent Mice have been tested in
(2011) risso) [0.38% b-limonene, and none mice test inhibiton of randomized order and
70.26% linalyl acetate, nociceptive response  behavioral experiments
18.95% linalool, 0.62% by the EO (2.5, 5,10, have been performed
y-terpinene and 0.03% 20 pg/paw) during the light period
B-pinene] significant only at the  between 10:00 and
highest doses of 10 17:00h. Lidocaine
and 20 pg/paw hydrochloride
(n=10) monohydrate and
morphine hydrochloride
have been used as
References drugs.
Naloxone hydrochloride
and methiodide have been
used as antagonists. No
conflict of interest
statement
Sharif et al. (2020) Tanacetum balsamita i.p Vehicle NMRI Hot-plate test  EO produced anti- Experiments have been
(compositae) [carvone (sweet amond oil)  mice nociception only at conducted between
(39.8%) and the dose of 100, 10.00 a.m. and 13.00 p.m.
a-thujone (11.9%).]. mg/kg) (n = 6-8) and mice used only once.
Morphine has been used
as positive control. No
conflict of interest
statement
Ulku Satureja thymbra L. i.p Vehicle (2% Albino Formalin test  Analgesic effectinthe ~ Animals were used
Karabay—-Yavasoglu (lamiaceae) [y-terpinene tween 20) mice early (50 and only once and humanly
et al. (2006) (40.99%), carvacrol 100 mg/kg) and in sacrificed at the end of
(17.50%), thymol (13.19%), the late (25, 50, and  the test. Morphine has
and P-cymene (12.73%), 100 mg/kg) phases been used as References
B-caryophyllene (3.15%), of the formalin test drug and naloxone as
a-thujene (1.98%), and (n =10) antagonist. No conflict of
thymylmethylether (1.94%)] interest statement
Venancio et al. Ocimum basilicum L. i.p Vehicle (saline + Swiss Orofacial EO (50, 100, Mice have been used
(2011) (lamiaceae) [linalool tween 80 0.2%) mice formalin, 200 mg/kg) is once in the study.
(76.13%), geraniol (11.16%), glutamate effective in all the Nociception tests have
1,8-cineol (6.66%)] and doses at the highest  been conducted by the
capsaicin- doses (n = 8) same observer. Morphine
induced hydrochloride and lidocaine
nociception have been used as
References drugs. No
conflict of interest
statement
Zarei et al. (2018) Inula britannica L. ip Control (saline) Swiss 1) tail-flick EO (25, 50, and Experiments have been
(asteraceae) [viridiflorol albino test; 2) acetic 100 mg/kg) (n=5)for  carried out between 8 a.m.
(7.17%-8.20%) and mice acid test; 3) alltests. 1) the highest  and 12 p.m. Morphine,
himachalol (3.45%-8.71%) formalin test dose has resulted naloxone, L-Arginine,
followed by 6,10,14- and 4) effective; 2) the doses  methylene blue,
trimethyl-2-pentadecanone glutamate- of 50 and 100 mg/kg  glibenclamide,
(5.43%-2.95%), 13- test have been effective; naltrindole, nor-
tetradecanolide 3) the highest dose is  binaltorphimine and
(8.93%-4.87%) and 3- comparable to naloxonazine have been
methyl-4-propyl-2,5- morphine; 4) only the  used as positive and
furandione (4.06%-0.29%) highest dose is negative controls.
Todorova et al. (2017)]. significantly active Declaration of no conflict
Flowers of inula britannica of interest
collected from the slopes of
mount alvand, hamadan
(34°47'59.99"N,
48°30'59.99"E
(Continued on following page)
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TABLE 1 | (Continued) Main characteristics of the studies included showing the efficacy of EOs in nociceptive models.

Route of
administration

Study EO [most representative

components]

Zendehdel et al.
(2015)

Bunium persicum (boiss.)
[germacrene-d (22.1-24.1%)
and E-caryophyllene
(26.6-38%) Sofi et al.
(2009)]. Samples of the plant
identified at the division of
pharmacognosy, faculty of
pharmacy, tehran university
of medical sciences, Iran

80 (0.5%)

Control

Control (Tween-

Mice Pain model  Analgesic outcome Design
strain and
sample size
Albino Acetic acid EO (0.001, 0.01, Experiments have been
NMRI test 0.05, 0.1, 0.5 and conducted during the light
mice 1%; 10 mi’kg) (n=7). phase (10:00-17:00 h).

The EO 0.01% has
significantly reduced
contortions (90.7%
vs 38.13% of
indomethacin) and
this effect has been
inhibited by naloxone
and reduced by
chlorpheniramine and
cimetidine

Antagonism studies have
been performed using
naloxone, the serotonergic
receptor antagonist
cyproheptadine, the
histamine H1-receptor
antagonist
chlorpheniramineand the
histamine H2-receptor
antagonist cimetidine.
Indomethacin has been
used as References drug.
No conflict of interest
statement

Studies characteristics in response to PICOS (participants/population, interventions, comparisons, outcomes, and study design) question for records including acute nociceptive pain
models; n = number of animals. The order of references in the table follows that in the text.

morphine, of which the EO of bergamot enhances the activity
(Kuwahata et al., 2013), and it was reversed by naloxone
methiodide, peripherally p-opioid receptor preferring
antagonist, [-funaltrexamine hydrochloride, selective
p-opioid receptor antagonist, and B-endorphin antiserum,
but not by the non-selective §-opioid receptor antagonist
naltrindole and by the selective k-opioid receptor antagonist
nor-binaltorphimine. Importantly, the study by Hamamura
et al. (2020) in which the EO of bergamot was administered s.
c. with an osmotic pump to allow a continuous delivery
devoid of smell during PSNL, demonstrated that the anti-
allodynic effect of this EO is systemic and does not depend on
olfactory stimulation. In this study (Hamamura et al., 2020)
the increase of planar activity during the light period induced
by PSNL, with the maximum effect at the seventh post-
operative day and like allodynia, was shown to be
abolished by continuously administered EO. This effect is
antagonized by naloxone hydrochloride. Observation lasting
14 days with a theoretical duration of the osmotic pump of
one week can mimic administration during chronic pain. The
main features of the studies on EOs anti-allodyinic properties
are summarized in Table 2.

3.3 Risk of Bias Assessment

The studies included in the qualitative analysis were assessed for
methodological quality according to the SYRCLE’s RoB tool
(Hooijjmans et al, 2014) and the CAMARADES checklist
(Macleod et al, 2004; Hooijmans et al., 2014; Suokas et al,
2014), based on the Cochrane RoB (Sterne et al., 2019). These
items comprise all the possible forms of bias. 1) Selection
bias-sequence generation (allocation sequence able to produce
comparable groups). 2) Selection bias-baseline characteristics
(comparable and not adjusted for confounders in the analysis).
3) Selection bias—allocation concealment (during the enrollment).
4) Performance bias-random housing and randomization during

the study. 5) Performance bias-blinding of investigators during the
study. 6) Detection bias-random outcome assessment. 7) Detection
bias-blinding of outcome assessors. 8) Attrition bias (animals
eventually excluded from outcome assessment). 9) Reporting
bias-reports free of selective outcome reporting. Finally, 10)
other sources of bias: lack of evidence of induced pain using the
selected behavioral outcome measure before EO administration and
examination (ie., sham procedure), clear description of methods
with number of animals used, attention to circadian regulation for
behavioral studies, use of the same observer for behavioral tests, use
of control and positive and negative control drugs, sample size
calculation, statement of conflict of interest, statement of
compliance with animal welfare regulations and attention to ethics.

In terms of the two items regarding selection bias, no study
reported the method of allocation and, even though they
conducted baseline measures, none of the studies describe how
experimental groups were composed to ensure homogeneity and
consistency. Only the study by Lima and collaborators (Lima
et al., 2012) in which mice with baseline latencies of more than
10 s, and studies by de Oliveira Junior and colleagues (de Oliveira
Junior et al., 2017; de Oliveira et al., 2018) of more than 20 s, at the
hot-plate were excluded from the experiments.

As reported in Table 1, five studies (Guimaraes et al., 2009;
Andrade et al,, 2012; Lima et al., 2012; de Oliveira Junior et al.,
2017; de Oliveira et al., 2018) adopted random housing of mice.
The paper by Khodabakhsh et al. reported no randomization of
mice but only of rats, which are not included in this systematic
review and meta-analysis (Khodabakhsh et al., 2015). Mice were
tested in a randomized order in studies by Sakurada and
collaborators and Katsuyama et al., 2015 (Sakurada et al., 2011;
Katsuyama et al.,, 2015). In the study by Bae et al. (2020) mice were
randomly assigned to groups. The study by Khalid et al. (2011)
used a blind, randomized design. Mice were randomly assigned to
groups and experiments were performed in a blind manner in the
study by Quintans and coworkers (Quintans et al, 2017).
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TABLE 2 | Main characteristics of the studies included showing efficacy of EOs in neuropathic models.

Study EO Route of Control Mice Pain
administration strain model
Hamamura Bergamot (citrus bergamia  s.c., with the aid of  Jojoba ddy Partial
et al. (2020) risso) [p-limonene (39.60%), an osmotic pump wax mice sciatic
linalyl acetate (31.09%), and nerve
linalool (9.55%)] ligation
Komatsu Bergamot (citrus bergamia s.C Jojoba ddy Partial
et al. (2018) risso) [0.38% b-limonene, wax and mice sciatic
70.26% linalyl acetate, saline nerve
18.95% linalool, 0.62% ligation
y-terpinene, and 0.08% of
B-pinene]
Kuwahata Bergamot (citrus bergamia S.C Jojoba ddy Partial
et al. (2013) risso) [0.38% of p-limonene, wax + mice sciatic
70.26% of linalyl acetate, saline nerve
18.95% of linalool, 0.62% of ligation

Analgesic outcome and
sample size

Reduction of the induced
increase of planar activity
during the light period at the
7th post-operative day
(control n = 6; EOn =9)

On post-operative day 7, the
EO of bergamot (5.0, 10.0,
and 20.0 pg/paw) has
attenuated dose-
dependently mechanical
allodynia, significantly at the
dose of 20.0 pg/paw (n = 10)

Dose-dependent reduction
(5, 10, 20 pg) of tactile
allodynia 7 days after surgery
(n=10)

Efficacy of Essential Qils in Pain

Design

Acclimatization to the lighting
conditions for 1 week. After
basal measures before surgery,
the mice have been observed for
14 days. Antagonism study with
naloxone hydrochloride.
Declaration of no conflict of
interest. Sham procedure
Antagonism studies with
naloxone methiodide (u-opioid
receptor preferring antagonist),
B-funaltrexamine hydrochloride
(selective p-opioid receptor
antagonist), p-endorphin
antiserum, naltrindole (non-
selective §-opioid receptor
antagonist) and nor-
binaltorphimine (selective
k-opioid receptor antagonist).
Behavioral tests have been
performed between 10:00 and
16:00 h and for 2 days before
the start of the experiment for
acclimatation of the mice to the
testing procedures. Sham
procedure. No conflict of interest
statement

Behavioral experiments have
been carried out from 10:00 a.m.
10 6:00 p.m. and mice have been
used only once. Morphine

y-terpinene, and 0.03% of
B-pinene]

hydrochloride has been used as
References drug. Sham
procedure. No conflict of interest
statement

Studies characteristics relative to PICOS (participants/population, interventions, comparisons, outcomes, and study design) question for retrieved records about neuropathic pain models;

n = number of animals. The order of references in the table follows that in the text.

Moreover, in the study by Ximenes et al. (2013), the observation
was conducted by a blind observer, but the number of animals
used for behavioral testing was not reported, only for
histological assays. Otherwise, the number of animals per
group was reported, but studies that provided a range and
not an exact number were not considered eligible for
quantitative analysis. Attrition and reporting biases cannot be
assessed from the full text of the included studies. Importantly,
sham procedure and the certainty of exact execution of the pain
model is present only in studies on allodynia, i.e., the studies by
Hamamura et al. (2020), Komatsu et al. (2018a), and Kuwahata
et al. (2013).

Attention to the circadian rhythm in behavioral testing was
reported by the following studies: (Andrade et al., 2012; Quintans
etal.,, 2017; Guimaraes et al., 2009; Halder et al., 2012; Katsuyama
et al., 2015; Khodabakhsh et al., 2015; Miraghazadeh et al., 2015;
Sakurada et al., 2011; Sharif et al, 2020; Zarei et al., 2018;
Zendehdel et al.,, 2015; Komatsu et al., 2018b; Kuwahata et al,,
2013). All the studies used control and positive and negative
modulators. Importantly, multiple controls were used in the

following studies (Katsuyama et al, 2015; Komatsu et al,
2018b; Kuwahata et al, 2013; Sakurada et al., 2011).
Behavioral testing was conducted by the same observers in the
following studies (de Oliveira Junior et al., 2017; de Oliveira et al.,
2018; Venancio et al, 2011). Sample size calculation was not
reported and the conflict of interest statement is present only in
eight studies (Queiroz et al., 2014; Nogueira et al., 2015; de Oliveira
Junior et al., 2017; de Oliveira et al., 2018; Jahandar et al., 2018; Zarei
et al., 2018; Lee et al., 2019; Hamamura et al., 2020). This could be
due to the lack of requirement of these aspects in journals in the last
few years. A statement of compliance with animal welfare
regulations is reported in all the studies since it is an inclusion
criterion. Moreover, six studies (Ulku Karabay-Yavasoglu et al,
2006; Venancio et al., 2011; Queiroz et al., 2014; Khodabakhsh et al.,
2015; Miraghazadeh et al., 2015; Sharif et al., 2020) also stated that
they used each mouse only once, thus proving particular attention to
animal welfare. Importantly, only the study by Hamamura et al.
(2020) reported acclimatization to lighting conditions for one week
and that an observation period of 14 days can model examination
during chronic pain.
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Test for overall effect: Z=3.49 (P = 0.0005)

difference MD -59.77; 95% Cl (~93.32) - (~26.22); I = 94%; p < 0.00001).

Experimental Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Andrade etal., 2012 1 189 8 699 523 8 126% -6890[105.17,-3263] +—=——
Guimardes etal., 2009 1.3 25 10 378 364 10 13.9% -36.50 [-59.11,-13.89) —_—
Hajhashemi et al., 2009 292 98 6 372 125 6 81% -8.00 [-87.05, 71.05)
Katsuyama et al., 2015 319 176 10 903 26.2 10 141% -58.40 [-77.96,-38.84) —
Komatsu etal., 2018 43 19 10 79 28 10 14.8% -3.60 [-5.70,-1.50] L
Limaetal., 2012 199 234 10 144 639 10 12.0% -124.10[-166.28,-81.92] +—
Queirozetal., 2014 13.8 187 g 1051 659 8 11.4% -91.30[138.77,-43.83) ¥&—
Vendncio et al., 2011 1.7 39 8 877 4386 8 13.2% -86.00[116.33,-55.67) +——
Total (95% CI) 70 70 100.0%  -59.77[-93.32,-26.22] -

it 2 — . 2= - R = L i 1 1
Heterogeneity: Tau®=1982.31; Chi*=120.19, df= 7 (P < 0.00001); I*= 94% oo 20 ) 50 100

FIGURE 3 | Forest plot for EOs-induced analgesia. The results of the meta-analysis favor the efficacy of the EOs, but they are affected by high heterogeneity (Mean

Favours [experimental] Favours [control]

3.4 Meta-Analysis

This meta-analysis comprises eight studies for a total of 140 mice.
The studies were considered comparable when the analgesic
outcome was expressed as mean + standard error of the mean
(SEM) since these measures could be converted for meta-analysis
in mean and standard deviation (SD). Moreover, only studies
reporting the exact number of animals per group were included in
quantitative analysis. Studies investigating the same pain model
were considered. The formalin test pain model was chosen since it
provides a biphasic nociceptive response. Due to the sensitization
processes occurring during the second phase, the study on
mechanical allodynia expressed has been included (Komatsu
et al., 2018b). The results of the forest plot favor the analgesic
efficacy of EO (Mean difference MD —59.77; 95% CI (-93.32) -
(-26.22); I* = 94%; p < 0.00001; Figure 3), but need to be carefully
examined because of the extremely high heterogeneity, which is
also confirmed by the asymmetry of the funnel plot analysis
standing for high risk of publication bias, small studies and
high differences in study precision.

4 DISCUSSION

Interest in the use of EOs and aromatherapy has been
continuously growing during the last few decades in parallel
with preclinical research. However, in spite of all this effort of
preclinical research, it is necessary to establish whether there is
a strong rationale for the clinical use of EOs. This issue is even
more controversial in the field of pain relief since the use of
aromatherapy could reduce the dose of painkillers endowed
with serious side effects, particularly in under studied areas of
neuropathic pain, like opioids (Morrone et al., 2017; Scuteri
et al., 2020b). Alternative pain treatments could increase time
in treatment before the loss of efficacy. This is relevant to
fragile populations, e.g., patients suffering from dementia, who
are often undertreated compared to cognitively intact
counterparts, more so during the Sars-CoV2 pandemic
(Scuteri et al., 2020c).

This systematic review and meta-analysis assesses the
efficacy of EOs in preclinical models of acute inflammatory
nociception and neuropathic pain to understand if there is a

rational basis for clinical translation. Several EOs from
multiple families were found to be efficacious, in particular,
croton and bergamot EOs have been extensively studied. It is
noteworthy that 27 out of the 30 studies included in the
qualitative analysis were only performed on acute pain
models like writhings and the hot plate test. These tests are
very useful since they are easy to conduct and provide fast
results, but they do not resemble clinical pain conditions.
Taking this into account, the quantitative analysis only
includes studies on formalin test, which is more similar to
clinical conditions due to its biphasic nature, and the only
study on mechanical allodynia that could compare to the other
seven included.

All these studies included in this review have a different
experimental design and most of them present serious
concerns in terms of selection, performance, and detection
biases. Most studies do not adhere to the guidelines for Animal
Research: Reporting In Vivo Experiments (ARRIVE), which
are fundamental for accurate in vivo preclinical research (Rice
et al., 2013). Another methodological aspect responsible for
bias in the meta-analysis is that control groups were often used
in more than one experiment, and studies including multiple
comparisons can introduce errors. Thus, this systematic
review and meta-analysis points to the importance of
appropriate in vivo modeling to enhance the translational
impact of pain research. Future research is necessary to
improve the methodological quality and homogeneity of
studies.

The results of the meta-analysis highlighted the efficacy of
EOs in preclinical pain, but these data are downgraded due to the
high heterogeneity of the studies. In particular, the analyzed EOs
present the analgesic efficacy required by the recommendations
of the Initiative on Methods, Measurement, and Pain Assessment
in Clinical Trials (IMMPACT) (Turk et al., 2003), according to
which a decrease in pain is defined as clinically meaningful if it
accounts for a 30% to 36% reduction. However, this is referred to
chronic pain and this systematic review and meta-analysis have
found that only the EO of bergamot had proven efficacy both in
nociceptive and in neuropathic pain models. Moreover, it was
also studied for 14 days, an experimental setting suitable for
modeling chronic pain (Hamamura et al., 2020).
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Another important issue is that the consolidated data
come from hypothesis-generating completely original
preclinical studies and that they are then confirmed by
hypothesis-driven studies (Mikolajewicz and Komarova,
2019). In this case, the EO of bergamot was confirmed to
have strong analgesic properties in some of the most used and
reliable models of inflammatory pain, i.e., formalin and
capsaicin test in different experiments, sharing with most
EO mechanisms involving opioid neurotransmission, and
also in the PSNL. To the best of our knowledge, this is the
first meta-analysis of preclinical studies on the analgesic
effects of EOs and its working hypothesis was verified for
bergamot EO, which could represent an important
pharmacological tool for pain management in clinical
settings. Along with clinical translations, more efforts are
required to standardize in vivo preclinical studies in the
field of pain research to allow for consistent research able
to elucidate the mechanisms responsible for the analgesic
properties of EOs.
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Sodium Monoiodoacetate
Dose-Dependent Changes in Matrix
Metalloproteinases and Inflammatory
Components as Prognostic Factors
for the Progression of Osteoarthritis

Marta Bryk*, Jakub Chwastek®, Jakub Mlost, Magdalena Kostrzewa' and
Katarzyna Starowicz*

Department of Neurochemistry, Maj Institute of Pharmacology, Polish Academy of Sciences, Cracow, Poland

Osteoarthritis (OA) is a degenerative joint disease that primarily affects people over
65 years old. During OA progression irreversible cartilage, synovial membrane and
subchondral bone degradation is observed, which results in the development of
difficult-to-treat chronic pain. One of the most important factors in OA progression is
joint inflammation. Both proinflammatory and anti-inflammatory factors, as well as
extracellular matrix degradation enzymes (matrix metalloproteinases (MMPs), play an
important role in disease development. One of the most widely used animal OA
models involves an intra-articular injection of sodium monoiodoacetate (MIA) directly
into the joint capsule, which results in glycolysis inhibition in chondrocytes and
cartilage degeneration. This model mimics the degenerative changes observed in OA
patients. However, the dose of MIA varies in the literature, ranging from 0.5 to 4.8 mg. The
aim of our study was to characterize grading changes after injection of 1, 2 or 3 mg of MIA
at the behavioral and molecular levels over a 28-day period. In the behavioral studies, MIA
injection at all doses resulted in a gradual increase in tactile allodynia and resulted in
abnormal weight bearing during free walking sequences. At several days post-OA
induction, cartilage, synovial membrane and synovial fluid samples were collected, and
gPCR and Western blot analyses were performed. We observed significant dose- and
time-dependent changes in both gene expression and protein secretion levels.
Inflammatory factors (CCL2, CXCL1, IL-1p, COMP) increased at the beginning of the
experiment, indicating a transient inflammatory state connected to the MIA injection and, in
more severe OA, also in the advanced stages of the disease. Overall, the results inthe 1 mg
MIA group were not consistently clear, indicating that the lowest tested dose may not be
sufficient to induce long-lasting OA-like changes at the molecular level. In the 2 mg MIA
group, significant alterations in the measured factors were observed. In the 3mg MIA
group, MMP-2, MMP-3, MMP-9, and MMP-13 levels showed very strong upregulation,
which may cause overly strong reactions in animals. Therefore, a dose of 2 mg appears
optimal, as it induces significant but not excessive OA-like changes in a rat model.

Keywords: osteoarthritis, chronic pain, matrix metalloproteinases, cartilage, synovial membrane, synovial fluid,
inflammation, pain
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INTRODUCTION

Knee osteoarthritis (OA) is one of the leading causes of global
chronic disability. A disease that affects joint tissues, including
cartilage, subchondral bone, ligaments, and muscles, OA
manifests with chronic pain, joint stiffness/tenderness, loss of
flexibility, and cracking sounds while moving. In the
United States in 2016, 14 million people suffered from
symptomatic knee OA. More than half of all patients were
<65 years old (Deshpande et al., 2016). Risk factors favoring
disease development include age, obesity, joint injuries, abnormal
joint loading (e.g., excessive sports), gender (women are more
likely to develop foot, hip and knee OA than men) and genetic
factors (Vina and Kent Kwoh, 2018). Recently, the Osteoarthritis
Research Society International (OARSI) revised the OA
definition, adding an inflammatory component as a crucial
factor contributing to disease development. An important
process reported in OA progression is synovitis, during which
a number of inflammatory changes occur in the synovial
membrane. This contributes to local inflammation, which
leads to further cartilage degeneration and inflammatory factor
influx (Mathiessen and Conaghan, 2017).

Several of the most important factors are cytokines, both
proinflammatory, e.g., interleukin 1 p (IL-1B), tumor necrosis
factor a (TNFa), IL-6, IL-15, IL-17, and IL-18, and anti-
inflammatory, such as IL-4, IL-10, and IL-13 (Wojdasiewicz
et al, 2014). Importantly, a low-grade inflammatory state is
present in OA from the very early stages, long before external
symptoms can be detected by patients (Scanzello, 2017), and
contributes to pain sensitization. Knee synovitis can also be used
as an OA diagnostic tool (Berlinberg et al., 2019). Moreover,
inflammation involves activation of enzymes involved in articular
extracellular matrix (ECM) degradation - the matrix
metalloproteinases (MMPs), e.g., MMP-2, MMP-3, MMP-9,
MMP-13. These enzymes are members of a large family of
zinc-dependent proteolytic enzymes. They are involved in
shaping collagen, proteoglycan aggrecan, and non-collagen
matrix components in joint degradation (Mehana et al., 2019).
MMPs belong to one of three groups. MMP-2 and MMP-9 are
gelatinases that digest denatured collagens and gelatins. MMP-2
(but not MMP-9) digests type I, II, and III collagens. MMP-2 in
humans is important for osteogenesis, as mutations in human
MMP-2 result in an autosomal recessive form of multicentric
osteolysis (Martignetti et al., 2001). Both MMP-2 and MMP-9 are
involved in inflammatory processes (Hannocks et al., 2019).
MMP-3, also called Stromelysin 1, is responsible for digesting
ECM components and activates a number of proMMPs (e.g.,
proMMP-1). MMP-13 is a collagenase that cleaves interstitial
collagens type I, II, and III at a specific site three-quarters of the
way from the N-terminus and digests both ECM and non-ECM
components (Visse and Nagase, 2003).

Unfortunately, current OA therapeutics are limited to
reducing pain and relieving bothersome symptoms only. A
greater understanding of the mechanisms underlying the
disease is necessary for creating more effective therapies. An
important strategy for OA investigation is the creation of more
representative animal models. Among several animal OA models,
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the sodium monoiodoacetate (MIA) intra-articular (i.a.) injection
model is widely used for pain research and efficacy evaluation of
therapeutic interventions (Lampropoulou-Adamidou et al,
2014). This chemical model mimics changes observed in
patients very well. Malek et al. described changes in knee
sensitivity and knee morphometric analysis in response to
3 mg of MIA ia. injection up to 28 days post-injection (Malek
et al, 2015). Knee changes 28 days post-MIA injection were
irreversible and closely reflected changes in severe, advanced OA
stages in human patients. In turn, Pajak et al. demonstrated
biphasic pain progression in both behavioral and biochemical
tests. An initial pain threshold lowering was associated with an
inflammatory reaction caused by i.a. injection. Nevertheless, after
14 days, a stable, lasting reduction in pain threshold was observed
(Pajak et al,, 2017). The dose of MIA used to induce OA in rats
varies in the literature from 0.5 to 4.8 mg; however, 1 or 3 mg is
the most commonly used dose (Havelin et al., 2016; Allen et al.,
2017; Haywood et al., 2018; Lee et al., 2018; Lockwood et al., 2019;
Que et al., 2019; Piao et al., 2020). This could result in either
peripheral mechanisms of joint damage in OA development and/
or centrally mediated mechanisms, both of which may be
important for future disease-modifying drug design. Therefore,
the aim of our study was to assess the complete characteristics of
grading MIA-induced OA (1, 2 or 3 mg of MIA i.a.) in a rat model
at both the behavioral and molecular levels over a 28-day period.
The role of inflammatory components and ECM MMPs in a rat
joint model with progressive OA severity was investigated.
Differences elicited by selected MIA doses were noted; our
research allowed us to identify the smallest dose needed to
effectively induce OA in a rat model. Overall, the obtained
data allow for detailed description of changes occurring in
joint tissues (synovial membrane, cartilage and synovial fluid)
during disease progression, which provides a superior
understanding of OA pathology and mechanisms.

MATERIALS AND METHODS

Animals

In all experiments, male Wistar rats initially weighing 225-250 g
were used (Charles River, Hamburg, Germany). Animals were
housed 5 per cage in a 12/12 h light/dark cycle with food and
water ad libitum. Behavioral experiments were performed
between 9:00 and 12:00 am. Experiments were approved by the
Local Bioethics Committee of the Maj Institute of Pharmacology
(Cracow, Poland), approval numbers: 938/2012, 125/2018.
Separate sets of animals were used for behavioral and
biochemical studies. Depending on the experimental group, on
days 2, 7, 21 or 28 of the experiment, animals were sacrificed, and
joint tissue samples (cartilage, synovial membrane, synovial fluid)
were collected. Healthy animals (examined via biochemical
analysis) were sacrificed on various days (1 or 2 animals in
each experimental day) to minimize the differences associated
with the duration of the experiment. No differences in
biochemical analysis were observed in the healthy group. In
behavioral tests, animals were tested prior to MIA injection
(day 0); to apply the 3R principle of animal testing, we
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determined that no healthy group was necessary. Moreover,
according to the 3R principle and based on our previous
behavioral research were 1 mg (Mlost et al., 2018b; Mugnaini
etal., 2020; Mlost et al., 2021) or 3 mg of MIA (Malek et al., 2015;
Pajak et al., 2017; Mlost et al., 2018a; Bryk et al., 2020) were
successfully used, we decided to examine only 1 and 3 mg MIA
doses in behavioral tests to minimize the number of animals
exposed to painful procedures.

Induction of OA

Animals were briefly anesthetized with 5% isoflurane (Aerrane,
Baxter, United States) in 100% oxygen (3.5 L/min). The rear right
knee skin surface was shaved and swabbed with 75% ethanol.
Joint damage was induced by a single i.a. injection of 1, 2 or 3 mg
of MIA (Sigma-Aldrich, Saint Louis, United States) dissolved in
50 pl of 0.9% physiological saline via a 30 G x 1/2” needle. All
surgical procedures were performed under sterile conditions.
After OA induction, animals were moved back into their home
cages and observed until full recovery from anesthesia. Healthy
animals did not undergo any injection. After i.a. injection, rats
were maintained under the same conditions as the preoperative
period. Changes in kinetic weight bearing (evaluated in the kinetic
weight bearing test; KWB) and mechanical withdrawal thresholds
(evaluated in von Frey’s test) were recorded prior to i.a. injection
(day 0) and 2, 7, 14, 21 and 28 days post-injection. Experimental
groups consisted of n = 5-8 animals (for KWB test), n = 8 animals
(for Von Frey test) and n = 5-6 animals for biochemical studies. In
rare cases, individual samples had to be excluded from the analysis
due to abnormalities during isolation or sample contamination,
and groups were indicated by an appropriate n number.

Von Frey Test

For the assessment of mechanical allodynia, calibrated von Frey
monofilaments (Bioseb, France) were used. Rats were placed in
Plexiglas cages with a wire net floor 5 min before the experiment.
Von Frey filaments were applied to the mid plantar surface of the
ipsilateral hind paw according to the up and down method
(Chaplan et al, 1994; Deuis et al., 2017). Each filament was
applied three times for an approximately 2-3 s period or until a
withdrawal response was evoked. After response, the paw was
retested with monofilaments in descending order until no
response occurred, at which point monofilaments were again
applied in ascending order until the response could once again be
evoked. The monofilament that evoked the final reflex was noted
as the paw withdrawal latency. The strength of the von Frey
monofilament bending forces was as follows: 0.4; 0.6; 1.0; 1.4; 2; 4;
6; 8; 10; 15 and 26 g as a cut-off for response.

Kinetic Weight Bearing

To characterize pain behavior in the MIA model, KWB, a novel
instrument developed by Bioseb (France), was used. Sensors
placed on the ground measure the weight borne by each
individual paw during the walking sequence of a freely moving
animal, while a built-in camera detects the center of gravity of the
animal. Data collection was terminated when 5 validated runs
were obtained, or after 6 min of acquisition. If the animal did not
run during this time window, the measurement was repeated at
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the end of the session. Those who failed to make at least one
validated run during the second session were excluded from the
analysis (one animal in 3 mg of MIA group in day 7 and 28). Rats
were trained to move through the test corridor (50 x 130 cm) for a
week before the actual experiment. Measurements were made
directly before MIA administration and 2, 7, 21 and 28 days post-
MIA treatment. All recorded data were validated by an observer
blinded to the study. The final results include information about
the mean peak force and surface area applied by each rear paw.
The presented results discuss only the most relevant parameters
in the context of OA research: peak force (centinewton, cN) - the
mean of the maximum forces of each rear paw and peak surface
(cm?) - the mean of the maximum surface of each rear paw.

RNA and Protein Isolation

Cartilage from the medial femoral condyle and synovial
membrane fragments were collected with surgical scissors.
After tissue collection, each sample was placed in RNA-later
solution (Invitrogen, United States) and stored at —80°C. RNA
and protein from the synovial membrane were isolated using
TRIzol Reagent (Invitrogen, United States) according to the
manufacturer’s protocol. Extraction of high-quality RNA from
cartilage was performed according to a protocol published by Le
Bleu et al. (2017). Synovial fluid was collected by rinsing the joint
capsule with 50 pl of physiological saline and aspiring the fluid
with a syringe with a 25 G x 5/8” needle. Then, synovial fluid was
immediately placed on ice and frozen at —80 “C. Equal volumes of
samples were lyzed with 2% SDS and centrifuged at 12,000 x g.
The supernatant was collected for immunoblotting.

Total RNA levels were measured with a Nanodrop
spectrophotometer (ND-1000, Nanodrop; Labtech
International, United Kingdom). Each sample was equalized to
a concentration of 1 pg/ul and reverse transcribed to cDNA using
an NG dART RT kit (EURx, Poland) according to the
manufacturer’s protocol. qPCR reactions were carried out
using iTaq  Universal Probes Supermix (Bio-Rad,
United States) and TaqMan Assays (Thermo Fisher, Applied
Biosystems, United States) in a Thermal Cycler CFX96 (Bio-Rad,
United States). Cycle threshold values were calculated
automatically via CFX Manager software. RNA abundance was
calculated as ddCT 27(threshold vle) 404 B2y normalized. The
TagMan assay protocols used in the study are presented in the
Supplementary Material.

Western Blot

The protein levels in the cartilage and synovial samples were
estimated via BCA kit (Thermo-Fischer, United States), and equal
amounts of proteins were denatured in 4 x Laemmli sample
buffer (Bio-Rad, United States) and denatured at 96°C for 6 min.
Equal volumes of synovial fluid samples were lyzed with 2% SDS
and denatured with Laemmli buffer, such as cartilage and
synovial samples. An equal amount of protein from the
various experimental groups was separated on Criterion TGX
4-20% precast gels (Bio-Rad, United States) and transferred onto
a PVDF membrane (Roche, Switzerland). After blocking with
blocking reagent from the BM Chemiluminescence Western
Blotting Kit (Roche, Switzerland), membranes were incubated
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overnight with primary antibodies (detailed information in the
Supplementary Material) using a SignalBoost Immunoreaction
Enhancer Kit (Merc, Germany). The amount of P-actin was
measured on the same membrane on which the other proteins
were measured by mild stripping (using a protocol published by
Abcam). In control samples of synovial fluid concentration of
proteins was very low, so this tissue was normalized to volume
and detection of reference proteins was not possible.

Statistical Analysis

Statistical analysis was performed using Statistica 13 (SatSoft
Software, Tulsa, Oklahoma, Unitd States), and graphs were
generated using Prism 8 (GraphPad Software La Jolla,
California, United tates). Data are presented as the mean *
SEM; whiskers on the boxplot graphs show the minimum and
maximum values. The results of the von Frey test were evaluated
by two-way analysis of variance (ANOVA), followed by Tukey’s
HSD post-hoc test. The results from the KWB test were evaluated
by one-way ANOVA on day 0 or two-way ANOVA on the
following experimental days, followed by Tukey’s HSD post-hoc
test. The qPCR and Western blot results were evaluated by one-
way ANOVA followed by Dunnett’s post-hoc test, treating
healthy animals as the control group. In behavioral tests, each
group consisted of eight animals (von Frey test) or 5 animals
(KWB test). In biochemical analyses, the experimental group
sizes consisted of 3-6 samples per group (qQPCR) or 4-5 samples
per group (Western blot). Values of p < 0.05 (denoted * or #), p <
0.01 (denoted ** or ##), and p < 0.001 (denoted *** or ###) were
considered to be statistically significant.

RESULTS

A significant difference in pain threshold was observed in both
MIA doses, using the von Frey and KWB tests. Differences in
tactile allodynia, as well as in paw pressure and surfaces applied to
the ground between the rear right and rear left paws on
subsequent experimental days were observed. Significant signs
of pain were noticed from the 2nd day post-MIA treatment and
persisted until the day 28. In biochemical analyses, statistically
significant dose- and time-dependent changes in MMP and
inflammation-related gene expression (qPCR) and protein
production (Western blot technique) were observed. The
results will be explained in details in the following sections.

Development of OA-Related Allodynia

MIA injection at both investigated doses (1 and 3 mg MIA i.a.)
resulted in the development of mechanical allodynia in the
ipsilateral hind paw (rear right) on day 2 (p < 0.05 for 1 mg
of MIA and p < 0.001 for 3 mg of MIA; Figure 1), a phenomenon
not observed on day 0. On day 2 a significant difference between
tested doses was also observed (p < 0.05; Figure 1), which was not
observed in the following days. OA rats showed a significant
gradual reduction in withdrawal threshold that progressed with
time in both experimental groups. The lowest mechanical
withdrawal latency was observed at day 28. From day 7 on,
the effect was similar in both groups (1 and 3 mg of MIA; p <
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FIGURE 1 | Mechanical allodynia measured by quantifying tactile
sensitivity during OA developme with MIA grading. Pain sensitivity was
measured with von Frey filaments in the ipsilateral paw (rear right) prior to MIA
injection and 2, 7, 14, 21, and 28 days post-MIA treatment (1 or 3 mg
intra-articular injection; i. a.; n = 8 animals per group). Two-way ANOVA and
Tukey’s HSD post-hoc testing was performed. * denotes p < 0.05; *** denotes
p < 0.001 in each day vs. day O in the 1 mg group; ### denotes p < 0.001 in
each day vs. day 0 in the 3 mg group, $ denotes p < 0.05 1 mg vs. the

3 mg group.

0.001; Figure 1). These results indicate that animals in whom OA
symptoms were induced with both MIA doses, developed an OA-
associated allodynia.

Paw Weight Bearing Differences During
Free Walk

Rats were evaluated for paw force and surface distribution during
a free walking sequence. A significant difference in both paw force
(Figures 2A-F) and surface (Figures 3A-F) applied to the
ground during free walking was observed for both MIA doses
used to induce OA. Differences were observed in both
experimental groups (1 or 3mg MIA ia) on almost all
experimental days (except days 7 and 14 in the peak surface
analysis of the 1 mg MIA group); however, a stronger effect was
elicited by 3 mg of MIA. Therefore it can be concluded that both
MIA doses induced weight bearing differences in MIA-
treated rats.

Inflammation During OA Progression

In the present study, cartilage oligomeric matrix protein (COMP)
levels were measured in joint tissues isolated from osteoarthritic
animals. In cartilage samples, a U-shaped pattern of protein
production was observed following injection, with an initial
decrease (significant only on day 7 in the 3 mg MIA group;
p < 0.05; Figure 4C) and subsequent return to baseline (in the 2
and 3 mg MIA groups) or an increase (in the 1 mg MIA group;
0.01 > p > 0.001; Figures 4A-C). In synovial membranes, in
contrast, an initial increase (day 2) was solely observed in all
experimental groups (MIA 1 mg; 0.01 > p > 0.001; MIA 2 mg; p <
0.05; MIA 3 mg; p < 0.001; Figures 4D-F). In synovial fluid
samples, an increase in COMP levels was detected in the latter
stages of OA - exclusively on day 28 post-MIA treatment - in all
groups (MIA 1 mg; 0.01 > p > 0.001; MIA 2 mg; p < 0.05; MIA
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FIGURE 2 | Gait analysis in OA rats recorded with KWB by measuring the distribution of paw force applied to the ground during a free walk (for 1 and 3 mg of MIA
i.a. groups) during a free walk. Measurements taken prior to the MIA injection (day O; A) and 2, 7, 14, 21, and 28 days (B-F) post-MIA treatment (n = 5-8 animals per
group). One-way ANOVA on day 0 or two-way ANOVA on the following experimental days and Tukey’s HSD post-hoc tests were performed. * denotes p < 0.05; **

denotes p < 0.01; *** denotes p < 0.001.
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FIGURE 3| Gait analysis in OA rats recorded with KWB by measuring the distribution of paw surfaces applied to the ground during free walks (for 1 and 3 mg of MIA
i.a. groups) during a free walk. Measurements taken prior to the MIA injection (day O; A) and 2, 7, 14, 21, and 28 days (B~F) post MIA treatment (n = 5-8 animals per

group). One-way ANOVA on day 0 or two-way ANOVA on the following experimental days and Tukey’s HSD post hoc test were performed. * denotes p < 0.05; **
denotes p < 0.01; *** denotes p < 0.001.

3mg p < 0.001; Figures 4G-I). The levels of various
inflammation-related factors were measured only in the
synovial fluid. Chemokine (C-C motif) ligand 2 (CCL2) levels

showed an initial increase (day 2 at all MIA doses; 0.01 > p >
0.001; Figures 5A-C). In the 1 mg MIA group, the CCL2 level
returned to baseline, whereas in the 2 mg MIA group, it remained
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elevated throughout the experiment (0.01 < p < 0.001; Figures
5A,B). In the 3 mg MIA group, the CCL2 level was increased
throughout the entire experimental period; however, these
differences reached statistical significance only on day 2
(0.01 > p > 0.001; Figure 5C). A similar pattern was observed
for chemokine (C-X-C motif) ligand 1 (CXCL1). The protein
level was increased in synovial fluid by the 2@ day post-OA
induction in all groups (MIA 1 mg; p < 0.001; MIA 2 mg; p < 0.05;
MIA 3 mg; 0.01 > p < 0.001; Figures 5D-F). In the 1 mg MIA
group, this increase returned to baseline, whereas in the 2 and
3 mg MIA groups, it remained significantly upregulated on day
28 post-MIA treatment (MIA 2 mg; p < 0.05; MIA 3 mg; 0.01 > p
> 0.001; Figures 5D-F). The IL-1p levels in the synovial fluid in
the 1 mg MIA group were increased on days 2 (p < 0.001), 7 (p <
0.05) and 28 (p < 0.05) post-MIA treatment (Figure 5G). In the
2 mg MIA group, this expression level was increased only on day
28 post-MIA treatment (0.01 > p > 0.001; Figure 5H). At the
highest MIA dose (3 mg), IL-1p levels were increased on days 2

(p < 0.05) and 28 (p < 0.001) post-OA induction (Figure 5I). The
above results show a dose-dependent inflammation in joint
tissues isolated from osteoarthritic animals. The strongest
effect was observed in the group in which OA was induced
with MIA at a dose of 3 mg, however, a comparable effect was
triggered by 2 mg of MIA.

Matrix Metalloproteinase Expression

Changes During OA Progression

Changes in MMP Gene Expression During OA
Development

MMP gene expression was measured in synovial membrane and
cartilage tissues of osteoarthritic rats. Mmp-2 gene expression
significantly increased in the later stages of OA. In the synovial
membrane samples, an increase was observed 7 days post-MIA
injection (at all MIA doses; MIA 1mg; 0.01 > p > 0.001; MIA
2 mg; p < 0.001; MIA 3 mg; p < 0.001; Table 1), 21 days post-MIA
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injection (2 and 3 mg MIA groups; 0.01 < p < 0.001 and p < 0.001
respectively) and 28 days post-MIA injection (1 and 3 mg MIA
groups 0.01<p < 0.001 and p < 0.001 respectively). In the 2 mg
MIA group, the Mmp-2 expression level remained elevated on
day 28 (similar to the 1mg MIA group); however, these
differences did not reach statistical significance. Similar results
were observed in cartilage samples—an increase in Mmp-2
abundance was observed starting at day 7 (in the 2 mg MIA
group; p < 0.05) or day 21 (in the 1 and 3 mg MIA groups; 0.01 > p
> 0.001 and p < 0.001 respectively) that persisted until the end of
the experiment (MIA 1 mg; p < 0.05; MIA 2 mg; 0.01 > p > 0.001;
MIA 3 mg; p < 0.001). The Mmp-3 expression level in the 1 mg
MIA group was elevated in the initial stages of OA (days 2 and 7;
0.01 > p > 0.001; in the synovial membranes or day 2 in cartilage;
p < 0.05). In the synovial membranes of the 2 mg MIA group, an
increase in Mmp-3 gene expression was observed starting at the
beginning of the experiment; however, significance was reached
only on day 21 (p < 0.05). In the cartilage samples, significant
upregulation was observed on days 7 (p < 0.05) and 28 (p < 0.001)
post-MIA treatment. In the synovial membranes samples of the
3 mg MIA group, Mmp-3 expression was elevated throughout the

entire experimental period (day 2; 7; 21; 0.01 > p > 0.001; day 28 p
< 0.001); in cartilage, it was elevated only in the later stages (days
21 and 28;0.01 > p > 0.001 and p < 0.001 respectively). The Mmp-
9 expression level in the synovial membranes was upregulated in
the 1 mg MIA group, with a significant increase on days 2 (p <
0.05),7 (p < 0.001) and 28 (p < 0.001) post-MIA treatment. In the
2mg MIA group, the Mmp-9 level increased; however, group
variances were too substantial to reach statistical significance. In
the 3mg MIA group, Mmp-9 expression also increased
throughout the entire experimental period, with a significant
elevation observed on experimental days 7 (p < 0.001) and 21
(0.01 > p > 0.001). In the cartilage samples, a significant increase
in Mmp-9 levels was observed at the advanced OA stages (on day
21in the 1 mg MIA group; 0.01 > p > 0.001, on day 28 in the 2 mg
MIA group; p < 0.05; and on days 7 and 21 in the 3 mg MIA
group; p < 0.05). Nevertheless, a trend toward increasing
expression was observed throughout the entire experiment,
particularly in the synovial membrane samples. For Mmp-13
gene expression, in the 1mg MIA group, an elevation was
observed only at the beginning of the experiment (day 2)
in both tissue types (Synovial membrane; p < 0.001; Cartilage;
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TABLE 1 | Transcript abundance levels of selected genes in synovial membrane and cartilage samples from osteoarthritic rats.

Days post-MIA injection

Tissue Gene MIA [mg]
Ctrl
Synovial membrane Mmp-2 1 1.1+02
2
3
Mmp-3 1 1.0+ 01
2
3
Mmp-9 1 1,1+0,.2
2
3
Mmp-13 1 1,56+0,7
2
3
Cartilage Mmp-2 1 1.1+03
2
3
Mmp-3 1 1.1+02
2
3
Mmp-9 1 1.0+ 0.1
2
3
Mmp-13 1 1.2+03
2
3

2 7 21 28
1.7 +04 2,9 + 0,5 1.7 +0.1 2,6* 0,1
9+0.1 6,4*** + 0,8 4,1% + 1,0 25+09
1.1 +0.1 7,24 + 0,5 3,54 + 0,3 4,4+ + 0,3
6,4** + 2,1 9,8** + 2,0 23+02 25+06
7.0+1.1 59+10 10,7* + 5,3 29+ 04
7,3* £ 1,6 6,7 + 1,2 7,4+ + 0,9 14,0 + 1,9
9,6* + 1,6 30,7 £ 1,8 4,6+ 2,1 35,8+ + 4,9
27.9 + 4.4 265 + 6.0 40.4 + 15,4 36.9 + 33.4
286+ 4.6 94,5** + 18,3 75,1%* + 258 206 + 1.8
179,24 + 55,6 532+ 11,9 31+13 32+09
163.8 + 67.9 421 +52 137.1 = 103.4 12.0 + 5.4
533+ 17.2 65,0 £ 9,5 80,5* + 28,8 67,8* + 24,3
23+07 1.8+0.7 4,6 + 1,1 3,9*+ 0,8
11+03 2,7+ 0,8 3,3* £ 05 35 £ 0,5
1.3+02 11404 8,1 + 0,8 4,3 + 0,7
44*+1,3 2.8+04 2.2 +09 17+06
22+07 3,5*+ 0,8 23+07 5,2 + 1,0
23+08 22+03 4,24 + 1,0 5,54 + 0,8
0.9 +0.1 1.1+ 0.1 1,9 £ 0,3 1.3+02
1.1 +0.1 1.5+ 0.2 16+0.2 2,6+ 0,9
1.1+ 0.1 1,8* + 0,2 1,8+ 0,3 16+0.2
2,7*+ 0,5 09+02 11+03 1.8+0.7
11+03 0.8 +0.2 12+02 13+05
14 +03 06+03 2,7 + 0,4 1.1+03

The results were assessed by quantitative PCR (QPCR). Total RNA samples were collected 2, 7, 21 or 28 days after OA induction. The results are presented as the mean group fold
change + SEM in comparison to the control group (healthy animals), n = 3-6 samples per group. Data were analyzed with one-way ANOVA followed by Dunnett’s post-hoc test.

" denotes p < 0.05.

" denotes p < 0.01.

™ denotes p < 0.001 vs. intact animals (Ctrl).
Statistically significant values are shown in bold.

p < 0.05). In the 2 mg MIA group, no results reached statistical
significance. In the 3 mg MIA group, in the synovial membrane,
an increase was observed throughout nearly the entire experiment
(days 7, 21 and 28; p < 0.05); in cartilage, elevated expression
of Mmp-13 was observed solely on day 21 post-MIA
treatment (0.0l > p > 0.001). The results of this gene
expression analysis are shown in Table 1. Comp expression in
cartilage showed a decrease in the initial phases of OA in the 1 mg
MIA group (day 2 and 7; 0.01 > p > 0.001) and a subsequent
increase in the 2 (p < 0.05) and 3 mg (0.01 > p > 0.001) MIA
groups on day 21 (see Supplementary Table S1). In summary,
the qPCR test showed a dose- and time-dependent changes in
mRNA levels of Mmps.

MMP Protein Levels During OA Development

MMP-2 protein secretion was elevated in advanced OA stages
in all experimental groups. In cartilage samples, a significant
increase was observed solely on day 28 of the experiment at all
MIA doses (MIA 1 mg; p < 0.05; MIA 2 mg; 0.01 > p > 0.001;
MIA 3 mg; p < 0.001; Figures 6A-C). In synovial membrane
samples, MMP-2 protein levels were increased starting on
day 7 (1 and 2 mg MIA groups; p < 0.001 and p < 0.05) or day
21 (3 mg MIA group; p < 0.001) and remained elevated until
the end of the experiment (Figures 6D-F). In the synovial
fluid of OA rats, MMP-2 was increased at the later stages of

the disease, on day 28 (1 mg MIA group; 0.01 > p > 0.001) or
days 21 and 28 (2 and 3mg MIA groups; p < 0.001;
Figures 6G-I).

MMP-3 protein levels, in cartilage samples in the 1 mg MIA
group, showed an early increase (on day 2 post-MIA treatment;
p < 0.05;Figure 7A). A similar trend was observed in the 2 mg
MIA group; however, these results did not reach statistical
significance. In the 2 and 3mg MIA groups, a significant
increase in MMP-3 levels was observed in the later OA stages
(days 28; 0.01 > p > 0.001; or days 21;p < 0.05; and 28; p < 0.001;
respectively; Figures 7B,C). In the synovial membrane samples,
the lowest MIA dose did not significantly alter MMP-3 protein
production (Figure 7D). In the 2 mg MIA group, an increase was
observed only on day 21 (p < 0.05), whereas in the 3 mg MIA
group, a significant increase was observed on days 21 and 28 post-
MIA injection (p < 0.05 and 0.01 > p > 0.001; Figures 7E,F).

In the synovial fluid samples, an increase in MMP-3 protein levels
was detected in the early stages of OA. The lowest dose of MIA
(1 mg) resulted in an early release of MMP-3 into the synovial fluid;
a significant elevation was observed on days 2, 7 and 28, with a peak
on day 2 (p < 0.001 and 0.01 > p > 0.001; p < 0.05 respectively;
Figure 7G). In the 2 mg MIA group, a trend toward increased
expression was observed from the beginning of the experiment;
however, only the results on day 28 reached statistical significance (p
< 0.05; Figure 7H). Similar results were observed in the 3 mg MIA
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group, with a significant increase in MMP-3 levels on days 7 and 28
(p < 0.05; Figure 7I).

MMP-9 protein levels in cartilage samples at low MIA doses (1
and 2mg MIA groups) showed no significant changes (Figures
8A,B). However, in the 3 mg MIA group, MMP-9 protein levels
increased significantly on day 28 (p < 0.05; Figure 8C). In synovial
membrane samples, in all tested MIA doses, MMP-9 levels increased
exclusively in the early OA stages (day 2 post MIA treatment; MIA
1 mg; 0.01 > p > 0.001; MIA 2 mg; p < 0.05; MIA 3 mg; p < 0.001),
subsequently returning to baseline in the following experimental
days (Figures 8D-F). Similar observations were noted for the
synovial fluid samples - an early (day 2) increase in MMP-9
protein levels was detected at all MIA doses (MIA 1 mg; 0.01 > p
> 0.001; MIA 2 mg; 0.01 > p > 0.001; MIA 3 mg; p < 0.05), followed
by a return nearly to baseline and a final increase on the last
experimental day (a significant increase was observed only in the
3 mg MIA group (0.01 > p > 0.001). However, a trend toward

increased expression was also observed in the 2 mg MIA group;
Figures 8G-I).

Regarding MMP-13, lower MIA doses (1 and 2mg) were
associated with an early increase (day 2) in MMP-13 production
in cartilage (p < 0.05; both groups). However, in the 2 mg MIA
group, an increase was also observed in the later OA stages (day 28; p
< 0.05, with a trend toward increased expression on day 21; Figures
9A,B). In the 3 mg MIA group, there was a robust increase in MMP-
13 levels on day 28 (p < 0.001; Figure 9C). In the synovial
membrane, ambiguous results were obtained, with a significant
increase identified only on day 2 in the 1 mg MIA group (p <
0.05; Figures 9D-F). In the synovial fluid samples, an increase in
Mmp-13 levels was observed for almost the entire experimental
period. In the 1 and 3 mg MIA groups, a significant increase was
detected on days 2, 7 and 28 post-MIA treatment, whereas in the
2 mg MIA group, Mmp-13 levels significantly increased on days 2,
21 and 28 (Figures 9G-I).
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In summary, protein levels for investigated MMPs changed
significantly in a dose- and time-dependent manner. All MIA
doses significantly changed protein concentration in the
synovial fluid, whereas in cartilage and synovial membrane
significant changes were observed mostly in 2 and 3 mg of
MIA groups.

DISCUSSION

In the current study, behavioral and biochemical OA-related
changes were investigated. The molecular alterations in MMP
and inflammation-related factor expression were measured
during 28 days of OA progression across three MIA dose
groups: 1, 2 or 3mg of MIA ia. In the behavioral study, both
investigated MIA doses (1 and 3 mg) caused significant allodynia
and disturbed weight bearing patterns starting on the second day

of the experiment. Although a stronger effect was observed in the
3 mg MIA group, both doses were sufficient to trigger OA-like
pain behavior in rats. Furthermore, at the molecular level,
significant differences between the investigated doses were
observed.

OA progression is associated with an inflammatory state
(Goldring and Otero, 2011). OA-related knee pain correlates
with joint synovitis, subarticular bone attrition, bone marrow
lesions and meniscal tears (Torres et al., 2006; Baker et al., 2010).
Moreover, synovitis and effusion are associated with cartilage
degeneration and loss in human patients (Roemer et al., 2011).
There are several pathways that reportedly play an important role
in synovitis progression. Activated macrophages promote
catabolic mediator production and Toll-like receptor (TLR)
and NFkB pathway activation, which leads to proinflammatory
chemokine and cytokine production (e.g., IL-1B, IL-2, IL-6, IL-8,
IL-15, TNFa, CCL2, CCL5, CCL19) (Scanzello and Goldring,
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2012). Malek et al. previously observed an early increase in pain-
related behavior in MIA-treated rats associated with transient
inflammation triggered by i.a. MIA injection (Malek et al., 2015).
Here, we observed an early peak (on day 2 post-MIA injection) in
the gene expression of inflammation-related factors (Ccl2, Cxcl-1,
and 1I-6) in synovial membrane samples across all MIA doses (see
Supplementary Table S1) and in protein levels in synovial fluid
(CCL2, CXCL1, and IL-1p).

One of the most promising molecular markers of OA is
COMP, which regulates and stabilizes the collagen network in
cartilaginous tissue (Zivanovi¢ et al., 2011). Upregulation of this
protein in OA patient serum has been correlated with disease
progression (Jung et al., 2006). In this study, the COMP levels in
the synovial membrane were elevated in the early OA stages
across all MIA doses; however, on day 28, upregulation was
observed only in the 2 and 3 mg MIA groups (3- and 4-fold vs.
the control group). In the synovial fluid, COMP levels were

increased at the end of the experimental period (day 28 in all
MIA doses).

In addition to inflammation-related factors, four MMPs were
further investigated in this study. MMPs and their regulators
(tissue inhibitors of metalloproteinases; TIMPs) are considered
biological markers of OA (DeGroot et al., 2002; Rousseau and
Garnero, 2012). Here, the levels of MMP-2, -3, -9, and -13 were
determined. The gelatinases MMP-2 and MMP-9 are important
factors in the pathogenesis of several diseases, including cancer,
liver fibrosis, cardiovascular diseases and rheumatoid arthritis
(Kurzepa et al., 2014; Radenkovic et al., 2014; Zhou et al., 2014;
Radosinska et al., 2017). They are also reportedly involved in
inflammation and inflammatory cell migration (Cui et al., 2017;
Hannocks et al., 2019; Kim et al., 2012). Gelatinases also play an
important role in the inflammatory response during the course of
OA. In synoviocyte and anterior cruciate ligament fibroblast cell
cultures, TNFa stimulation increases MMP-2 and MMP-3 levels

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 643605


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bryk et al.

Inflammatory Mediators for Progression of Osteoarthritis

1 mg MIA 2 mg MIA 3 mg MIA
8 8 8
o 3 E H
en =2 ¢ 2 6 2 6
|8 Sx * 2= : * i=
| 5= ms B
O § »2 g 2 S 2
= = =
0 0 o
intact 2 9 21 28 intact 2 7 21 28 intact 2 7 21 28
days post MIA injection days post MIA injection days post MIA injection
B-actin — — — — — - —— —
<D E F
o 5 5 5
2 3. i B
£ :=_ * - =
L 2T3 2T 2T3
g i iS
_ m2 ns w2
s ¢ g £
z 3 g s
= 0 0
cz’ intact 2 T 21 28 intact 2 7 21 28 intact 2 E 21 28
days post MIA injection days post MIA injection days post MIA injection
. - §
EETR= i
; [t ; '
B-actin - ———— - o SO ap as an
= s .
= =_ ]
z oE o
< <
=
z. 3 3
)
intact 2 7 21 28 intact 2 7 21 28 intact 2 7 21 28
days post MIA injection days post MIA injection days post MIA injection
MMP-13
FIGURE 9 | Changes in MMP-13 protein levels in cartilage (A=C), synovial membrane (D-F) and synovial fluid (G-1) samples of osteoarthritic rats as measured by
Western blot assay. Tissues were collected 2, 7, 21 or 28 days after OA induction. The results are presented as the mean group fold change + SEM in comparison to the
control group (healthy animals), n = 4-5 samples per group. Data were analyzed with one-way ANOVA followed by Dunnett’s post-hoc test. * denotes p < 0.05; **
denotes p < 0.01; *** denotes p < 0.001 vs. intact animals.

(Wang et al, 2019). In rheumatoid arthritis (RA) synovial
fibroblasts, MMP-2 and MMP-9 contribute to cell survival,
proliferation and migration. MMP-9 has been shown to
stimulate RA synovial fibroblast-mediated inflammation,
whereas MMP-2 exhibited the opposite effect (Xue et al.,
2014). Moreover, MMP-9 expression and activation are
reportedly increased in septic native knee arthritis patients in
comparison to aseptic knee arthritis patients (Fotopoulos et al.,
2012). In cartilage and synovial fluid of OA patients, gelatinase
protein levels are increased (Alunno et al., 2017; Duerr et al,,
2004; Kim et al., 2011; Lipari and Gerbino, 2013); however, there
may be differences between Asian and Caucasian patients (Zeng
etal., 2015). In the present study, the gelatinase MMP-2 showed
a gradual dose- and time-dependent increase in both gene
expression and protein production. A significant increase was
observed in the advanced phases of the disease at all MIA doses
(from day 7 in qPCR and from day 21 in Western blot). This

indicates a role for MMP-2 in joint tissue degeneration and
inflammation in the later stages of OA in a rat model. As
described above, early inflammation connected to MIA i.a.
injection may explain the early increase in MMP-9 protein
secretion by synoviocytes into the synovial fluid observed in
almost all experimental groups in the current study. A similar
increase at the end of the experiment, observed in the 3 mg MIA
dose group, may indicate the role of MMP-9 in ECM
degradation in the advanced stages of the disease in the
highest MIA dose group, in which the OA lesions are the
most severe. Lower MIA doses (1 and 2mg) may not be
sufficient to trigger such an effect in a 4-week period.
However, it remains possible that lower MIA doses could
trigger such an effect if the experimental period were longer.
Further experiments are needed to clarify this effect, although
most studies report an experimental period of no longer than 4
weeks. Regarding the gene expression levels of Mmp-9, we
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observed that synovial membrane samples provided a more
substantial response than cartilage samples. The synovial
membrane is a more secretory tissue compared to cartilage
and is responsible for synovial fluid production, joint
lubrication and maintaining homeostasis of the joint (Orr
et al., 2017). In turn, cartilage does not play a primary
secretory role in the joint and in fact degenerates over the
course of the disease, further reducing its reactivity (Bryk et al,,
2020).

MMP-3 (stromelysin 1) is also an important factor in
osteoarthritis pathogenesis. In human synovial membrane cell
culture and TNF-a-stimulated human cartilage experiments,
MMP-3 levels are reportedly elevated (Sun et al, 2014).
Additionally, in RA patients, MMP-3 serum levels are
upregulated (Mahmoud et al, 2005) and can be reduced
following anti-inflammatory (anti-TNFa) treatment (Sun et al,
2014). In OA patients, an elevated level of MMP-3 was also
shown (Li et al., 2012). Moreover, the serum level of MMP-3 was
higher in patients with OA changes in two or more locations (hands,
hips, knees, spine, feet) than in people with only one location (knee
joints) affected (Georgiev et al., 2018). In a reversible osteoarthritis
rabbit model, MMP-3 and COMP levels were elevated in serum and
synovial fluid samples from OA animals, which was correlated with
OA severity (Chu et al., 2015). MMP-3 levels are also correlated with
leptin concentrations in the synovial fluid of OA patients (Koskinen
et al, 2011). In our study, at a low MIA dose (1 mg), MMP-3 gene
expression and protein production increased in the initial stages of
the experiment. At higher MIA doses (2 and 3 mg), we observed
either late or constant upregulation of MMP-3 at both the gene and
protein levels. This result may indicate an important role for MMP-3
in advanced OA (in the later experimental days at higher MIA
doses). At the low MIA dose (1 mg), MMP-3 might be involved in
the early inflammatory state; however, the OA grade in this group
was lower than that in the 2 or 3 mg MIA groups; therefore, the
contribution of MMP-3 to OA development may not be significant.

The final investigated matrix metalloproteinase, collagenase
MMP-13, is an enzyme that plays a pivotal role in OA progression
(Neuhold et al., 2001). Its knockout in mice results in deceleration
of OA progression (Wang et al., 2013) and reduction of arthritis-
evoked inflammation and cartilage erosion (Singh et al.,, 2013). In
experimental equine OA, MMP-13 was elevated in synovial fluid
samples (Ma et al,, 2017). MMP-13 inhibition reduces cartilage
erosion in animal models of RA (Jiingel et al., 2010) and blocks
type II collagen degradation in bovine explants and human OA
cartilage (Piecha et al., 2010). Moreover, in the synovial fluid of
OA and RA patients, the level of MMP-13 is reportedly increased
(Andereya et al., 2006; Kim et al., 2011; Ozler et al., 2016). Li et al.
demonstrated that in human OA cartilage, MMP-13 is elevated
and suppresses cell proliferation (Li et al., 2019). MMP-13 also
promotes cartilage degeneration via histone deacetylase (HDAC),
and HDAC? inhibition diminishes MMP-13 expression in
chondrocytes (Higashiyama et al., 2010). MMP-13 inhibition
may therefore also show therapeutic potential for OA
treatment (Li et al, 2011). In the current study, MMP-13
protein levels in synovial fluid were elevated throughout the
entire experimental period in all groups. In joint tissues, an
early increase was observed at a lower MIA dose, whereas
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3 mg MIA treatment resulted in MMP-13 elevation in cartilage
samples in the later OA stages. Mmp-13 gene expression was
more elevated in synovial membrane samples than in cartilage,
with a similar pattern of changes (an early increase at lower MIA
doses and a prolonged increase at the highest dose). As noted
above, the synovial membrane plays the primary secretory role in
the joint and is responsible for synovial fluid production. This
may explain the more significant effects observed in the synovial
membrane than cartilage in Mmp-13 gene expression, as well as
its protein abundance in synovial fluid. Our results suggest that
MMP-13 plays an important role in OA development, since its
protein level (functionally more important than gene expression
changes) was elevated across all groups. In the 3 mg MIA group,
MMP-13 levels were also increased in cartilage at the later stages
of OA, indicating that the highest MIA dose causes severe OA-
like lesions in a rat model.

It should be noted that OA triggers not only local changes but
also broader changes in the nervous system (Murphy et al., 2012;
Clauw and Hassett, 2017). Thakur et al. investigated the influence of
1 or 2 mg MIA treatment on changes in dorsal root ganglion cells in
OA animals, demonstrating that ATF-3 (a sensitive marker of
peripheral neuron stress/injury) signaling was increased in 2 mg
MIA-treated animals than in a 1 mg MIA treatment group. 2 mg
MIA injection also reduced intraepidermal nerve fiber density in
plantar hind paw skin and produced spinal cord dorsal and ventral
horn microgliosis, which was not observed in a 1 mg MIA group
(Thakur et al.,, 2012). These data are consistent with our results and
suggest that 2 mg MIA, in addition to cartilage degeneration, evokes
significant biochemical changes not only locally in the joint but also
in the nervous system, although 1 mg MIA is not sufficient to trigger
such changes.

CONCLUSION

In conclusion, at the behavioral level, both 1 and 3 mg MIA
treatment triggered similar effects. However, at the
biochemical level, 2 and 3mg MIA treatment showed
comparable effects, while 1mg appeared insufficient to
trigger substantive OA-like changes at the molecular level in
a rat OA model. In turn, 3 mg MIA treatment provided the
most severe response with respect to both inflammatory factor
and MMP release. Although many global investigators use an
MIA animal model to study the therapeutic potential of various
compounds, the MIA-induced OA model in rats has not
previously been fully described in the literature. Our results
indicate that 2 mg MIA may represent the “gold standard”
treatment, as the lowest possible dose that effectively triggers
OA but does not induce overly high inflammation. Our study
fills in critical missing information regarding OA development
and progression in a rat model.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Pharmacology | www.frontiersin.org

85

April 2021 | Volume 12 | Article 643605


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bryk et al.

ETHICS STATEMENT

The animal study was reviewed and approved by the Local
Bioethics Committee of the Maj Institute of Pharmacology
(Cracow, Poland) (approval numbers: 938/2012 and
125/2018).

AUTHOR CONTRIBUTIONS

Conceptualization, KS, MB, JC, and JM; methodology, MB, JC,
JM, and MK; formal analysis, JC, MB, and MK; investigation,
MB, JC, MK, and JM; writing—original draft preparation, MB;
writing—review and editing, JC, KS, MB, and MK;
visualization, MB and MK; supervision, KS; project
administration, KS; funding acquisition, KS. All authors

REFERENCES

Allen, J., Imbert, I., Havelin, J., Henderson, T., Stevenson, G., Liaw, L., et al. (2017).
Effects of treadmill exercise on advanced osteoarthritis pain in rats. Arthritis
Rheumatol. 69 (7), 1407-1417. doi:10.1002/art.40101

Alunno, A., Falcinelli, E., Luccioli, F., Petito, E., Bartoloni, E., Momi, S., et al.
(2017). Platelets contribute to the accumulation of matrix metalloproteinase
type 2 in synovial fluid in osteoarthritis. Thromb. Haemost. 117 (11),
2116-2124. doi:10.1160/TH17-06-0379

Andereya, S., Streich, N., Schmidt-Rohlfing, B., Mumme, T., Miiller-Rath, R.,
and Schneider, U. (2006). Comparison of modern marker proteins in
serum and synovial fluid in patients with advanced osteoarthrosis and
rheumatoid arthritis. Rheumatol. Int. 26 (5), 432-438. d0i:10.1007/500296-
005-0006-2

Baker, K., Grainger, A., Niu, J., Clancy, M., Guermazi, A., Crema, M., et al. (2010).
Relation of synovitis to knee pain using contrast-enhanced MRIs. Ann. Rheum.
Dis. 69 (10), 1779-1789. doi:10.1136/ard.2009.121426

Berlinberg, A., Ashbeck, E. L., Roemer, F. W., Guermazi, A., Hunter, D. J,,
Westra, J., et al. (2019). Diagnostic performance of knee physical exam and
participant-reported symptoms for MRI-detected effusion-synovitis among
participants with early or late stage knee osteoarthritis: data from the
Osteoarthritis Initiative. Osteoarthr. Cartilage 27 (1), 80-89. doi:10.1016/j.
joca.2018.09.004

Bryk, M., Chwastek, J., Kostrzewa, M., Mlost, J., Pedracka, A., and Starowicz, K.
(2020). Alterations in anandamide synthesis and degradation during
osteoarthritis progression in an animal model. Int. J. Mol. Sci. 21 (19), 1-19.
d0i:10.3390/ijms21197381

Chaplan, S. R, Bach, F. W,, Pogrel, J. W., Chung, J. M., and Yaksh, T. L. (1994).
Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods
53 (1), 55-63. doi:10.1016/0165-0270(94)90144-9

Chu, X. Q., Wang, J.]., Dou, L. D., and Zhao, G. (2015). Cartilage oligomeric matrix
protein and matrix metalloproteinase-3 expression in the serum and joint fluid
of a reversible osteoarthritis rabbit model. Genet. Mol. Res. 14 (4), 14207-14215.
doi:10.4238/2015.November.13.4

Clauw, D. J., and Hassett, A. L. (2017). The role of centralised pain in osteoarthritis.
Clin. Exp. Rheumatol. 107 (5), 79-84.

Cui, N, Hu, M., and Khalil, R. A. (2017). Biochemical and biological attributes of
matrix metalloproteinases. Prog. Mol. Biol. Transl. Sci. 147, 1-73. d0i:10.1016/
bs.pmbts.2017.02.005

DeGroot, J., Bank, R. A., Tchetverikov, L, Verzijl, N., and TeKoppele, J. M. (2002).
Molecular markers for osteoarthritis: the road ahead. Curr. Opin. Rheumatol. 14
(5), 585-589. doi:10.1097/00002281-200209000-00019

Deshpande, B. R., Katz, J. N., Solomon, D. H., Yelin, E. H., Hunter, D. J., Messier, S.
P., etal. (2016). Number of persons with symptomatic knee osteoarthritis in the
US: impact of race and ethnicity, age, sex, and obesity. Arthritis Care Res. 68
(12), 1743-1750. doi:10.1002/acr.22897

Inflammatory Mediators for Progression of Osteoarthritis

have read and agreed to the published version of the
manuscript.

FUNDING

This work was supported by National Science Center, Poland by
grant SONATABIS/NCN/2012/07/E/NZ7/01269, OPUS7 UMO-
2014/13/B/NZ7/02311 and IF PAN statutory funds.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.643605/
full#supplementary-material

Deuis, J. R, Dvorakova, L. S., and Vetter, I. (2017). Methods used to evaluate pain
behaviors in rodents. Front. Mol. Neurosci. 10, 284. doi:10.3389/fnmol.2017.
00284

Duerr, S., Stremme, S., Soeder, S., Bau, B., and Aigner, T. (2004). MMP-2/gelatinase
A is a gene product of human adult articular chondrocytes and is increased in
osteoarthritic cartilage. Clin. Exp. Rheumatol. 22 (5), 603-608.

Fotopoulos, V. C,, Tzinia, A., Tzurbakis, M., Kalfakakou, V., Levidiotou-Stefanou,
S., and Georgoulis, A. (2012). Expression levels of matrix metalloproteinase
(MMP)-9 and its specific inhibitor TIMP-1, in septic and aseptic arthritis of the
knee. Knee Surg. Sports Traumatol. Arthrosc. 20 (6), 1159-1167. doi:10.1007/
500167-011-1676-9

Georgiev, T., Ivanova, M., Kopchev, A., Velikova, T., Miloshov, A., Kurteva, E.,
et al. (2018). Cartilage oligomeric protein, matrix metalloproteinase-3, and
Coll2-1 as serum biomarkers in knee osteoarthritis: a cross-sectional study.
Rheumatol. Int. 38 (5), 821-830. doi:10.1136/annrheumdis-2018-eular.2939

Goldring, M. B., and Otero, M. (2011). Inflammation in osteoarthritis. Curr. Opin.
Rheumatol. 23, 471. doi:10.1097/BOR.0b013e328349c2b1

Hannocks, M. J., Zhang, X., Gerwien, H., Chashchina, A., Burmeister, M., Korpos,
E, et al. (2019). The gelatinases, MMP-2 and MMP-9, as fine tuners of
neuroinflammatory processes. Matrix Biol. 75-76, 102-113. doi:10.1016/j.
matbio.2017.11.007

Havelin, J., Imbert, I., Cormier, J., Allen, J., Porreca, F., and King, T. (2016). Central
sensitization and neuropathic features of ongoing pain in a rat model of
advanced osteoarthritis. J. Pain 17 (3), 374-382. doi:10.1016/j.jpain.2015.12.001

Haywood, A. R, Hathway, G. J, and Chapman, V. (2018). Differential
contributions of peripheral and central mechanisms to pain in a rodent
model of osteoarthritis. Scientific Rep. 8 (1). doi:10.1038/s41598-018-25581-8

Higashiyama, R., Miyaki, S., Yamashita, S., Yoshitaka, T., Lindman, G., Ito, Y., et al.
(2010). Correlation between MMP-13 and HDAC?7 expression in human knee
osteoarthritis. Mod. Rheumatol. 20 (1), 11-17. doi:10.1007/s10165-009-0224-7

Jung, Y. O., Do, J. H., Kang, H. ., Yoo, S. A., Yoon, C. H., Kim, H. A, et al. (2006).
Correlation of sonographic severity with biochemical markers of synovium and
cartilage in knee osteoarthritis patients. Clin. Exp. Rheumatol. 24 (3), 253-259.

Jiingel, A., Ospelt, C., Lesch, M., Thiel, M., Sunyer, T., Schorr, O., et al. (2010).
Effect of the oral application of a highly selective MMP-13 inhibitor in three
different animal models of rheumatoid arthritis. Ann. Rheum. Dis. 69 (5),
898-902. doi:10.1136/ard.2008.106021

Kim, K. S., Choi, H. M., Lee, Y. A,, Choi, I. A,, Lee, S. H., Hong, S. J., et al. (2011).
Expression levels and association of gelatinases MMP-2 and MMP-9 and
collagenases MMP-1 and MMP-13 with VEGF in synovial fluid of patients
with arthritis. Rheumatol. Int. 31 (4), 543-547. d0i:10.1007/s00296-010-1592-1

Kim, Y. H., Kwon, H.-J., and Kim, D.-S. (2012). Matrix metalloproteinase 9 (MMP-
9)-dependent processing of Pig-h3 protein regulates cell migration, invasion,
and adhesion. J. Biol. Chem. 287 (46), 38957-38969. doi:10.1074/jbc.m112.
357863

Koskinen, A., Vuolteenaho, K., Nieminen, R., Moilanen, T., and Moilanen, E.
(2011). Leptin enhances MMP-1, MMP-3 and MMP-13 production in human

Frontiers in Pharmacology | www.frontiersin.org

86

April 2021 | Volume 12 | Article 643605


https://www.frontiersin.org/articles/10.3389/fphar.2021.643605/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.643605/full#supplementary-material
https://doi.org/10.1002/art.40101
https://doi.org/10.1160/TH17-06-0379
https://doi.org/10.1007/s00296-005-0006-2
https://doi.org/10.1007/s00296-005-0006-2
https://doi.org/10.1136/ard.2009.121426
https://doi.org/10.1016/j.joca.2018.09.004
https://doi.org/10.1016/j.joca.2018.09.004
https://doi.org/10.3390/ijms21197381
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.4238/2015.November.13.4
https://doi.org/10.1016/bs.pmbts.2017.02.005
https://doi.org/10.1016/bs.pmbts.2017.02.005
https://doi.org/10.1097/00002281-200209000-00019
https://doi.org/10.1002/acr.22897
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.1007/s00167-011-1676-9
https://doi.org/10.1007/s00167-011-1676-9
https://doi.org/10.1136/annrheumdis-2018-eular.2939
https://doi.org/10.1097/BOR.0b013e328349c2b1
https://doi.org/10.1016/j.matbio.2017.11.007
https://doi.org/10.1016/j.matbio.2017.11.007
https://doi.org/10.1016/j.jpain.2015.12.001
https://doi.org/10.1038/s41598-018-25581-8
https://doi.org/10.1007/s10165-009-0224-7
https://doi.org/10.1136/ard.2008.106021
https://doi.org/10.1007/s00296-010-1592-1
https://doi.org/10.1074/jbc.m112.357863
https://doi.org/10.1074/jbc.m112.357863
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bryk et al.

osteoarthritic cartilage and correlates with MMP-1 and MMP-3 in synovial
fluid from oa patients. Clin. Exp. Rheumatol. 29 (1), 57-64.

Kurzepa, J. M, A., Madro, G., Kurzepa, ., Celinski, K., Kazmierak, W., et al. (2014).
Role of MMP-2 and MMP-9 and their natural inhibitors in liver fibrosis,
chronic pancreatitis and non-specific inflammatory bowel diseases.
Hepatobiliary Pancreatic Dis. Int. 13 (6), 570-579. d0i:10.1016/S1499-
3872(14)60261-7

Lampropoulou-Adamidou, K. Lelovas, P., Karadimas, E. V. Liakou, C,
Triantafillopoulos, I. K., Dontas, L, et al. (2014). Useful animal models for
the research of osteoarthritis. Eur. J. Orthop. Surg. Traumatol., 24, 263. doi:10.
1007/5s00590-013-1205-2

Le Bleu, H. K,, Kamal, F. A, Kelly, M., Ketz, J. P., Zuscik, M. J., and Elbarbary, R. A.
(2017). Extraction of high-quality RNA from human articular cartilage. Anal.
Biochem. 518, 134-138. doi:10.1016/j.ab.2016.11.018

Lee,S. Y., Lee, S. H,, Na, H. S, Kwon, J. Y., Kim, G. Y., Jung, K. A,, et al. (2018). The
therapeutic effect of STAT3 signaling-suppressed MSC on pain and articular
cartilage damage in a rat model of monosodium iodoacetate-induced
osteoarthritis. Front. Immunol. 9, 2881. doi:10.3389/fimmu.2018.02881

Li, H, Li, L, Min, J., Yang, H, Xu, X, Yuan, Y., et al. (2012). Levels of
metalloproteinase (MMP-3, MMP-9), NF-kappaB ligand (RANKL), and
nitric oxide (NO) in peripheral blood of osteoarthritis (OA) patients. Clin.
Lab. 58 (7-8), 755-762. do0i:10.7754/Clin.Lab.2011.110823

Li, N.-G,, Shi, Z.-H., Tang, Y.-P., Wang, Z.-]., Song, S.-L., Qian, L.-H., et al. (2011).
New hope for the treatment of osteoarthritis through selective inhibition of MMP-
13. Curr. Med. Chem. 18 (7), 977-1001. doi:10.2174/092986711794940905

Li, Z., Yuan, B., Pei, Z., Zhang, K., Ding, Z., Zhu, S., et al. (2019). Circ_0136474 and
MMP-13 suppressed cell proliferation by competitive binding to miR-127-5p in
osteoarthritis. J. Cell Mol. Med. 23 (10), 6554-6564. doi:10.1111/jcmm.14400

Lipari, L., and Gerbino, A. (2013). Expression of gelatinases (MMP-2, MMP-9) in
human articular cartilage. Int. J. Immunopathol. Pharmacol. 26 (3), 817-823.
doi:10.1177/039463201302600331

Lockwood, S. M., Bannister, K., and Dickenson, A. H. (2019). An investigation into
the noradrenergic and serotonergic contributions of diffuse noxious inhibitory
controls in a monoiodoacetate model of osteoarthritis. J. Neurophysiol. 121 (1),
96-104. doi:10.1152/jn.00613.2018

Ma, T. W, Li, Y., Wang, G. Y,, Li, X. R, Jiang, R. L, Song, X. P,, et al. (2017).
Changes in synovial fluid biomarkers after experimental equine osteoarthritis.
J. Vet. Res. 61 (4), 503-508. doi:10.1515/jvetres-2017-0056

Mahmoud, R. K,, El-Ansary, A. K., El-Eishi, H. H., Kamal, H. M., and El-Saeed, N.
H. (2005). Matrix metalloproteinases MMP-3 and MMP-1 levels in sera and
synovial fluids in patients with rheumatoid arthritis and osteoarthritis. Ital.
J. Biochem. 54 (3-4), 248-257.

Malek, N., Mrugala, M., Makuch, W., Kolosowska, N., Przewlocka, B., Binkowski,
M, et al. (2015). A multi-target approach for pain treatment. Pain 156 (5),
890-903. doi:10.1097/j.pain.0000000000000132

Martignetti, J. A, Ageel, A. A., Sewairi, W. A., Boumah, C. E., Kambouris, M.,
Mayouf, S. A,, et al. (2001). Mutation of the matrix metalloproteinase 2 gene
(MMP2) causes a multicentric osteolysis and arthritis syndrome. Nat. Genet. 28
(3), 261-265. doi:10.1038/90100

Mathiessen, A., and Conaghan, P. G. (2017). Synovitis in osteoarthritis: current
understanding with therapeutic implications. Arthritis Res. Ther. 19 (1), 18.
doi:10.1186/s13075-017-1229-9

Mehana, E.-S. E,, Khafaga, A. F., and El-Blehi, S. S. (2019). The role of matrix
metalloproteinases in osteoarthritis pathogenesis: an updated review. Life Sci.
234, 116786. doi:10.1016/.1fs.2019.116786

Mlost, J., Kostrzewa, M., Malek, N., and Starowicz, K. (2018a). Molecular
understanding of the activation of CB1 and blockade of TRPV1 receptors:
implications for novel treatment strategies in osteoarthritis. Int. J. Mol. Sci. 19
(2), 342. doi:10.3390/ijms19020342

Mlost, J., Wasik, A., Michaluk, J. T., Antkiewicz-Michaluk, L., and Starowicz, K.
(2018b). Changes in monoaminergic neurotransmission in an animal model of
osteoarthritis: the role of endocannabinoid signaling. Front. Mol. Neurosci. 1,
466. doi:10.3389/fnmol.2018.00466

Mlost, J., Kostrzewa, M., Borczyk, M., Bryk, M., Chwastek, ., Korostynski, M., et al.
(2021). CB2 agonism controls pain and subchondral bone degeneration
induced by mono-iodoacetate: implications GPCR functional bias and
tolerance development. Biomed. Pharmacother. 136, 111283. doi:10.1016/j.
biopha.2021.111283

Inflammatory Mediators for Progression of Osteoarthritis

Mugnaini, C., Kostrzewa, M., Bryk, M., Mahmoud, A. M., Brizzi, A., Lamponi, S.,
et al. (2020). Design, synthesis, and physicochemical and pharmacological
profiling of 7-Hydroxy-5-oxopyrazolo[4,3-b]pyridine-6-carboxamide
derivatives with antiosteoarthritic activity in vivo. J. Med. Chem. 63 (13),
7369-7391. doi:10.1021/acs.jmedchem.0c00595

Murphy, S. L., Phillips, K., Williams, D. A., and Clauw, D. J. (2012). The role of the
central nervous system in osteoarthritis pain and implications for
rehabilitation. Curr. Rheumatol. Rep. 14 (6), 576-582. doi:10.1007/s11926-
012-0285-z

Neuhold, L. A, Killar, L., Zhao, W., Sung, M. L., Warner, L., Kulik, J., et al. (2001).
Postnatal expression in hyaline cartilage of constitutively active human
collagenase-3 (MMP-13) induces osteoarthritis in mice. J. Clin. Invest. 107
(1), 35-44. doi:10.1172/JCI10564

Orr, C., Vieira-Sousa, E., Boyle, D. L., Buch, M. H., Buckley, C. D., Caiete, J. D.,
et al. (2017). Synovial tissue research: a state-of-the-art review. Nat. Rev.
Rheumatol. 13 (8), 463-475. d0i:10.1038/nrrheum.2017.115

Mclnnes, K., Aktas, E., Atay, C., Yilmaz, B., Arikan, M., and Giingér, $. (2016).
Serum and knee synovial fluid matrixmetalloproteinase-13 and tumor necrosis
factor-alpha levels in patients with late stage osteoarthritis. Acta Orthopaed.
Traumatol. Turcica 50 (6), 670-673. doi:10.1016/j.a0tt.2015.11.003

Pajak, A., Kostrzewa, M., Malek, N., Korostynski, M., and Starowicz, K. (2017).
Expression of matrix metalloproteinases and components of the
endocannabinoid system in the knee joint are associated with biphasic pain
progression in a rat model of osteoarthritis. J. Pain Res. 10, 1973-1989. doi:10.
2147/jpr.s132682

Piao, S., Du, W., Wei, Y., Yang, Y., Feng, X,, and Bai, L. (2020). Protectin DX
attenuates IL-1B-induced inflammation via the AMPK/NF-kB pathway in
chondrocytes and ameliorates osteoarthritis progression in a rat model. Int.
Immunopharmacol. 78, 106043. doi:10.1016/j.intimp.2019.106043

Piecha, D., Weik, J., Kheil, H., Becher, G., Timmermann, A., Jaworski, A., et al.
(2010). Novel selective MMP-13 inhibitors reduce collagen degradation in
bovine articular and human osteoarthritis cartilage explants. Inflamm. Res. 59
(5), 379-389. doi:10.1007/s00011-009-0112-9

Que, Q., Guo, X., Zhan, L., Chen, S., Zhang, Z., Ni, X,, et al. (2019). The GLP-1
agonist, liraglutide, ameliorates inflammation through the activation of the
PKA/CREB pathway in a rat model of knee osteoarthritis. J. Inflammation 16
(1), 13. doi:10.1186/s12950-019-0218-y

Radenkovic, S., Konjevic, G., Jurisic, V., Karadzic, K., Nikitovic, M., and Gopcevic,
K. (2014). Values of MMP-2 and MMP-9 in tumor tissue of basal-like breast
cancer patients. Cell Biochem. Biophys. 68 (1), 143-152. d0i:10.1007/s12013-
013-9701-x

Radosinska, J., Barancik, M., and Vrbjar, N. (2017). Heart failure and role of
circulating MMP-2 and MMP-9. Panminerva Med. 59 (3), 241-253. doi:10.
23736/50031-0808.17.03321-3

Roemer, F. W., Guermazi, A., Felson, D. T., Niu, J., Nevitt, M. C., Crema, M. D.,
etal. (2011). Presence of MRI-detected joint effusion and synovitis increases the
risk of cartilage loss in knees without osteoarthritis at 30-month follow-up: the
MOST study. Ann. Rheum. Dis. 70 (10), 1804-1809. doi:10.1136/ard.2011.
150243

Rousseau, J. Ch., and Garnero, P. (2012). Biological markers in osteoarthritis. Bone
51 (2), 265-277. doi:10.1016/j.bone.2012.04.001

Scanzello, C. R. (2017). Role of low-grade inflammation in osteoarthritis. Curr.
Opin. Rheumatol. 29 (1), 79-85. doi:10.1097/BOR.0000000000000353

Scanzello, C. R., and Goldring, S. R. (2012). The role of synovitis in osteoarthritis
pathogenesis. Bone 51 (2), 249-257. doi:10.1016/j.bone.2012.02.012

Singh, A., Rajasekaran, N., Hartenstein, B., Szabowski, S., Gajda, M., Angel, P., et al.
(2013). Collagenase-3 (MMP-13) deficiency protects C57BL/6 mice from
antibody-induced arthritis. Arthritis Res. Ther. 15 (6), R222. d0i:10.1186/ar4423

Sun, S., Bay-Jensen, A. C., Karsdal, M. A,, Siebuhr, A. S., Zheng, Q., Maksymowych,
W. P, et al. (2014). The active form of MMP-3 is a marker of synovial
inflammation and cartilage turnover in inflammatory joint diseases. BMC
Musculoskelet. Disord. 15 (1), 93. doi:10.1186/1471-2474-15-93

Thakur, M., Rahman, W., Hobbs, C., Dickenson, A. H., and Bennett, D. L. (2012).
Characterisation of a peripheral neuropathic component of the rat
monoiodoacetate model of osteoarthritis. PLoS One 7 (3), €33730. doi:10.
1371/journal.pone.0033730

Torres, L., Dunlop, D. D., Peterfy, C., Guermazi, A., Prasad, P., Hayes, K. W., et al.
(2006). The relationship between specific tissue lesions and pain severity in

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 643605


https://doi.org/10.1016/S1499-3872(14)60261-7
https://doi.org/10.1016/S1499-3872(14)60261-7
https://doi.org/10.1007/s00590-013-1205-2
https://doi.org/10.1007/s00590-013-1205-2
https://doi.org/10.1016/j.ab.2016.11.018
https://doi.org/10.3389/fimmu.2018.02881
https://doi.org/10.7754/Clin.Lab.2011.110823
https://doi.org/10.2174/092986711794940905
https://doi.org/10.1111/jcmm.14400
https://doi.org/10.1177/039463201302600331
https://doi.org/10.1152/jn.00613.2018
https://doi.org/10.1515/jvetres-2017-0056
https://doi.org/10.1097/j.pain.0000000000000132
https://doi.org/10.1038/90100
https://doi.org/10.1186/s13075-017-1229-9
https://doi.org/10.1016/j.lfs.2019.116786
https://doi.org/10.3390/ijms19020342
https://doi.org/10.3389/fnmol.2018.00466
https://doi.org/10.1016/j.biopha.2021.111283
https://doi.org/10.1016/j.biopha.2021.111283
https://doi.org/10.1021/acs.jmedchem.0c00595
https://doi.org/10.1007/s11926-012-0285-z
https://doi.org/10.1007/s11926-012-0285-z
https://doi.org/10.1172/JCI10564
https://doi.org/10.1038/nrrheum.2017.115
https://doi.org/10.1016/j.aott.2015.11.003
https://doi.org/10.2147/jpr.s132682
https://doi.org/10.2147/jpr.s132682
https://doi.org/10.1016/j.intimp.2019.106043
https://doi.org/10.1007/s00011-009-0112-9
https://doi.org/10.1186/s12950-019-0218-y
https://doi.org/10.1007/s12013-013-9701-x
https://doi.org/10.1007/s12013-013-9701-x
https://doi.org/10.23736/S0031-0808.17.03321-3
https://doi.org/10.23736/S0031-0808.17.03321-3
https://doi.org/10.1136/ard.2011.150243
https://doi.org/10.1136/ard.2011.150243
https://doi.org/10.1016/j.bone.2012.04.001
https://doi.org/10.1097/BOR.0000000000000353
https://doi.org/10.1016/j.bone.2012.02.012
https://doi.org/10.1186/ar4423
https://doi.org/10.1186/1471-2474-15-93
https://doi.org/10.1371/journal.pone.0033730
https://doi.org/10.1371/journal.pone.0033730
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Bryk et al.

persons with knee osteoarthritis. Osteoarthr Cartil 14 (10), 1033-1040. doi:10.
1016/j.joca.2006.03.015

Vina, E. R, and Kwoh, C. K. (2018). Epidemiology of osteoarthritis: literature
update. Physiol. Behav. 30 (2), 160-167. doi:10.1097/bor.0000000000000479

Visse, R., and Nagase, H. (2003). Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ. Res. 92 (8),
827-839. doi:10.1161/01.RES.0000070112.80711.3D

Wang, C., Chi, Q., Xu, C, Xu, K., Zhang, Y., Liu, Y., et al. (2019). Expression of
LOXs and MMP-1, 2, 3 by ACL fibroblasts and synoviocytes impact of
coculture and TNF-a. J. Knee Surg. 32 (4), 352-360. doi:10.1055/s-0038-
1641592

Wang, M., Sampson, E. R, Jin, H,, Li, J., Ke, Q. H., Im, H. ], et al. (2013). MMP13 is
a critical target gene during the progression of osteoarthritis. Arthritis Res. Ther.
15 (1), R5. doi:10.1186/ar4133

Wojdasiewicz, P., Poniatowski, L. A., and Szukiewicz, D. (2014). The role of
inflammatory and anti-inflammatory cytokines in the pathogenesis of
osteoarthritis. Mediators Inflamm. 2014, 1-19. doi:10.1155/2014/
561459

Xue, M., McKelvey, K., Shen, K., Minhas, N., March, L., Park, S. Y., et al. (2014).
Endogenous MMP-9 and not MMP-2 promotes rheumatoid synovial fibroblast
survival, inflammation and cartilage degradation. Rheumatology (Oxford) 53
(12), 2270-2279. doi:10.1093/rheumatology/keu254

Inflammatory Mediators for Progression of Osteoarthritis

Zeng, G. Q., Chen, A. B,, Li, W,, Song, J. H,, and Gao, C. Y. (2015). High MMP-1,
MMP-2, and MMP-9 protein levels in osteoarthritis. Genet. Mol. Res. 14 (4),
14811-14822. doi:10.4238/2015.November.18.46

Zhou, M., Qin, S., Chu, Y., Wang, F, Chen, L, and Lu, Y. (2014).
Immunolocalization of MMP-2 and MMP-9 in human rheumatoid
synovium. Int. J. Clin. Exp. Pathol. 7 (6), 3048-3056.

Zivanovié, S., Rackov, L. P., Zivanovi¢, A., Jevti¢, M., Nikoli¢, S., and Kocié, S.
(2011). Cartilage oLIGOMERIC mATRIX pROTEIN - inflammation
biomarker in knee osteoarthritis. Bosnian J. Basic Med. Sci. 11 (2), 27.
doi:10.17305/bjbms.2011.2619

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Bryk, Chwastek, Mlost, Kostrzewa and Starowicz. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 643605


https://doi.org/10.1016/j.joca.2006.03.015
https://doi.org/10.1016/j.joca.2006.03.015
https://doi.org/10.1097/bor.0000000000000479
https://doi.org/10.1161/01.RES.0000070112.80711.3D
https://doi.org/10.1055/s-0038-1641592
https://doi.org/10.1055/s-0038-1641592
https://doi.org/10.1186/ar4133
https://doi.org/10.1155/2014/561459
https://doi.org/10.1155/2014/561459
https://doi.org/10.1093/rheumatology/keu254
https://doi.org/10.4238/2015.November.18.46
https://doi.org/10.17305/bjbms.2011.2619
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

'." frontiers

In Pharmacology

ORIGINAL RESEARCH
published: 29 April 2021
doi: 10.3389/fphar.2021.673831

OPEN ACCESS

Edited by:

Serena Boccella,

University of Campania Luigi Vanvitelli,
Italy

Reviewed by:

Yuan-Xiang Tao,

Rutgers, The State University of New
Jersey, United States

Tzer-Bin Lin,

Taipei Medical University, Taiwan

*Correspondence:
Bao-Chun Jiang
jiangbaochun@ntu.edu.cn
Min Yan
zryanmin@zju.edu.cn

These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Inflammation Pharmacology,
a section of the journal
Frontiers in Pharmacology

Received: 28 February 2021
Accepted: 06 April 2021
Published: 29 April 2021

Citation:

Ma L, Huang Y, Zhang F, Gao DS,
Sun N, Ren J, Xia S, LiJ, Peng X, Yu L,
Jiang B and Yan M (2021) MMP24
Contributes to Neuropathic Pain in an
FTO-Dependent Manner in the Spinal
Cord Neurons.

Front. Pharmacol. 12:673831.

doi: 10.3389/fohar.2021.673831

Check for
updates
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Pain in an FTO-Dependent Manner in
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Nerve injury-induced gene expression change in the spinal cord is critical for neuropathic
pain genesis. RNA Né-methyladenosine (m®A) modification represents an additional layer
of gene regulation. We showed that spinal nerve ligation (SNL) upregulated the expression
of matrix metallopeptidase 24 (MMP24) protein, but not Mmp24 mRNA, in the spinal cord
neurons. Blocking the SNL-induced upregulation of spinal MMP24 attenuated local
neuron sensitization, neuropathic pain development and maintenance. Conversely,
mimicking MMP24 increase promoted the spinal ERK activation and produced evoked
nociceptive hypersensitivity. Methylated RNA Immunoprecipitation Sequencing (MeRIP-
seq) and RNA Immunoprecipitation (RIP) assay indicated the decreased m®A enrichment
in the Mmp24 mRBNA under neuropathic pain condition. Moreover, fat-mass and obesity-
associated protein (FTO) was colocalized with MMP24 in spinal neurons and shown
increased binding to the Mmp24 mRNA in the spinal cord after SNL. Overexpression or
suppression of FTO correlates with promotion or inhibition of MMP24 expression in
cultured spinal cord neurons. In conclusion, SNL promoted the m°A eraser FTO
binding to the Mmp24 mRNA, which subsequently facilitated the translation of MMP24
in the spinal cord, and ultimately contributed to neuropathic pain genesis.

Keywords: neuropathic pain, matrix metallopeptidase 24, fat-mass and obesity-associated protein, N6-
methyladenosine, spinal cord

INTRODUCTION

Nerve injury-induced neuropathic pain is a refractory and debilitating disease (Mitka, 2003). Limited
treatments are available for this disorder because most therapies work only symptomatically via
neurotransmission blockade but ignore the underlying pain pathogenesis and its phasic progression.
The development of more efficient treatment of this disease comes to a standstill due to our
incomplete understanding of mechanisms underlying the neuropathic pain induction and
maintenance (Ji et al., 2009). Abnormal gene expression changes in the dorsal root ganglion
(DRG) and spinal cord are the crucial molecular basis for developing and maintaining neuropathic
pain (Jiang et al., 2016; Pokhilko et al., 2020).

Epigenetic processes, such as DNA methylation, histone modifications, and non-coding RNAs,
frequently regulate pain-related gene expression (Jiang et al., 2018; Wu et al., 2019; Lin et al., 2020).
RNA methylation mediated RNA post-transcriptional modification has recently been emphasized as
a significant epigenetic modification (He and He, 2021). N6-methyladenosine (m°A) is the most
prevalent and dynamic modification in mRNA with a preference for the 3'-untranslated region (3'-
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UTR) and the transcription starting site (Dominissini et al., 2012;
Meyer et al., 2012; Fu et al., 2014). mCA is installed by “writer”
complex composed of methyltransferase-like 14 (METTL14),
methyltransferase-like 3 (METTL3) and Wilms' tumor 1-
associating protein (WTAP), and removed by “eraser”
demethylases fat-mass and obesity-associated protein (FTO)
and AlkB homolog 5 (ALKBH5) (Dominissini et al., 2012;
Zheng et al, 2013; Fu et al, 2014; Liu et al, 2015). This
modification is recognized by m°A-binding proteins
(Dominissini et al., 2012; Fu et al., 2014; Liu et al,, 2015) to
mediate various mRNA biogenesis, such as RNA stability,
translation, splicing and export (Yang et al, 2018). In
particular, recent evidence revealed that neuropathic pain
could be partially attributed to the methyltransferases/
demethylases-induced RNA m°®A modification dysregulation of
pain-associated genes in the DRG (Li et al., 2020; Albik and Tao,
2021). However, the role of spinal m°A modification in the
neuropathic pain genesis remains largely unknown.

Increasing evidence suggests that proteases such as matrix
metalloproteases (MMPs), caspases, and cathepsin S play a vital
role in the genesis of neuropathic pain by regulating
neuroinflammation in the central nervous system (Ji et al,
2009; Hannocks et al, 2019; Jiang et al., 2020a), through the
cleavage of the extracellular matrix proteins, chemokines, and
cytokines (Manicone and McGuire, 2008). The MMP family
includes more than 20 members. Among them, MMP2 and
MMP9 are involved in the regulation of neuropathic pain
during the early and late phase, respectively, through the
cleavage/activation of interleukin 1 beta (IL-1B) in the
extracellular matrix and subsequent phosphorylation of
extracellular signal-regulated kinase 1/2 [pERK1/2, a marker
for spinal neuron hyper-sensitization (Zhuang et al, 2005)]
(Kawasaki et al, 2008). MMP24 is abundantly expressed
throughout the nervous system (Hayashita-Kinoh et al., 2001)
and could degrade several extracellular matrix components,
including cell-adhesion molecule N-cadherin to promote
neurite outgrowth in cultured cells (Hayashita-Kinoh et al,
2001). Mouse strain lacking in MMP24 was found absent of
thermal hyperalgesia with inflammation model (Folgueras et al.,
2009). However, whether MMP24 in the spinal cord participates
in the development or maintenance of neuropathic pain is still
elusive.

Here, we report that spinal nerve ligation (SNL) leads to a
significant increase in the level of MMP24 protein, but not
Mmp24 mRNA, in the spinal cord. This increase contributes
to the SNL-induced neuropathic pain induction and
maintenance, possibly by the activation of ERKI/2.
Mechanistically, SNL promoted FTO binding to the Mmp24
mRNA for the erasure of m®A enrichment and possibly
accelerated the Mmp24 mRNA translation in the spinal cord.

MATERIALS AND METHODS

Animals
Male C57BL/6] mice (6-8 weeks old for in vivo experiments) were
purchased from SLAC Laboratory (Shanghai, CN). Rodents were

Spinal MMP24 Contributes to Pain

hosted in a centralized location in the Second Affiliated Hospital
of Zhejiang University (SAHZU), School of Medicine, with a
standardized circadian cycle with 12h of light and darkness.
Mouse chow and water were provided, ad libitum. All
experiments were approved by the Zhejiang Animal Care and
Use Committee and the Ethics Committee of SAHZU, School of
Medicine. Utmost care was taken to ensure the welfare of the
rodents and kept their usage to a minimum. Behavioral
experiments were undertaken with blinded investigators, with
no knowledge of the viral content or other preparatory
conditions.

Animal Model

L4 spinal nerve ligation (SNL) was carried out according to the
methods previously described (Decosterd and Woolf, 2000;
Wang and Wang, 2003; Rigaud et al, 2008). In brief, mice
were anesthetized with Nembutal. The lower back was
dissected until the transverse lumbar process was exposed.
After the process was removed, the underneath L4 spinal
nerve was ligated with a silk 6-0 thread. A slight distal
location was chosen for transection around the ligation site.
Subsequent layers of muscle and skin were closed. The sham
groups undertook identical procedures, but without the
transection or ligature of the corresponding nerve.

Behavioral Tests

Mechanical and thermal pain tests along with locomotor function
assessments were performed as described in the previous studies
(He et al., 2011; Zhao et al., 2013; Daskalaki et al., 2018). Each
behavioral test was carried out at 1h interval.

Paw withdrawal frequencies (PWF) were defined as a response
to physical stimulation via von Frey filaments. In short, the
animal was introduced to an individual Plexiglas chamber on
an elevated mesh screen. Two calibrated von Frey filaments (0.07
and 0.4 g) (DanMic Global. Campbell, CA) were utilized to
stimulate the hind paw for ~1s and the hind paw was
stimulated repeatedly 10 times at 5min interval. Paw
withdrawal responses were aggregated, averaged over the
number of trials, and calculated in percentage, which resulted
in the PWF ((number of paw withdrawals/10 trials) x 100 = %
response frequency).

A Model 336 Analgesia Meter (IITC Inc. Life Science
Instruments. Woodland Hills, CA) was utilized to measure
paw withdrawal latencies (PWL) to the noxious application of
heat. In short, the rodent was introduced to an individual
Plexiglas chamber on a glass plate. The analgesic meter’s light
emitter beamed through a keyhole onto the hind paw’s plantar
surface, with the stimuli switched off upon paw withdrawal. The
paw withdrawal latency was logged, defined as time passed
between initiation of the stimuli to paw withdrawal. Five trials
were undertaken with an interval of 5 min each. 20 s cut-off limit
was defined to eliminate any tissue injury.

Locomotor function tests the righting, grasping, and placing
reflexes after PWF and PWL. Righting reflex: rodent placed
supine on a flat surface, the time it takes to upright itself to a
normal position was recorded. Grasping reflex: rodent placed on
a meshed wire, any contact or grasp of the wire was recorded.
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Placing reflex: rodent placed on the edge of a surface with the
hind leg in a lower position than forelimbs, while leaving
hindlimbs just off contact with the edge of a platform, and
recorded whether hind paws reflexively placed on the
platform. Each trial was repeated at a 5 min interval five times
and the scores for each reflex were recorded on the basis of counts
of each normal reflex.

Intraspinal and Intrathecal Injection

The intraspinal injection was performed as described previously
(Jiang et al., 2016). In short, after anesthetized with Nembutal,
mice underwent hemilaminectomy at the LI1-L2 vertebral
segments. The intraspinal injection was carried out ipsilaterally
on the left side. By using a glass micropipette, each animal
received two injections (5 x 10° TU per injection, 0.8 mm
from the midline, 0.5 mm apart in rostrocaudal axis, 0.5 mm
deep) of lentivirus following the L3-L4 dorsal root entry zone
after exposure of spinal cord. The tip of glass micropipette should
reach a depth of lamina II-IV of the spinal cord. Finally, the dorsal
muscle and skin were sutured layer by layer.

Intrathecal injection of siRNA (20 uM, 10 pL) was performed
daily for two to three consecutive days in sham or SNL mice. Mice
were held firmly in place over the pelvic girdle and between L5
and L6 vertebrae inserted a 30-gauge needle attached to a 25 uL
microsyringe. A slight flick of the tail after a sudden advancement
of the needle confirmed the proper insertion of the needle into the
subarachnoid space (Jiang et al., 2016). TurboFect in vivo
transfection reagent (Thermo Fisher, R0541) was used to
improve delivery and prevent siRNA degradation. Mmp24
siRNA1 (sense: 5'-GAG AUU CGU CUU CUU CAA ATT-3/,
antisense: 5'-UUU GAA GAA GAC GAA UCU CTT-3'), Mmp24
siRNA2 (sense: 5'-GGA UAU UAC ACC UAC UUC UTT-3,
antisense: 5'-AGA AGU AGG UGU AAU AUC CTT-3'), Mmp24
siRNA3 (sense: 5'-CUA UCU UCC AAU UCA AGA ATT-3/,
antisense: 5'-UUC UUG AAU UGG AAG AUA GTT-3).

Spinal Dorsal Horn Neuron Culture and Viral

Transduction

Primary spinal neuronal cultures were prepared from 1 to 2 week
old C57BL/6] mice using a procedure modified from our
previously described method (Jiang et al, 2016). In short, a
laminectomy was conducted and the spinal cord was carefully
removed after decapitation. Superficial dorsal horn was isolated
and then cut into several strips. The strips were incubated at 37°C
for 45 min in Hanks’ balanced salt solution (HBSS, Invitrogen)
containing papain (15 U/ml, Worthington Biochemical), then
rinsed 3 times with HBSS, and placed in mixed Neurobasal
Medium (Invitrogen) containing 5% fetal bovine serum (FBS,
Invitrogen), heat-inactivated horse serum (5%, Invitrogen), B-27
(1%, Invitrogen), L-glutamax-1 (2mM, Invitrogen),
streptomycin (100 pg/ml, Invitrogen) and penicillin (100 U/ml,
Invitrogen). A Fire-polished Pasteur pipette was used to
dissociate fragments by gentle trituration mechanically. The
resulting cell suspension was plated onto 6-well plates coated
with poly-p-lysine and collagen. The cells were incubated at 37°C
with 95% O,, 5% CO,. After the neurons were treated with
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TABLE 1 | Primers sequence for gRT-PCR or RIP-PCR.

Gene Sequences Size
Mmp24 F 5'-TGACCCCAGTGCTATCATGG-3' 176 bp
R 5'-TCTCAGATGGCGAGTGGATC-3’

Fto F 5'-GTGAGGACGAGTCCAGCTTC-3’ 225 bp
R 5'-AGGTGCCTGTTGAGCACTCT-3'

Mettl3 F 5'-AAGGAGCCGGCTAAGAAGTC-3' 248 bp
R 5'-TCACTGGCTTTCATGCACTC-3'

Mettl14 F 5'- TGAGAGTGCGGATAGCATTG-3' 200 bp
R 5'-TCTCTTCCTCCTGCTGCATT-3'

Alkbh5 F 5'-GGAACCTGTGCTTTCTCTGC-3' 176 bp
R 5'-TGCTCAGGGATTTTGTTTCC-3'

Wtap F 5'-GCAAGAGTGCACCACTCAAA-3’ 161 bp
R 5'-CATTTTGGGCTTGTTCCAGT-3'

Tubala F 5'-GTGCATCTCCATCCATGTTG-3' 210 bp

R 5'-GTGGGTTCCAGGTCTACGAA-3'

cytosine arabinoside, 2-10 L virus (titer >1 x 10"?) was added to
each well. The neurons were collected 3days after virus
transduction.

Reverse Transcription (RT)-PCR

Total RNA from the cultured samples or tissue was extracted and
purified using miRNeasy kit with genome DNA Eliminator
Columns (QIAGEN, Germany). The SuperScript  First-Strand
Synthesis System (Invitrogen/Thermo Fisher) was then used to
reverse-transcribe RNA. Each sample was run in a 20 pL reaction
with 20 ng cDNA, 10 pL SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad Laboratories, CA) and 250 nM forward and
reverse primers. Tubala was used as an internal control for
normalization. Real-time PCR was performed on the Applied
Biosystems QuantStudio5 system (Applied Biosystems, CA). ACt
method (27%2“") was applied for mRNA levels calculation. All
data were normalized to Tubala, which has been demonstrated to
be stable even after peripheral nerve injury insult (Zhao et al.,
2013; Wu et al., 2016). All the primers are listed in Table 1.

Plasmids Construction and Virus

Production

The Mmp24 and Fto coding sequences were synthesized by
Tsingke Biological Technology (Beijing, CN), and were further
inserted into pro-viral plasmids pLV-CMV-MCS-Ubi-ZSGreen
and pAAV-CMV-MCS-F2A-EGFP, respectively, using the
Seamless Cloning and Assembly Kit (SunBio, CN). pLV-CMV-
ZSGreen or pAAV-CMV-EGFP was used as the corresponding
control (SunBio, CN). Lentiviruses and adeno-associated viruses
packaging were completed by the Tsingke Biological Technology
(Beijing, CN) and Sunbio Technology (Shanghai, CN). The Fto
coding region’s SshRNA (GenBank accession number
NM_011936.2) was designed to target the sequence 5'-GTC
TCG TTG AAA TCC TTT GAT-3'. A scramble shRNA was
used as control (5'-TTC TCC GAA CGT GTC ACG T-3'). Both
Fto and scrambled shRNA oligonucleotides were inserted to
PAAV-CAG-EGFP-U6-shRNA and packaged into adeno-associated
virus by SunBio. All the constructs were sequenced to prove sequence

integrity.
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Immunohistochemistry
After anesthetized with Nembutal, mice were perfused with cold

PBS and 4% paraformaldehyde through the ascending aorta.
Following perfusion, the L4 spinal cord segments were
removed, post-fixed in the same fixative at 4°C overnight and
dehydrated. Spinal cord sections (25 um) were cut in a cryostat
and processed for immunofluorescence. The sections were
blocked for 1h at room temperature in PBS containing 5%
goat or donkey serum and then incubated overnight at 4°C with
the following primary antibodies: mouse anti-FTO (1:100,
Abcam), rabbit anti-MMP24 (1:100, Affinity), mouse anti-
NeuN (1:500, Abcam), rabbit anti-NeuN (1:500, Abcam),
mouse anti-GFAP (1:500, EMD Millipore), rabbit anti-GFAP
(1:500, Abcam), mouse anti-IBA1 (1:200, Sigma), rabbit anti-
IBA1 (1:200, Wako). After wash, the sections were then
incubated with corresponding second antibodies with either
Alexa FluorTM 488- or Alexa FluorTM 594-labeled (1:500,
Invitrogen) at room temperature for 1h. 4', 6-diamidino-2-
phenylindole (DAPI) (Abcam) was finally utilized for slides
mounting. Leica DMI4000 fluorescence microscope was used
for immunofluorescence-labeled image examination (Leica,
Germany).

Western Blotting

Cytosolic and nuclear proteins were extracted from the L4 spinal
cord as previous study (Zhao et al., 2017). Ice-cold lysis buffer was
utilized for the tissue homogenization, which contained 10 mM
Tris, 5mM EGTA, 2mM MgCl,, 1mM DTT, 1mM
phenylmethylsulfonyl fluoride, and 40 uM leupeptin. After
centrifugation (4°C, 15min, 1,500 g), the supernatants were
gathered for cytosolic proteins and the pellets for nuclear
proteins. The protein sample concentration was measured
using Detergent Compatible Bradford Protein Assay Kit
(Beyotime, CN). After heated at 99°C for 5 min, the samples
were loaded onto an SDS-polyacrylamide gel (Genshare
Biology, CN) and then electrophoretically transferred onto a
polyvinylidene fluoride membrane (Millipore, Burlington, MA,
United States). The membranes were blocked with 5% nonfat
milk TBST for 1h and then incubated overnight with the
following antibodies: mouse anti-FTO antibody (1:1,000,
Abcam), rabbit anti-METTL3 antibody (1:1,000, Abcam),
rabbit anti-METTL14 antibody (1:1,000, Proteintech), rabbit
anti-ALKBH5 antibody (1:1,000, Abcam), mouse anti-WTAP
antibody (1:100, Santa Cruz), rabbit anti-MMP24 antibody (1:
1,000, Affinity), mouse anti-histone H3 (1:3,000, Santa Cruz),
mouse anti-GAPDH (1:1,000, Zhongshan Golden Bridge Bio-
technology), rabbit anti-phospho-ERK1/2 (Thr202/Thy204, 1:
2,000, CST), rabbit anti-ERK1/2 (1:2,000, CST). Horseradish
peroxidase-conjugated anti-mouse or rabbit secondary antibody
(1:5,000, Jackson ImmunoResearch) were utilized for protein
detection and Clarity Western ECL Substrate (EMD Millipore)
for visualization and ChemiDoc XRS + System (Bio-Rad) for
exposure. NIH ImageJ software was utilized for quantification of
the intensity of blots with densitometry. After each was
normalized to the corresponding GAPDH or histone H3 (for
nucleus proteins), the relative density values of the treated
groups or different time points were determined by dividing

Spinal MMP24 Contributes to Pain

the optical density values from these groups by the average value
of the naive/control groups.

RNA Immunoprecipitation Assay

Magna RIP Kit (EMD Millipore, Darmstadt, Germany) was used
for the RNA Immunoprecipitation (RIP) assay. The spinal cord
homogenates were suspended in the RIP lysis buffer containing
RNase inhibitor and protease inhibitor cocktail. The RIP lysate
was incubated on ice for 5 min and kept in —80°C. Use the RIP
wash buffer to wash Magnetic Beads Protein A/G suspension for
each IP. Magnetic Beads Protein A/G re-suspended in RIP wash
buffer were incubated with Mouse anti-FTO antibody (4 ug;
Santa Cruz), mouse anti-m°A antibody (4 pug; Abcam), or
normal mouse IgG for 30 min at room temperature. The
Beads Protein A/G-antibody complexes were re-suspended
into the RIP immunoprecipitation buffer after being washed
three times with RIP wash buffer. The RIP lysate supernatants
were incubated with beads-antibody complex in the RIP buffer
overnight at 4°C by rotating after being thawed and centrifuged at
14,000 rpm for 10 min at 4°C. RIP wash buffer was used to wash
the samples six times. After incubating the beads in the proteinase
K buffer at 55°C for 30 min by shaking, the RNA was eluted and
purified by phenol/chloroform extraction from the beads. The
RNA enrichment was analyzed by quantitative real-time PCR.
The RIP lysate supernatant was used as input. All primers are
listed in Table 1.

Methylated RNA Immunoprecipitation
Sequencing (MeRIP-Seq) and MeRIP-Seq
Libraries

Following the manufacturer’s procedure, Trizol reagent
(Invitrogen, CA, United States) was used to extract total
RNA. Bioanalyzer 2,100 and RNA 6,000 Nano LabChip Kit
(Agilent, CA, United States) were utilized to analyze the total
RNA quality and quantity with RIN number >7.0. To isolate
Poly (A) mRNA, nearly more than 200 ug of total RNA were
gathered and mixed with poly-T oligo attached magnetic beads
(Invitrogen). After purification, divalent cations were applied
to fragment the poly(A) mRNA fractions into 50-150 nt
oligonucleotides under elevated temperature. The cleaved
RNA fragments were then incubated in IP buffer (0.5%
Igepal CA-630, 50 mM Tris-HCl and 750 mM NacCl)
supplemented with BSA (0.5 pg/uL) for 2h at 4°C with
m®A-specific antibody (No0.202003, Synaptic Systems,
Germany). The mixture was then incubated together with
protein-A beads and eluted with elution buffer (6.7 mM
m®A and 1 x IP buffer). 75% ethanol was used to
precipitate the eluted RNA. In conformity to a strand-
specific library preparation by dUTP method, untreated
input control fragments and eluted mC®A-containing
fragments (IP) are converted to the final cDNA library. The
average insert size for the paired-end libraries was ~100 bp.
Following the vendor’s recommended protocol, the paired-end
2 x 100 bp sequencing was then carried out on an Illumina
Novaseq 6,000 platform at the LC-BIO Bio-tech Ltd.
(Hangzhou, CN).
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Firstly, to remove the reads that contained adaptor contamination,
undetermined bases and low-quality bases, in-house Perl scripts and
Cutadapt (Kechin et al., 2017) were applied. By using FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), the sequence
quality was further validated. To map reads, bowtie (Langmead and
Salzberg, 2012) were utilized to reference genome with default
parameters. Mapped reads are then provided as input for MACS2
(Zhang et al,, 2008), which helps to identify m°A peaks that can be
adapted for visualization on the UCSC genome browser. De novo
motif finding is carried out by using MEME (Bailey et al,, 2009),

followed by localization of the motif in respect of peak summit by in-
house Perl scripts. By using ChIPseeker (Yu et al., 2015), called peaks
are annotated by the intersection with gene architecture. MeRIP-seq
data files were submitted to the GEO repository through the access
code: GSE171004.

Statistical Analysis

The cells were suspended evenly and dispersed randomly in each
well for in vitro trials. The animals were randomly distributed into
various treatment groups for in vivo experiments. All of the results
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were specified as mean + SEM. For the biochemical results, two- RESULTS
tailed, unpaired Student’s t-test (two groups) and one-way ANOVA . . . .
(> 2 groups) were utilized for the data analyses. For the behavioral MMP24 Protein Upregulation in the Spinal
results, two-way ANOVA was used for the data analyses. Pairwise ~ Cord after SNL

comparisons between means were tested by the post hoc Tukey =~ We first examined whether the MMP24 enrichment was altered
method (GraphPad Prism 8) when ANOVA showed significant ~ in the spinal cord after SNL, a preclinical animal model that
differences. The detailed analyzed process utilized in each ~ mimics nerve injury-induced neuropathic pain in the clinical
experiment was elaborated in the matching figure legends. The  setting (Rigaud et al., 2008). Unilateral SNL did not alter the level
sample sizes were determined based on the previous reports, pilot ~ of Mmp24 mRNA in the spinal cord from day 3 to 14 post-SNL
studies in the field and power analyses (power of 0.90 at p < 0.05) (Figure 1A). However, the expression of MMP24 protein was
(Ferreira et al., 2001; Zhao et al.,, 2013; Millard et al., 2016; Daskalaki  significantly increased in a time-dependent manner in the spinal
et al, 2018; Sato et al,, 2018). Significance was set at p < 0.05. cord after SNL (Figure 1B), but not after sham surgery
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TABLE 2 | Locomotor functions.

Treatments Functional test
Placing Grasping Righting

LV-Gfo 5 (0) 5(0) 5(0)
LV-Mmp24 5 (0) 5 (0) 5(0)
Mmp24 siRNA + SNL 5 (0) 5(0) 5(0)
Mmp24 siRNA + sham 5 (0) 5 (0) 5(0)
Scrambled siRNA + sham 5 (0) 5 (0) 5(0)
Scrambled siRNA + SNL 5 (0) 5(0) 5 (0)

Scores for placing, grasping and righting reflexes were based on counts of each normal
reflex exhibited in five trials. All values are Mean (SEM). n = 6 mice/group.

(Figure 1C). Immunostaining further confirmed that the MMP24
protein was dramatically increased in the ipsilateral dorsal horn,
but not in the contralateral dorsal horn, on day 7 post-SNL
(Figures 1D-F). The distribution of MMP24 in the spinal dorsal
horn was also checked by double immunostaining with different
cell markers. As shown in Figures 1G-K, MMP24 was
predominantly colocalized with the neuronal-specific nuclear
protein (NeuN) (Figures 1G-I), and rarely with the glial
fibrillary acidic protein (GFAP) (Figure 1J), or ionized
calcium-binding adaptor molecule (IBA-1) (Figure 1K) in the
spinal dorsal horn on day 14 after SNL. The above evidence
suggests that the increased MMP24 protein in the spinal dorsal
horn may involve neuropathic pain.

Blocking Spinal MMP24 Increase
Attenuates Neuropathic Pain Development
and Maintenance

Does the increased MMP24 in the spinal cord participate in nerve
injury-induced pain hypersensitivity? To this end, we first
examined the effect of blocking spinal MMP24 increase on the
development of SNL-induced pain hypersensitivity. As shown in
Figure 2A, siRNA-2 displayed the best knockdown effect
compared to the scrambled siRNA (Scram) in the cultured
spinal cord cells. Thus, siRNA-2 (Mmp24 siRNA) and its
control scrambled siRNA were intrathecally injected into the
sham or SNL mice. Intrathecal injection of Mmp24 siRNA
attenuated SNL-induced mechanical allodynia as demonstrated
by a decrease in PWF to mechanical stimuli and ameliorated
SNL-induced thermal hyperalgesia as indicated by the increase in
PWL to heat stimulation from day 3 to 5 compared to the
scrambled siRNA-treated SNL mice (Figures 2B-D). No
changes were observed in basal mechanical and heat responses
in sham mice following injection with either siRNA (Figures
2B-D). Moreover, we also observed the role of MMP24 in the
maintenance phase of neuropathic pain through intrathecal
injection of Mmp24 siRNA or scrambled siRNA into the sham
or SNL mice 7 days after SNL. Consistently, blunted mechanical
allodynia and heat hyperalgesia were observed on days 9 and 10
after SNL from the Mmp24 siRNA-treated mice compared to the
scrambled siRNA-treated mice (Figures 2E-G). The basal pain
behavior of the sham mice (Figures 2E-G) and the locomotor
functions of the siRNA-treated mice were not affected (Table 2).
As expected, a noticeable decrease in the amount of MMP24

Spinal MMP24 Contributes to Pain

protein was detected in the spinal cord from the Mmp24 siRNA-
treated mice compared with the scrambled siRNA-treated mice
on day 10 after SNL (Figure 2H). Consistently, intrathecal
injection of Mmp24 siRNA dampened the SNL-induced spinal
neuronal sensitization as indicated by abolishing the SNL-
induced increase in pERK1/2 in the spinal cord (Figure 2I).
Together, the results described above demonstrate that spinal
MMP24 is necessary for SNL-induced central sensitization and
pain hypersensitivities.

MMP24 Overexpression Causes

Neuropathic Pain-like Symptoms

We then asked whether the increased MMP24 in the spinal cord
would be sufficient to induce neuropathic pain? To this end, we
performed intraspinal lentivirus (LV) injection that expressed
full-length Mmp24 (LV-Mmp24) into naive mice. As shown in
Figures 3A-C, LV-Mmp24, but not its control LV-Gfp, induced
mechanical allodynia as indicated by an increase in PWF to
mechanical stimulation and heat hyperalgesia as demonstrated by
a decrease in PWL to heat stimulation from day 3 to 12 post-
injection. The locomotor functions were not affected after viral
injection (Table 2). Expectedly, the level of MMP24 protein in the
L4 spinal cord was significantly increased 12 days after intraspinal
injection with LV-Mmp24 compared to that of LV-Gfp
(Figure 3D). These behavioral observations were further
supported by the following evidence of spinal dorsal horn
central sensitization. The level of pERK1/2 was markedly
elevated in the L4 spinal dorsal horn on day 12 after
intraspinal injection with LV-Mmp24 compared to that of LV-
Gfp (Figure 3E).

mC®A Modification in the Spinal Mmp24
mRNA Was Decreased under Neuropathic

Pain Condition

Although Mmp24 mRNA remained unchanged after SNL, the
MMP24 protein was significantly increased in the spinal cord
(Figures 1A,B), suggesting that the translation efficiency of
spinal Mmp24 mRNA may be elevated under neuropathic pain
condition. Of note, RNA m®A modification is known to play an
important role in mRNA translation (He and He, 2021). To this
end, we carried out methylated RNA immunoprecipitation
sequencing (MeRIP-seq) assay to observe the changes of
m°A sites across the transcriptome in the spinal cord on day
7 after peripheral nerve injury (Figure 4A). Consistent with
previous studies in the DRG (Li et al., 2020), mPA sites change
after nerve injury occurred predominantly at the 3'-UTR
(55.09%) and to lesser extents at coding regions (29.61%),
and 5'-UTR (15.3%) (Figures 4B,C). Approximately 55.6%
(1,910/3,437) transcripts exhibited a loss of m°A sites, 33.9%
(1,165/3,437) transcripts exhibited a gain of m°®A sites, and
10.5% (362/3,437) transcripts exhibited both a loss and gain of
m°A sites compared to the sham group (Figures 4B,C).
Notably, Mmp24 mRNA exhibited a considerable loss of
m°A sites at the 3'-UTR (Figure 4D). We then performed
RIP-PCR to validate the MeRIP-seq results. The
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immunoprecipitation identified the m®A enrichment of the
Mmp24 mRNA fragments with anti-m®A in the spinal cord
(Figure 4E). However, the activity of immunoprecipitation
from the spinal cord on day 7 post-SNL was significantly
decreased compared to the sham group (Figure 4E). In
summary, we found that m°A modification in the Mmp24
mRNA was decreased in the spinal cord under neuropathic
pain conditions, suggesting the role of m°A modification in
regulating MMP24 translation.

mC®A Modification-Related Genes
Expression in the Spinal Cord after SNL

To determine the specific regulators responsible for the m®A
modification in the Mmp24 mRNA, we first examined the
expression of m°A modification-related methyltransferases,
including METTL3, METTL14, and WTAP, and demethylases,
including FTO and ALKBH5 in the spinal cord under
neuropathic pain condition. Unexpectedly, none of Mettl3,
Mettl14, Wtap, Fto, and Alkbh5 mRNAs showed an obvious
change in the spinal cord from day 3 to 14 after SNL
(Figure 5A). To further check the nucleus and cytoplasm
distribution of the protein above, we extracted the nucleus
protein of the spinal cord and found that none of the
METTL3, METTL14, WTAP, FTO, and ALKBH5 protein
exhibited a significant change from day 3 to 14 after SNL

(Figures 5B,C). FTO was recently reported to play a vital role
in neuropathic pain genesis by diminishing the m®A enrichment
in pain-related mRNAs in the DRG neurons (Li et al., 2020).
Furthermore, FTO expression was found enriched in the spinal
cord relative to that of DRG or cortex (Li et al., 2020), and higher
than the other demethylase ALKBH5 in the spinal cord
(Figure 5D), suggesting the possible role of spinal FTO in
neuropathic pain genesis. Likewise, as shown in Figures 5E-I,
FTO in the spinal dorsal horn was also expressed in the neurons
but not in microglia or astrocytes. Therefore, we hypothesize that
FTO may be accountable for the m®A modification of Mmp24
mRNA in the spinal neurons.

Spinal FTO Is Responsible for the
Decreased m°®A Enrichment and Increased
Translation of MMP24 after SNL in the

Spinal Cord Neurons

To demonstrate the role of FTO in the regulation of MMP24, we
first checked the distribution pattern of FTO and MMP24.
Double immunostaining showed the colocalization of FTO
and MMP24 in the spinal dorsal horn (Figures 6A-C).
Moreover, the RIP assay further revealed that FTO could bind
to the Mmp24 mRNA from the spinal cord (Figure 6D), and
there was a significant elevation in the binding activity from the
spinal cord 7 days after SNL (Figure 6D). It indicates that the
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SNL-induced decrease in the m®A enrichment in Mmp24 mRNA
may be due to the increased FTO occupation in the Mmp24
mRNA after SNL.

We further examined the effect of FTO on the expression of
MMP24 in the cultured spinal neurons. The expression of FTO
was first verified 3 days after transduction with AAV5 that
expressed full-length Fto (AAV5-Fto) or Gfp (AAV5-Gfp)
(Figure 6E). A significant increase in the level of MMP24
protein was observed 3 days after transduction with AAV5-Fto
compared to the AAVS5-Gfp-treated group (Figure 6E).
Interestingly, the level of Mmp24 mRNA was not altered on
day 3 after transduction with AAV5-Fto compared to AAV5-Gfp
(Figure 6F). We further checked the effect of FTO knockdown on
the expression of MMP24 in the cultured spinal neurons through
the transduction of AAV5 that expressed Fto shRNA (AAV5-Fto
shRNA) or control shRNA (AAV5-scrambled shRNA). The
knockdown effect of FTO was confirmed 3days after
transduction of AAV5-Fto shRNA (Figure 6G). As expected,
the MMP24 protein was markedly downregulated 3 days after
transduction with AAV5-Fto shRNA compared with that of
AAV5-scrambled shRNA (Figure 6G). However, the level of
Mmp24 mRNA was not significantly altered in AAV5-Fto

shRNA-treated group compared to the AAVS5-scrambled
shRNA-treated group (Figure 6H), suggesting that FTO may
promote the translation of Mmp24 mRNA in the spinal neurons.
We further transduced AAV5-Ffo into cultured spinal neurons
and found that FTO overexpression produced a marked loss of
mC°A enrichment in the Mmp24 mRNA compared to the control
group (Figure 6I). This decrease was reversed by blocking FTO
overexpression in the cultured spinal neurons co-transduced with
AAV5-Fto shRNA (Figure 6I). Given the role of m°A
modification in mRNA translation (Jia et al., 2019; Zhang M.
etal,, 2020; Zhang Z. et al., 2020; Liu et al., 2020; Song et al., 2020),
the evidence described above indicates that FTO likely erased the
mC®A enrichment in Mmp24 mRNA to promote the translation of
Mmp24 mRNA in the spinal cord neurons under neuropathic
pain condition.

DISCUSSION

This study demonstrates that SNL results in an accelerated
translation of Mmp24 mRNA in the spinal cord. Increased
spinal MMP24 contributes to the SNL-induced central
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sensitization and nociceptive hyperalgesia. Mechanistically, SNL
leads to an elevation of FTO occupation in the Mmp24 mRNA.
Increased occupation of FTO contributes to reducing m°A
enrichment in Mmp24 mRNA in the spinal neurons after
SNL, which subsequently accelerates the translation of MMP24
and eventually contributes to neuropathic pain by activating ERK
(Figure 7).

MMP24 was explicitly detected in neurons of both the central
and peripheral nervous systems (Hayashita-Kinoh et al., 2001;
Sekine-Aizawa et al,, 2001) and identified as a brain-specific
MMP (Llano et al, 1999; Wang and Pei, 2001). The present
study showed that MMP24 was mainly expressed in the spinal
neurons as it was co-expressed with NeuN-labeled individual
neurons. Meanwhile, our results also supported the existence of
MMP24 in the spinal astrocytes and microglia after SNL even
though at a low abundance. Besides, the morphologic observation
of the MMP24-labeled cells proved the presence of MMP24 in the

matrix of the dorsal horn, supporting the role of MMP24, as an
extracellular matrix metalloproteinase, in regulating cleavage of
the cell-cell adhesion molecule N-cadherin to influence the
neuronal circuit formation and plasticity (Komori et al., 2004;
Folgueras et al., 2009).

Previous studies showed that mice with genetically ablated
MMP24 exhibited a lowered severity of mechanical allodynia
after partial sciatic nerve injury or spinal cord transection
(Komori et al, 2004) through the lowered degradation of
chondroitin sulfate proteoglycans, which are abundant in
neuronal tissues and inhibit neurite outgrowth (Dou and
Levine, 1994). Deletion of Mmp24 also relieved thermal pain
after the inflammation model through increased interaction
between mast cells and nociceptive neurites (Folgueras et al.,
2009). Our study further demonstrated the involvement of spinal
MMP24 in the different phases of neuropathic pain. Specifically,
blocking the SNL-induced increase in MMP24 in the spinal cord
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attenuates both the mechanical allodynia and heat hyperalgesia in
both development and maintenance phases, accompanied by
lessened activation ERK1/2. Moreover, intraspinal specific
overexpression of MMP24 by LV persistently induced both the
mechanical allodynia and heat hyperalgesia with the activation of
ERK1/2 absence of SNL. MMP24 was reported to show the ability
to proteolytically activate MMP2 (Llano et al., 1999), which could

cleave pro-IL-1f to activate ERK in the spinal cord (Kawasaki
et al, 2008). Furthermore, MMP24 was required for the
inflammatory response to TNF-a and IL-1P in the peripheral
nervous system (Folgueras et al., 2009). Thus, MMP24 is likely to
activate ERK through inflammatory mediators like IL-13 and
TNF-a in the spinal cord. ERK1/2 phosphorylation has been
widely considered in recent years as a spinal neuron sensitization
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marker (Zhuang et al., 2005; Gu et al., 2018). Its activation could
subsequently induce the expression and release of various
downstream pain-related genes like Cxcl10, Ccl2, and Ccl7, or
affect neuronal excitability of the central neurons, and eventually
trigger the pain behaviors (Jiang et al., 2020a; Jiang et al., 2020b).

Mounting evidence indicates that epigenetic alterations play a
critical role in neuropathic pain induction and maintenance,
including histone acetylation/methylation, DNA methylation and
non-coding RNAs (Penas and Navarro, 2018). Spinal coactivator-
associated arginine methyltransferase 1 (CARM1) regulated histone
methylation of the potassium channel promoter to participate in
neuropathic pain development (Hsieh et al., 2021). Also, spinal ten-
eleven translocation methylcytosine dioxygenase 1 (Tetl) decreased
the DNA methylation state in metabotropic glutamate receptor
subtype 5 (mGIuR5) promoter to mediate spinal plasticity and
pain hypersensitivity (Hsieh et al, 2017). Epigenetic modification
at the transcriptional level has achieved much progress in neuropathic
pain genesis these years, while the translational level epigenetic
regulation is still incomplete. Interestingly, the current study
demonstrates that although the level of Mmp24 mRNA was not
altered in SNL, the expression of MMP24 protein was significantly
increased in the spinal cord in a time-dependent manner, suggesting
the accelerated translation of spinal Mmp24 mRNA after SNL. A
previous study showed that m°A enrichment in many transcripts was
changed in the DRG upon peripheral nerve injury. This change
contributed to increased translation during axon regeneration,
revealing the critical role of m®A modification in response to nerve

injury (Weng et al, 2018). Our MeRIP-seq and RIP-PCR assay
showed a considerable loss of m°A sites in Mmp24 mRNA in the
spinal cord under neuropathic pain. It suggests that m°A modification
in Mmp24 mRNA may be accountable for the accelerated translation
of Mmp24 mRNA. Indeed, we found that after SNL, the increased
level of MMP24 protein (not Mmp24 mRNA) was accompanied by a
higher occupancy of FTO in the Mmp24 mRNA and the consequently
lessened enrichment of m°A. Moreover, FTO overexpression erased
the m®A sites in the Mmp24 mRNA and increased the level of MMP24
protein. Conversely, FTO knockdown markedly increased the m°A
enrichment in the Mmp24 mRNA and reduced the expression of
MMP24 protein, but not Mmp24 mRNA, in the spinal neurons.
Together, the accelerated Mmp24 mRNA translation after SNL in the
spinal cord was likely resulted from the lowered FTO-mediated m°A
modification in Mmp24 mRNA.

Previous studies displayed that FTO was localized in the
nucleus in neurons in the central nervous system, including
the hippocampus and midbrain (Hess et al,, 2013; Li et al,
2017). Functionally, FTO bound to the m°A sites and reduced
the m°A enrichment to mediate the biogenesis of its target
transcripts in the central neurons (Hess et al., 2013; Leonetti
et al,, 2020). Consistently, the present study revealed that FTO
was co-expressed with NeuN in nuclei of the spinal neurons and
colocalized with MMP24. However, the expression of spinal FTO
was not altered after SNL. How the FTO preferentially binds to
Mmp24 mRNA under the neuropathic pain condition is unclear.
This could be due to that the binding of FTO and Mmp24 mRNA

Frontiers in Pharmacology | www.frontiersin.org

100

April 2021 | Volume 12 | Article 673831


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ma et al.

in the spinal cord is regulated by nerve injury-sensitive signaling
pathways (Bresson et al., 2020), such as the upregulation of
mediators in promoting the interaction of FTO and Mmp24
mRNA or downregulation of competitors in competing for the
binding between FTO and Mmp24 mRNA (Song et al., 2019;
Ontiveros et al, 2020). Although demethylase FTO, as an
“eraser”, removed the m°A in Mmp24 mRNA after SNL, the
specific “reader” decoding the m®A modification in the Mmp24
mRNA remains unknown. Previous studies found that m°A
promoted translation efficiency via the reader proteins
(Roundtree et al., 2017), like YTHDF1 (Jia et al, 2019).
However, recent studies from C.H. et al. found that the effect
of m°A on translation was highly heterogeneous and depended
on the binding of specific RNA binding proteins (Zhang Z. et al,,
2020). For example, the newly identified m®A effector YBX3,
opposite to YTHDF1 in function, mediated m°A effect by
repressing the translation of YBX3-bound m°A transcripts
(Snyder et al., 2015; Zhang Z. et al., 2020). Here, the m°A
loss-mediated promotion in Mmp24 mRNA translation
possibly depends on the effectors like YBX3, but not YTHDF1.
Further investigation is warrented for its identification.

In summary, our study reveals an FTO-triggered epigenetic
mechanism of MMP24 upregulation in the spinal cord after SNL.
Blocking the SNL-induced increase of MMP24 in the spinal cord
mitigated pain hypersensitivity both in the development and
maintenance phase without altering the basal/acute responses
or locomotor functions. MMP24 may be an endogenous initiator
of neuropathic pain and could be a potential target for this
disorder’s prevention and treatment.
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Chronic pain has been widely recognized as a major public health problem that impacts
multiple aspects of patient quality of life. Unfortunately, chronic pain is often resistant to
conventional analgesics, which are further limited by their various side effects. New
therapeutic strategies and targets are needed to better serve the millions of people
suffering from this devastating disease. To this end, recent clinical and preclinical studies
have implicated the epidermal growth factor receptor signaling pathway in chronic pain
states. EGFR is one of four members of the ErbB family of receptor tyrosine kinases that
have key roles in development and the progression of many cancers. EGFR functions by
activating many intracellular signaling pathways following binding of various ligands to the
receptor. Several of these signaling pathways, such as phosphatidylinositol 3-kinase, are
known mediators of pain. EGFR inhibitors are known for their use as cancer therapeutics
but given recent evidence in pilot clinical and preclinical investigations, may have clinical
use for treating chronic pain. Here, we review the clinical and preclinical evidence
implicating EGFR in pathological pain states and provide an overview of EGFR
signaling highlighting how EGFR and its ligands drive pain hypersensitivity and interact
with important pain pathways such as the opioid system.

Keywords: epidermai growth factor receptor, neuropathic pain, animal models, inflammation, membrane traffic,
receptor tyrosine kinase

INTRODUCTION

Chronic pain is an international health priority (Kamerman et al, 2015), with a prevalence
approaching 30% in North American adults (Moulin et al,, 2002; Johannes et al, 2010). In
addition to the physical and psychological toll chronic pain places on patients and their families,
its societal and economic strain are unparalleled (Gaskin and Richard, 2012). A significant
proportion of patients with chronic pain suffer from neuropathic pain (Yawn et al, 2009).
Neuropathic pain is defined as pain that arises from a lesion or disease of the somatosensory
nervous system (International Association for the Study of Pain, 2017). Clinically, neuropathic pain
is characterized by spontaneous pain, increased response to noxious stimuli (hyperalgesia), and the
perception of pain from innocuous stimuli (mechanical allodynia) (Baron, 2006). Many clinical
pathologies, such as cancer, trauma, and diabetes, can result in neuropathic pain development
(Kamerman et al, 2015; Bouhassira and Attal, 2019; Edwards et al., 2019). Unfortunately,
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neuropathic pain is often resistant to standard analgesics, which
are further limited by a variety of adverse side effects (Colloca
etal,2017; Cavalli et al., 2019). As such, a better understanding of
the molecular mechanisms of pain hypersensitivity is greatly
needed to identify new therapeutic targets and novel
treatments for neuropathic pain patients.

Growth factors and their cognate receptors promote pain
sensitization and have been identified as therapeutic targets in
the treatment of neuropathic pain (Chang et al., 2016). These
include nerve growth factor (NGF) (Chang et al., 2016), brain-
derived neurotrophic factor (Chen et al, 2014), platelet-
derived growth factor (Narita et al., 2005; Donica et al,
2014; Xu et al., 2016; Barkai et al., 2019) and insulin-like
growth factor 1 (Wang et al., 2014; Forster et al., 2019). The
receptors of these growth factors belong to the receptor
tyrosine kinase (RTK) family. More recently another RTK,
the epidermal growth factor receptor (EGFR), has been
identified as a potential therapeutic target for neuropathic
pain. EGFR has crucial roles in prenatal development and
adult tissue homeostasis, as signaling by the active receptor
controls a wide array of cellular functions including growth,
proliferation, metabolism and survival (Miettinen et al., 1995;
Sibilia and Wagner, 1995; Threadgill et al., 1995; Sibilia et al.,
1998). Thus, aberrant signaling by EGFR drives tumorigenesis
and the progression of many cancers (Sigismund et al., 2018).
Various therapeutics have been designed to target EGFR in
cancer treatments, including antibody therapeutics such as
cetuximab, and small-molecule tyrosine kinase inhibitors such
as gefitinib and erlotinib (Lemmon et al., 2014).

Here, we first review the clinical and genetic evidence
implicating EGFR in pain, emphasizing neuropathic pain,
which has been the primary focus of recent studies. We next
provide an overview of EGFR signaling, highlighting possible
mechanisms by which EGFR and its ligands may influence pain
hypersensitivity and modulate inflammatory mediators of pain.
We propose future studies directed at better understanding the
role of the EGFR family in pain signalling in order to allow
evaluation of whether EGFR-related therapeutics may be
repositioned for the treatment of neuropathic pain.

Clinical Data and Genetic Links

Pain begins with the detection of noxious stimuli by specialized
peripheral sensory neurons, termed nociceptors (Julius and
Basbaum, 2001; Basbaum et al., 2009; Baral et al., 2019).
These fibers innervate tissues and organs and have cell
bodies located within the dorsal root and trigeminal ganglia.
Following stimulation such as extremes in temperature,
mechanical injury and injurious chemicals, nociceptors
transduce electrical signals that travel to the dorsal horn of
the spinal cord, where nociceptors synapse with second-order
neurons that carry signals to higher central nervous system relay
centres. Structural lesions or disease processes that affect
signaling along these somatosensory pathways can result in
neuropathic pain. The resulting somatosensory dysfunction can
lead to spontaneous pain, allodynia and hypersensitivity (Scholz
et al,, 2019). For example, cancer can result in direct damage to
the nervous system through a primary tumor or a metastatic
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process or can indirectly trigger chemotherapy-induced
neuropathy (Bennett et al., 2019).

Current pharmacological agents used for neuropathic pain
span a wide breadth of drug classes. As shown in Figure 1A and
extensively reviewed elsewhere, these include gabapentinoids,
antidepressants, namely tricyclic antidepressants (TCAs) and
selective serotonin and norepinephrine reuptake inhibitors
(SNRIs), topical agents (lidocaine and capsaicin), and opioids
(Alper and Lewis, 2002; Rauck et al., 2009; Kremer et al., 2016;
Chincholkar, 2018; Coderre, 2018; Schembri, 2019; Windsor
et al., 2019; Ardeleanu et al., 2020; Kapustin et al., 2020; Gress
et al., 2020; Chalil et al., 2021). Use of these and other analgesic
medication classes is often limited by inadequate efficacy or side
effects, necessitating the ongoing identification of novel drug
targets. To that end, a variety of emerging potential therapeutic
agents for neuropathic pain are being repositioned or developed
for clinical trial. These include monoclonal antibodies against
inflammatory mediators, cannabinoids, and inhibitors of G
protein-coupled receptors and N-methyl-p-aspartate receptors
(Figure 1B) (Karppinen et al., 2003; Stahel et al., 2016; Jung et al.,
2017; Wanget al., 2017; Aiyer et al., 2018; Mapplebeck et al., 2018;
Kreutzwiser and Tawfic, 2019; Alkislar et al., 2020; Haleem and
Wright, 2020; Kushnarev et al., 2020; Maayah et al., 2020; Yu
et al,, 2020; Zhang W. et al., 2020; Matarazzo et al., 2021).

Here, we focus on EGFR as an important mediator of
neuropathic pain and an emerging therapeutic target. The first
clinical evidence for the involvement of EGFR in neuropathic
pain was observed in cancer-induced neuropathic pain and later
expanded to non-cancer patients (Kersten and Cameron, 2012;
Kersten et al., 2013). In what follows, we present the clinical trial
and genetic association data linking EGFR to pathological pain
states, with an emphasis on human neuropathic pain.

Clinical Studies

Clinical evidence provided through case reports and clinical trials
suggest that therapeutics targeting EGFR may alleviate pain in
both cancer patients and non-cancer patients afflicted with
neuropathic pain. Phase III clinical trials have reported that a
significant proportion of patients with non-small cell lung cancer
(NSCLC) experienced pain relief following treatment with
erlotinib (Bezjak et al, 2006; Cappuzzo et al, 2010) in
addition to significant improvements in physical functioning
and quality of life (Bezjak et al,, 2006). A phase III clinical
trial of afatinib, a tyrosine kinase inhibitor of ErbB family
proteins (EGFR, HER2, HER3 and HER4), also reported that a
significant proportion of patients with advanced NSCLC
experienced pain relief (Hirsh et al., 2013). However, in these
studies, it remains unclear as to whether pain relief was
attributable to the effects of EGFR therapy on the tumor or a
direct effect of EGFR therapy on neuropathic pain signaling.

A case study by Kersten and colleagues reported that a patient
with rectal cancer experienced pain relief with cetuximab
treatment despite tumor progression (Kersten and Cameron,
2012). Notably, administration of 20% the patient’s normal
cetuximab dose did not relieve pain, suggesting cetuximab-
induced pain relief was not due to placebo effect. A follow-up
case series reported that four of five cancer and non-cancer
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A
Examples of current therapeutics
[ TCAs ]
[Gabapentinoids| [ Topical Agents | SNRIs | [ opioids |
Atypical Opioids |
% NorEpi 5-HT
Cay TRPV1 mAChR transporter transporter MOR
B
Examples of emerging targets and therapeutic agents
Memantine Cannabinoids Clonidine  Tocilizumab Infliximab  Tanezumab  Canakinumab Cetuximab
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FIGURE 1 | Examples of current and emerging potential therapeutics for treatment of neuropathic pain. (A) Current therapeutics include gabapentinoids that act on
the a28-1 calcium channel subunit, topical agents with targets such as TRPV1 or voltage-gated sodium channels, opioids, atypical opioids (mixed/partial agonists, some
of which have actions as an SNRI or NI), TCAs that act on various distinct targets such as serotonergic, adrenergic and cholinergic systems and fast voltage-gated
sodium channels, and SNRIs. (B) Examples of emerging potential targets and therapeutics for neuropathic pain. 5-HT: 5-hydroxytryptamine, CB1/2: cannabinoid
receptor type 1/2, Cay: voltage-gated calcium channel, EGF: epidermal growth factor, EGFR: epidermal growth factor receptor, EREG: epiregulin, IL: interleukin, IL-6R:
interleukin-6 receptor, IL-1R: interleukin-1 receptor, MAChR: muscarinic acetylcholine receptor, MOR: mu-opioid receptor, Nay voltage-gated sodium channel, NGF:
nerve growth factor, NI: norepinephrine reuptake inhibitor, SNRI: selective serotonin reuptake inhibitor, TCA: tricyclic antidepressant, TNF: tumor necrosis factor, TNFR:
tumor necrosis factor receptor, TrkA: tropomyosin receptor kinase A, TRPV1: transient receptor potential cation channel subfamily V member 1.

patients with neuropathic pain, two male and two female patients,
experienced a self-reported reduction in pain from 9to 1 on a 10-
point scale shortly after intravenous administration of cetuximab
or panitumumab, two antibody therapies directed against EGFR
(Kersten et al., 2013). Another study by Kersten and colleagues
reported that cetuximab treatment provided pain relief for
eighteen out of twenty patients afflicted with neuropathic pain,
including cancer and non-cancer patients of both sexes (Kersten
et al., 2015). In a randomized control trial, male and female
neuropathic pain patients experienced the greatest average pain
reduction following open-label or blinded cetuximab treatment,
and the lowest average pain reduction with the blinded placebo
(Kersten et al., 2019). Importantly, unlike many current
treatment options for neuropathic pain, the side effects
observed in patients treated with various therapeutics that
target EGFR, including cetuximab and panitumumab
(monoclonal antibody therapeutics) and/or erlotinib and
gefitinib (tyrosine kinase inhibitors, TKI), were generally mild
to moderate (Kersten et al., 2015; Kersten et al., 2019). Together,
these data suggest EGFR as a potential therapeutic target for

patients afflicted with neuropathic pain that in the treatment of
cancer-related neuropathic pain may be at least partly distinct
from the effect of EGFR therapies on the tumor itself.
Understanding the mechanism by which the EGFR signaling
pathway contributes to neuropathic pain is an important research
priority that may lead to improved outcomes for patients with
neuropathic pain.

Genetic Links

There is a growing body of genetic studies that are identifying
important pathways in acute and chronic pain. One such study is
the Orofacial Pain Perspective Evaluation Risk Assessment
(OPPERA), which examined the environmental, biosocial, and
genetic factors that may lead to painful temporomandibular
disorders (Fillingim et al., 2011; Maixner et al, 2011; Slade
2013). Subsequent genetic analyses of the OPPERA
study cohorts revealed single nucleotide polymorphisms
(SNPs) of EGFR and one of its cognate ligands, epiregulin
(EREG), that may be associated with the development of
chronic pain in temporomandibular disorders (Martin et al,

et al,
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2017; Verma et al., 2020). Specifically, EREG and EGFR SNPs
have a high association with the development of
temporomandibular disorders in European females (Martin
et al., 2017), with the variants of EREG SNPs decreasing
circulating EREG mRNA (Verma et al, 2020). This decrease
was found to be associated with protection against chronic pain
but paradoxically increases the risk of systemic hypersensitivity in
acute pain (Verma et al, 2020). This clinical observation is
consistent with animal studies in which antibody inhibition of
circulating EREG demonstrates similarly opposing effects in
acute and chronic pain (Verma et al., 2020). Collectively, these
studies suggest that EGFR and EREG may have roles in the
development of chronic pain but may also protect against
sensitization in acute pain. However, due to the limitations of
these cohorts, including small sample sizes and limited evaluation
of sex as an important biological variable, additional studies are
required. Future work may include broader and diverse samples
for genetic analyses and sex-specific in vivo studies will allow
validation of the possible link between EREG and chronic pain
across different patient populations.

Transcriptional profiling of macrophages from synovial fluids
of patients suffering from rheumatoid arthritis (RA) and
pancreatic cancer, has further implicated potential roles of the
EGEFR signaling pathway in pain (Wangzhou et al.,, 2021). This
was revealed by an interactome map of human DRG RNA-seq
and macrophages derived from patient synovial tissue (single-cell
RNA-seq). Three of the transcripts enriched in the RA
macrophages include heparin-binding EGF-like growth factor
(HB-EGF), EREG and decorin, a TGF-P derived proteoglycan
binding peptide, that when released by the macrophage have the
potential to activate EGFR in the DRG. A similar analysis using
bulk RNA-seq of pancreatic cancer patients and non-cancer
patients revealed that of the 41 ligands that are upregulated in
cancerous tissues, four activate or modulate EGFR, including the
EGFR ligand TGF-a, and modulators CEACAMI, FGF1, and
TFF1 (Wangzhou et al., 2021). While these associations do not
directly entail causality, mechanistic in vivo evidence is limited to
the use of animal models. Thus, these data highlight potential
interactions in human tissues-specifically, between EGFR within
the DRG and ligands associated with pain-associated diseases and
underscore the importance of investigating the role of EGFR in
chronic pain.

EPIDERMAL GROWTH FACTOR
RECEPTOR

EGEFR has central roles in development and in the maintenance
of homeostasis in adult tissues, including the central and
peripheral nervous systems, where it exerts neurotrophic
actions (Aguirre et al., 2007; Chong et al., 2008; Garcez et al,,
2009; Hu et al., 2010; Sinor-Anderson and Lillien, 2011). Ligand
binding and activation of EGFR occurs within the plasma
membrane. Structurally, EGFR contains an extracellular
region, the ligand-binding domain, transmembrane region,
and intracellular region containing an intrinsic tyrosine
kinase domain and a c-terminal tail that harbors many

EGFR in Pathological Pain

tyrosine residues that become phosphorylated upon ligand
binding (Lemmon and Schlessinger, 2010). EGFR is one of
four members of the ErbB family of RTKs, the others being
HER2, HER3 and HER4. These family members bind different
ligands (or no ligand in the case of HER2), and form various
homo- or heterodimers [for review see Lemmon et al. (2014)].
EGFR may bind various ligands that are characterized into two
groups based on their binding affinity: high-affinity ligands
include EGF, transforming growth factor alpha (TGF-a),
betacellulin and (HB-EGF); and low affinity ligands include
amphiregulin, epiregulin (EREG), and epigen (Freed et al,
2017). The binding of high- or low-affinity ligands not only
leads to the formation of distinct structural dimers, but
generates transient or sustained signalling, respectively, and
thus different cellular physiological outcomes (Freed et al.,
2017).

Depending on the cellular expression of HER2, HER3,
and HER4, ligand-binding to EGFR induces receptor
homo- or heterodimerization, and the activation of
intrinsic  tyrosine kinase domains that leads to
phosphorylation of the receptor’s c-terminal cytosolic
tail (Lemmon et al., 2014). These phosphotyrosine
residues are part of motifs that allow binding of various
SH2- and PTB-domain containing proteins, leading to the
subsequent activation of various intracellular signaling
pathways, such as phosphatidylinositol-3-kinase (PI3K)-
Akt, Ras-Erk, and signal transducer and activator of
transcription (STAT) proteins (Han and Lo, 2012;
Sugiyama et al., 2019) (Figure 2). Following ligand
binding at the cell surface, EGFR undergoes
internalization and intracellular vesicle traffic, a
phenomenon that regulates EGFR signaling in multiple
ways (Vieira et al., 1996; Sigismund et al., 2008; Garay
etal.,2015; Reis et al., 2015; Villasefior et al., 2015; Pinilla-
Macua et al., 2016; Chen et al., 2017; Leyton-Puig et al.,
2017; Pascolutti et al., 2019; Thapa et al., 2020). The
complexity of these signaling pathways is underscored
by the compartmentalization of signalling intermediates
of various isoforms, and membrane traffic of these proteins
and the receptor-all of which have important roles in
contributing to signal fidelity and specificity (Sugiyama
et al., 2019).

Epidermal Growth Factor Receptor in

Animal Models of Pain

Animal models of pain are important and necessary to
understand fundamental mechanisms of disease and to
identify new therapeutic targets (Mogil et al., 2010).
Various animal models of pain have been designed to
mimic distinct clinical pathologies (Gregory et al., 2013).
For example, models of neuropathic pain include spared
nerve injury, in which the sciatic nerve undergoes partial
injury (Cichon et al., 2018), spinal nerve ligation (Chung
et al, 2004), and paclitaxel-induced neuropathy (Griffiths
et al., 2018). Pain perception varies among individuals and
an analogous heterogeneous response to nociceptive stimuli
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FIGURE 2| EGFR structure, ligand-binding, and signaling pathways. In the basal state, EGFR exists in an autoinhibited conformation. Ligand-binding allows for the
formation of homo- or heterodimers, which activates EGFR intrinsic tyrosine kinase domains and ensues signal transduction, shown here as an EGFR homodimer with
one ligand bound. Various signalling pathways are initiated by the active EGFR, such as Ras-Erk, JAK/SFK-STAT, and PI3K-Akt. Regarding EGFR-PI3K-Akt signalling,
EGFR autophosphorylation at Y1068 allows for the activation of class IA PI3K. The active PI3K subsequently phosphorylates Pl(4,5)P, (PIP.) into PI(3,4,5)P3, which
recruits kinases PDK1 and Akt to the plasma membrane. There, Akt is phosphorylated by PDK1 and mTORC2 at T308 and S473, respectively. EGFR: epidermal growth
factor receptor, JAK: Janus kinase, SFK: Src-family kinase, STAT: signal transducer and activator of transcription, PI3K: phosphoinositide 3-kinase, PDK1:
phosphoinositide-dependent kinase 1, MTORC: mechanistic target of rapamycin complex, TSC: tuberous sclerosis complex, SOS: son of sevenless, Grb2: growth

factor receptor-bound protein 2, Gab1: Grb2-associated binding protein 1.
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can be observed in rodents. As pain cannot be measured
directly in animal models, methods that quantify
nociceptive behaviours have been developed (reviewed by
(Deuis et al., 2017) as a surrogate outcome.

EGFR has been shown to mediate hypersensitivity in various
animal models of pain. Systemic administration of various EGFR
inhibitors (AG-1478, gefitinib, lapatinib) reverses complete
Freund’s adjuvant (CFA)-, spared nerve injury (SNI)- and
chronic  constriction injury (CCI)-induced mechanical
allodynia, as well as carrageenan-induced thermal
hypersensitivity (Martin et al., 2017). Systemic administration
of these inhibitors also reduces nociceptive behaviours in the late
phase of the formalin test (Martin et al., 2017). However, a recent
report has shown that gefitinib administration does not block
spinal nerve ligation (SNL)-induced mechanical allodynia,
though the authors suggest that the discrepancy between this
and previous findings may be due to differences in SNI and SNL
models of neuropathic pain (Puig et al., 2020). In the SNL model,
the L5 and L6 spinal nerves are ligated whereas in the SNI model,
the tibial and common peroneal nerves are ligated and sectioned
2-3 mm from the ligation, leaving the sural nerve intact (Challa,
2015). The methodology of and challenges associated with each of
these models have been described previously [reviewed by
(Challa, 2015)]. Intrathecal delivery of gefitinib or EGFR
siRNA reverses chronic constriction of the DRG (CCD)-
induced mechanical, heat, and cold hypersensitivity (Wang
2019). Inhibition of EGFR with cetuximab attenuates
nociceptive behaviors in a mouse model of oral cancer pain
(Scheff et al., 2020). Given these data, it appears that EGFR
may have roles in driving hypersensitivity across multiple pain

et al,

models, though this may vary with context.

Epidermal Growth Factor Receptor Is
Expressed Within the Dorsal Root Ganglion

and Spinal Dorsal Horn

The dorsal horn, dorsal root ganglia, and trigeminal ganglia are
important areas in pain modulation (Ji et al., 2016; Esposito et al.,
2019), and multiple studies have detected EGFR expression
within primary afferents and immune cells within these areas
(Werner et al., 1988; Puig et al.,, 2020). Immunohistochemistry
(IHC) staining for EGFR in primary afferents suggest a
heterogeneous expression pattern within afferent nerve fibers
of various diameters in human and rat DRG (Werner et al,
1988; Birecree et al., 1991; Huerta et al., 1996; Martin et al., 2017).
Recent studies have demonstrated that EGFR may be broadly
expressed in many different sensory fiber types as indicated by
cellular colocalization of EGFR with NF200, CGRP, and IB4 in
the rat DRG and spinal cord (Wang et al., 2019; Puig et al., 2020).
These data imply that EGFR is expressed in myelinated,
unmyelinated peptidergic, and unmyelinated non-peptidergic
fibers, respectively. However, within the spinal cord, EGFR
does not colocalize with neuron-specific nuclear protein
(NeuN), suggesting second-order neurons may not express
EGFR (Puig et al,, 2020). IHC staining of other ErbB family
proteins (HER2, HER3 and HER4) demonstrates that these
receptors are also differentially expressed within the DRG and
dorsal horn (Pearson and Carroll, 2004). Collectively, these
studies establish EGFR expression in many different afferent
nerve fibres.

EGFR expression has also been detected in non-neuronal cell
types, namely immune and glial cells, within the DRG and dorsal
horn. Microglia, the resident macrophages of the CNS, may have
key roles in the establishment and maintenance of neuropathic

Frontiers in Pharmacology | www.frontiersin.org

108

May 2021 | Volume 12 | Article 642820


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Borges et al.

pain (Tsuda, 2016). Cellular colocalization of EGFR with OX42
(Puig et al, 2020) and western blotting of isolated (spinal)
microglia suggest microglia within the rat spinal cord express
EGFR (Qu et al,, 2012). Satellite glial cells of the DRG may have
roles in neuropathic pain by releasing soluble pain mediators,
such as growth factors and cytokines (Wei et al., 2019). IHC of
human DRGs suggests satellite and interstitial Schwann cells
express EGFR (Werner et al., 1988), and colocalization of
EGFR with glutamate synthase suggests satellite cells express
EGFR within the rat DRG (Wang et al,, 2019). Though some
reports have shown that astrocyte expression of EGFR is
downregulated within the postnatal rat brain (Scholze et al,
2014), other studies have shown that EGFR is expressed
within astrocytes and other cell types, possibly macrophages,
within the gray matter of the female rat spinal cord (Erschbamer
et al, 2007; Li et al,, 2014). Collectively, these studies provide
evidence that EGFR is expressed both in sensory neurons as well
as in immune and supportive cells relevant to pain, providing an
anatomic and cellular substrate for several possible mechanisms
of action of EGFR in neuropathic pain.

Epidermal Growth Factor Receptor is
Upregulated Within the Dorsal Root

Ganglion in Various Pain Models
EGFR mRNA increases in the ipsilateral DRG of male rats
following SNL or CCD (Wang et al, 2019) as well as spinal
cord injury (SCI) (Erschbamer et al., 2007; Li et al.,, 2014). This
increase in EGFR mRNA was also observed following SCI in a
subpopulation of sensory neurons within the DRG (Erschbamer
et al, 2007). Contact of vertebral pulposus (NP) tissue with
peripheral nerves has been used to emulate the contribution of
inflammatory mediators secreted by NP tissue to pain associated
with radiculopathy (Takebayashi et al., 2001; Cuellar et al., 2005;
Egeland et al., 2013). Contact of NP tissue with exposed dorsal
nerve roots leads to increased HER3, but not EGFR, HER2 or
HER4 mRNA within the DRG (Kongstorp et al, 2019),
suggesting other ErbB proteins may have roles in mediating
pain. Given that HER3 and EGFR may form heterodimers,
how the regulated expression of EGFR and other HER family
members observed following nerve lesions may alter nociception
and contribute to neuropathic pain warrants further
investigation.

EGFR phosphorylation at Y1068 leads to PI3K-Akt signaling,
a phenomenon that may be increased within the DRG in various
models of pain, including CFA and SNI (Martin et al., 2017).
EGEFR is also phosphorylated at Y1068 within the ipsilateral DRG
following CCD, but is not activated within the contralateral DRG
or within the spinal cord (Wang et al., 2019). Thus, given the
evidence published to date, EGFR phosphorylation (Y1068) may
be upregulated within the DRG in inflammatory and neuropathic
pain models.

Since EGFR may be activated directly by ligand-binding or
indirectly through transactivation by other receptors, we next
discuss EGFR ligands and their implicated roles in pain.

EGFR in Pathological Pain

Direct Actions of Epidermal Growth Factor
Receptor by Ligand-Binding

A key regulatory mechanism of RTK signaling involves controlling
the availability of active-form ligands to the receptor. Many RTK
ligands are initially synthesized as transmembrane proteins
(Adrain and Freeman, 2014) and in the case of EGFR, pro-
ligands are made soluble by the membrane-bound
metalloprotease, ADAM-17, which proteolytically processes
more than 80 substrates including cytokines, adhesion
molecules and cognate ligand precursors of EGFR (Quarta
et al,, 2019). Multiple ADAM-17 substrates are involved in pain
hypersensitivity and inflammation, and as such, recent studies have
sought to elucidate the role of ADAM-17 in nociception and pain
sensitization. Scheff and colleagues demonstrated that the
supernatant of some oral cancer cell lines is sufficient to induce
nociceptive behavior in mice, which was attenuated by EGFR
inhibition, and that this supernatant contained higher levels of
ADAM17 than non-nociceptive cell lines. Importantly, pathway
analysis revealed enhanced PI3K-Akt and mTORCI signaling
upon treatment with nociceptive oral cancer cell supernatant
(Scheff et al., 2020). Together, these data suggest a model in
which cleaved targets of ADAM-17 may induce hyperalgesia
through the EGFR signaling axis. However, establishing a causal
link between elevated ADAM17, EGFR ligands and nociception
and pain sensitization requires additional research, as some
ADAM substrates may transactivate EGFR, including IL-6,
which in ovarian cancer, may exhibit crosstalk with EGFR in
both its membrane-bound and soluble state (Colomiere et al.,
2009). However, consistent with these studies, other evidence
further suggests that ADAM-17 may have roles in neuropathic
pain, as levels of ADAM17 mRNA increase in the ipsilateral dorsal
horn following partial sciatic nerve ligation of mice (Brifault et al.,
2019). Additionally, hypomorphic ADAM-17 (ADAM-17°V¢)
mice have elevated mechanical thresholds and impaired
sensitivity to heat and cold and the DRG of ADAM-17*
mice contain fewer p-4 positive neurons, which are canonically
responsive to thermal nociceptive stimuli (Quarta et al., 2019).

Following binding of active-form ligand, the activation of
EGEFR allows for various signaling pathways to take place that
may drive hypersensitivity. There is a wealth of information about
the specific roles and actions of distinct EGFR and ErbB ligands in
a variety of physiological and pathophysiological settings
[reviewed by Citri and Yarden (2006), Ho et al. (2017)].
Importantly, some EGFR ligands of both high and low affinity
have been implicated in mediating pain associated with various
diseases such as temporomandibular disorder (Martin et al,
2017), vertebral disc herniation and degeneration and
radiculopathy (Huang et al., 2017; Kongstorp et al, 2019),
rheumatoid arthritis and cancer (Wangzhou et al, 2021)
(summarized in Table 1).

Though some EGFR ligands have been specifically
investigated, the contribution of others in pain signaling can
only be inferred and require experimental confirmation. Thus, we
focus here on EREG and EGF which have been investigated most
thoroughly in this context.
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TABLE 1 | Summary of EGFR ligands and their implicated actions in pain.

Ligand Receptor(s) Evaluated Mechanistic findings
nocifensive
stimuli
High affinity ligands
EGF EGFR Mechanical GRK2 phosphorylation; opioid receptor
downregulation
BTC EGFR,HER4 — -
EGFR, HER4  Mechanical 1 DRG neuron intracellular Ca*
HB-EGF
TGFa  EGFR — —
Low affinity ligands
AREG EGFR — —
EREG EGFR,HER4 Heat; capsaicin; PI3K-Akt-mTORC1 signaling activation; 7
mechanical; formalin
neuron intracellular Ca®*
EPGN EGFR - —

spontaneous C fibre firing; T capsaicin-evoked DRG  peripheral nerve injury

EGFR in Pathological Pain

Implicated human References

pain conditions

Opioid tolerance Chen et al. (2008), Puig et al. (2020)

RA

Wangzhou et al. (2021)

Pancreatic cancer Wangzhou et al. (2021)

Huang et al. (2017), Martin et al
(2017), Kongstorp et al. (2019),
Wangzhou et al. (2021)

RA; radiculopathy;

Experimental evidence for and suggested roles of EGFR ligands in pain. Evaluated nocifensive stimuli, mechanistic findings and human condlitions in which ligands have been implicated to
contribute to pain are indicated. EGF: epidermal growth factor, BTC: betacellulin, HB-EGF: heparin-binding epidermal growth factor-like growth factor, TGFa: transforming growth factor
alpha, AREG: amphiregulin, EREG: epiregulin, EPGN: epigen. PGE2: prostaglandin E2. i. t.: intrathecal, DRG: dorsal root ganglion, RA: rheumatoid arthritis, SNI: spared nerve injury, CFA:

complete Freund’s adjuvant. — indicates no available data.

Epidermal Growth Factor Receptor Ligands and Their
Roles in Pain

EREG, but not other EGFR ligands (EGF, amphiregulin,
betacellulin, TGF-a), enhances formalin-induced nocifensive
behaviors in mice with EREG administration alone being
sufficient to induce heat and mechanical hypersensitivity
(Martin et al, 2017). For comparison, EREG-enhanced
formalin-induced nocifensive behaviours are comparable to
those produced by an established pain modulator, NGF.
Importantly, inhibition of the NGF receptor, TrkA, does not
block EREG-induced effects, suggesting the mechanism by which
EREG promotes pain occurs independently of NGF receptor
activity (Martin et al., 2017).

Whether EREG is the only EGFR ligand capable of inducing
mechanical hypersensitivity has been addressed recently: EGF
administration alone is sufficient to induce mechanical but not
thermal hypersensitivity (Puig et al., 2020). However, this effect
takes repeated administration over several days to take place,
while EREG-induced hypersensitivity occurs within an hour
(Puig et al, 2020). Intraplantar administration of HB-EGF is
sufficient to induce mechanical sensitivity in male and female
mice (Wangzhou et al,, 2021), which peaks 1h after HB-EGF
administration after which animals recover to an extent over the
course of days.

Whether differences in ligand affinity may contribute to these
potential differences remains to be determined. TGF-a may have
potential roles in pancreatic cancer pain (Wangzhou et al., 2021).
However, whether TGF-a administration alone is sufficient to
induce hypersensitivity remains to be investigated. Thus, whether
other EGFR ligands may participate in sensitization of other
contexts is as of yet unclear. Different EGFR ligands may
distinctly contribute to neuropathic pain by different patterns
of expression and secretion, or by distinct regulation of the
magnitude or duration of EGFR signaling following ligand
binding. Collectively, this diversity of EGFR ligand regulation
may contribute to context-dependent action of each EGFR ligand

in promoting pain sensitization, though further mechanistic
studies are required to fully delineate whether this is indeed
the case.

Despite the complexity of EGFR ligand signaling, there has
been substantial evidence to support a key role for EREG in pain
signaling. Following lumbar vertebral disc herniation, EREG is
released from intervertebral disks by the NP and annulus fibrosus
in patients (Huang et al., 2017), or by NP cells in female rats
(Kongstorp et al.,, 2019). Application of NP-derived EREG onto
spinal dorsal nerve roots reduces evoked C-fiber responses but
increases their spontaneous activity (Kongstorp et al., 2019), and
thus, EREG may act as to mediate neuropathic pain through
peripheral mechanisms.

As described above, recent evidence has demonstrated that
inhibition of EREG reverses or enhances hypersensitivity in
chronic or acute pain models, respectively (Verma et al,
2020). This suggests that EREG mitigates pain during the early
stages of its development but eventually contributes to the
establishment of chronic pain (Verma et al., 2020). It remains
to be elucidated as to whether EREG has direct roles in the
establishment of chronic pain or in the maintenance of the
chronic pain state.

As both EGFR and its ligands can be expressed in various
immune cells relevant to pain and nociception, EREG may have
roles in inflammation-driven pain. Clinical data shows increased
levels of EREG in leukocytes of patients with temporomandibular
disorders (Martin et al., 2017) and RA (Wangzhou et al., 2021).
Levels of circulating EREG increase following CFA and SNI
(Martin et al., 2017) in rats. Thus, we next discuss EREG and
its roles in inflammation in the context of pain.

Epiregulin May Modulate Pain by Altering
Inflammation

The inflammatory responses involved in both injury and various
diseases drive the development and maintenance of neuropathic
pain by promoting mechanical allodynia, neuronal
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FIGURE 3 | EGF/EREG-EGFR and NGF-TrkA signaling mechanisms that contribute to pain/sensitization. (A) EREG-mediated sensitivity to formalin and capsaicin
involves TRPV1. (B) Similarly, NGF mediates sensitivity to capsaicin and formalin. NGF-TrkA signalling mediates traffic of TRPV1 to the plasma membrane through a
PI3K-dependent mechanism. The mechanisms by which NGF mediates sensitivity through these signaling intermediates is more well-characterized and thus, the
mechanisms by which EREG-EGFR signaling promotes sensitivity warrants further investigation. The mechanisms by which other EGFR ligands mediate sensitivity

are incompletely understood. Additionally, whether and how EREG-EGFR and EGF-EGFR signaling may promote sensitivity to distinct stimuli in various animal models

hypersensitivity, and central sensitization (Baral et al., 2019).
EGEFR and its cognate ligands have various roles in inflammation,
which may also contribute to neuropathic pain pathogenesis.
Following their activation, various immune cells secrete EGFR
ligands (Burgel and Nadel, 2008). Macrophages exhibit enhanced
levels of EREG mRNA following LPS stimulation (Oshima et al.,
2011). Primary microglia express membrane-bound EGF
(Coniglio et al., 2012), and in mice, EGF expression is
enhanced 4 days following spinal cord contusion injury
(Greenhalgh et al., 2018).

EREG contributes to inflammation, in part, by modulating the
expression of cytokines and growth factors in inflammatory
diseases (Murakami et al., 2013; Harada et al, 2015). The
expression of pro-inflammatory cytokines in the spinal cord,
DRG, injured nerves or skin are associated with pain behaviors
and the development of abnormal spontaneous activity from
compressed, injured and inflamed DRG neurons (Zhang and An,
2007). Reports first demonstrated that EREG may act
synergistically with cytokines to propagate the inflammatory
response as the ligand itself is expressed following in vitro
stimulation with interleukin (IL)-6 and IL-17 (Murakami
et al,, 2013). EREG subsequently further stimulates an increase
in EREG mRNA expression as well as that of IL-6, and enhances
NF«B signaling through PI3Ka, IKKa or IKKy (Murakami et al.,
2013). A follow-up study demonstrated that the serum of
individuals with RA have elevated levels of several growth
factors including EREG, an observation also made in rodent
models of RA (Harada et al., 2015). Importantly, the study reports
that only EREG levels increase during the early phase of
inflammation, while other growth factors were present in the
joints at later phases of inflammation (Harada et al, 2015).
Additionally, in vitro analysis of joint synovial fluid in mice

with cytokine-induced RA demonstrates that the neutralization
of EREG decreases the expression of growth factors and thereby
downregulates further EREG expression (Harada et al., 2015).
This collectively suggests that EREG may have a key role in the
development of inflammation and pain, however further studies
evaluating the functional role of EREG in inflammatory processes
are required.

Epiregulin-Epidermal Growth Factor Receptor
Signaling Mechanisms That May Contribute to
Hyperalgesia and Allodynia

Intrathecal administration of EREG triggers signaling cascades
within the DRG that promote pain sensitization (Martin et al.,
2017). Inhibition of PI3K or mTORCI, but not MEK1/2,
blocks EREG-enhanced pain behaviors following formalin
administration, suggesting EREG-enhanced hypersensitivity
occurs by a PI3K- and mTORCI-dependent, MEK-
independent mechanism (Martin et al, 2017). Here, we
describe the signaling cascades activated by EGFR and how
the resultant activation of the intermediate proteins PI3K,
mTORCI and MAPK drive peripheral and central sensitization.

Phosphatidylinositol 3-Kinase

PI3Ks are lipid kinases that catalyze the phosphorylation of the 3-
position of phosphoinositol. There are three classes of PI3Ks,
each generally responsible for generating a different
phosphoinositide (phosphorylated derivative of
phosphatidylinositol) (Jean and Kiger, 2014). The various
phosphoinositides generated by PI3K act upstream of many
signaling pathways. While PI3Ks are canonically known to
drive cellular growth, PI3K have also been widely shown to
mediate pain in various contexts. Inhibition of PI3K using
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wortmannin (Xu et al., 2011; Guo et al., 2017), which may inhibit
all classes of PI3K (McNamara and Degterev, 2011), or LY24002
(LY) (Liu et al., 2018), which inhibits class I and III PI3K (Gharbi
et al, 2007), perturbs CCl-induced mechanical and thermal
hyperalgesia in male rats. In male rodents, inhibition of PI3K
using wortmannin reduces carrageenan-induced thermal and
mechanical hypersensitivity, as well as late-phase formalin-
induced pain behaviors (Xu et al., 2011).

PI3Ks have been shown to contribute to both the
establishment and maintenance of neuropathic pain, of which
class T PI3Ks have been implicated to have significant roles.
However, there remains limited understanding of the
importance of the different class I PI3K isoforms in pain.

Specific class I PI3K isoforms, which catalyze the
phosphorylation ~ of  phosphatidylinositol-4,5-bisphosphate
(PI(4,5)P,) into phosphatidylinositol-3,4,5-trisphosphate

(PIP;), are differentially expressed within the nervous system.
The differential distribution of class I PI3K isoforms (a, B, y, §)
within various neuron types, supportive cells and immune cells
within the DRG and spinal dorsal horn has been implicated in
mechanisms of pain (Leinders et al, 2014). After 4h of
intraplantar carrageenan administration, mRNA levels of PI3K
a and PI3Kp or PI3Ky and PI3KS significantly increase within the
DRG or spinal cord, respectively. Intrathecal pre-treatment with a
PI3KP inhibitor blocks carrageenan-induced mechanical
allodynia, while inhibitors specific to other PI3K isoforms are
not capable of blocking carrageenan-induced mechanical
allodynia (Leinders et al, 2014). In contrast, pre-treatment
with a PI3Ky-specific inhibitor but not inhibitors of other
PI3K isoforms blocks intraplantar carrageenan-induced
mechanical allodynia. Additionally, protein levels of some class
I PI3K catalytic and regulatory subunits increase following CCI
(Liu et al, 2018). Collectively, these data suggest that the
differential distribution of class I PI3K isoforms have distinct

roles in nociception. However, the roles of class I PI3K isoforms
in different models of pain and in response to other nociceptive
stimuli remain to be elucidated. Thus, while there is evidence of
upregulation of, and a functional role for class I PI3Ks in pain,
further investigation into their precise contributions to pain is
warranted.

There is also some evidence that PI3K contributes specifically
to EGFR-dependent pain (Figure 3A). PI3K inhibition by
wortmannin attenuates EREG-enhanced formalin-induced
nociceptive behaviors, suggesting EREG-mediated hyperalgesia
occurs through a PI3K-dependent mechanism (Martin et al,
2017). However, it should be noted that PI3K is a common
signaling intermediate for many receptors implicated in pain and
as such, PI3K may be required by other growth factor receptors
(namely RTKs) that mediate pain, such as FGFR (Zhang M. et al.,
2020). Consistent with this, NGF-TrkA-mediated pain occurs
through a PI3K-dependent mechanism (Bonnington and
McNaughton, 2003). Hence, further mechanistic study of how
PI3K may specifically mediate pain signaling downstream of
EGFR in neurons and/or relevant immune cells in the context
of pain will be very informative.

One protein that is affected by EREG and/or PI3K activation is
the transient receptor potential cation channel subfamily V
member 1 (TRPV1). TRPVI1 has been widely studied for its
roles in thermal hyperalgesia and responds to polymodal stimuli
including noxious heat and vanilloid substances such as capsaicin
(Jardin et al., 2017). Administration of EREG alone is sufficient to
induce thermal hyperalgesia (Martin et al., 2017). In addition,
EREG enhances capsaicin-induced nocifensive behaviors.
Administration of the TRPV1 antagonist AMG 9810 blocks
EREG-induced hyperalgesia in the late phase of the formalin
test (Martin et al., 2017). These data suggest that one of the
mechanisms by which EREG may promote sensitivity involves
TRPV1. However, whether EREG enhances TRPV1 activity
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through mechanisms such as transcriptional regulation, or by
enhancing cell surface abundance, remain to be determined
(Figure 3A). Similarly, NGF administration has also been
reported to promote sensitization in part by inducing TRPV1
upregulation through a PI3K-dependent mechanism (Figure 3B)
(Stein et al., 2006; Zhu and Oxford, 2007a; Stratiievska et al.,
2018).

The mechanism by which NGF mediates TRPV1 upregulation
has been studied in greater detail than that of EREG. In F-11 cells,
a cellular model of undifferentiated sensory neurons, NGEF-
stimulation leads to increased cell surface TRPV1 (Stein et al.,
2006; Stratiievska et al., 2018), and inhibition of PI3K with
wortmannin blocks this effect (Stratiievska et al., 2018). NGF
stimulation enhances plasma membrane TRPV1 with constant
cytosolic TRPV1 (Pinho-Ribeiro et al., 2017). It is unclear as to
whether TRPV1 may be transcriptionally upregulated or whether
this enhanced traffic to the cell surface occurs with constant total
TRPV1 expression, the latter of which would indicate NGF
mediates TRPV1 traffic to the cell surface. In addition, patch-
clamp recordings of mouse DRG neurons suggests that NGF
stimulation leads to an increase in maximum current, but not the
EC50 in response to capsaicin through enhanced cell-surface
TRPV1 (Stein et al, 2006). Some evidence suggests that the
regulation of TRPV1 and PI3K may be reciprocal.

Class I PI3K activation canonically leads to the
phosphorylation and activation of Akt and although some
studies suggest roles for Akt in hypersensitivity following
formalin administration (Xu et al,, 2011), others suggest Akt
may not have a significant role as Akt phosphorylation may
decrease in the late phase of the formalin test, but this observation
was not statistically significant (Pezet et al., 2008). Thus, whether
and how Akt may be involved in sensitization by EREG or other
EGEFR ligands remains poorly understood.

In F-11 cells, in addition to PI3K signaling leading to enhanced
cell surface TRPV1, ectopic TRPV1 expression enhances NGF-
stimulated PI3K-dependent Akt phosphorylation at T308 and
S473, both of which are required for full activation of Akt
(Stratiievska al., 2018). Furthermore, NGF-enhanced
capsaicin-induced nocifensive behaviors are greatly reduced in
PI3K-deficient mice (p85a-null), suggesting that class I PI3K is
important in driving sensitization (Zhu and Oxford, 2007a). It
remains to be elucidated as to whether EREG-induced
sensitization through TRPV1 requires specific PI3K subunit
isoforms, and whether EGFR augments TRPV1 cell surface
expression. Like EREG, NGF may be produced by immune
cells such as macrophages (Shutov et al, 2016). However, the
therapeutic potential of anti-NGF treatments (or TrkA
inhibitors) in the treatment of pain is more established (Da
Silva et al, 2019). Additionally, whether EREG-mediated
signaling cascades occur in primary afferents, immune cells, or
both, remains to be elucidated.

et

Mechanistic Target of Rapamycin Complex

The mammalian target of rapamycin (mTOR) controls cellular
metabolism and many other cellular functions by incorporating
diverse signals from ligand-binding to intracellular cues
regarding energy and nutrient availability (Liu and Sabatini,
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2020). In mammals, mTOR functions as the catalytic subunit
of at least two complexes (C1 and C2) that are distinct in their
composition, activation, and cellular functions, which have been
reviewed elsewhere (Kim and Guan, 2019; Liu and Sabatini,
2020). Importantly, mTORC1 is activated by PI3K-Akt
signaling and mediates some critical aspects of PI3K-Akt
signaling (Manning and Toker, 2017).

Given the activation of mTORC1 downstream of PI3K-Akt
signaling, this kinase may mediate some of the important pain
signals driven by EGFR and/or PI3K. Consistent with this,
mTORC1 inhibitors such as rapamycin (also known as
sirolimus) and rapamycin derivatives such as temsirolimus
(CCI-779) inhibit mTORCI1 and have been used in clinical
trials for cancer therapy (Zhou and Huang, 2010; Dreyling
et al, 2016; ). Administration of rapamycin (or another
inhibitor of PI3K and mTORCI, PI-103) reduces nociceptive
behaviors in the late phase of the formalin test (Xu et al., 2011). In
male mice, local (intraplantar) or systemic (intraperitoneal)
administration of temsirolimus attenuates SNI- and
carrageenan-induced mechanical hypersensitivity, and SNI-
induced cold hypersensitivity in the acetone test. However,
local or systemic administration of temsirolimus treatment
does not block SNI- or carrageenan-induced heat
hypersensitivity, suggesting mTORCI may contribute to SNI-
induced mechanical and heat hypersensitivity, but not cold
hypersensitivity (Obara et al., 2011).

Similarly, temsirolimus and rapamycin block EREG-mediated
hypersensitivity in the formalin test (Martin et al., 2017). Hence,
while some evidence for mTORCI exists in mediating pain
signaling, given that rapamycin, and potentially its derivatives,
may inhibit both mTOR complexes (Zhou and Huang, 2010), the
mechanism(s) by which mTOR complexes may contribute to
EREG mediated pain sensitization remains to be further
examined.

Mitogen-Activated Protein Kinase

The family of mitogen-activated protein kinases (MAPKs)
includes three major members: extracellular regulated kinase
(ERK), p38 and c-jun N-terminal Kinase (JNK). Notably,
EGFR signaling activates Erk in most cell types leading to
proliferation and differentiation (Dong et al., 2004; Wee and
Wang, 2017). p38 and JNK are activated in a cell and tissue-
context-dependent manner, in which stresses such as tissue
damage can lead to the activation of p38 and JNK signaling,
in which both have roles in various programmed cell death
pathways (Jin et al., 2003; Zhuang et al., 2005; Cuadrado and
Nebreda, 2010; Lee et al, 2020). Following peripheral nerve
injury, these MAPKs are differentially expressed in astrocytes
and in microglia, important cellular players in the development of
neuropathic pain (Jin et al., 2003; Zhuang et al., 2005; Zhuang
etal., 2006). Different MAPKs are necessary for the development
of distinct phases of neuropathic pain. For instance, the
phosphorylation and activation of p38 and ERK in spinal
microglia is necessary to establish SNL-induced nociceptive
behaviors in mice (Jin et al., 2003; Zhuang et al., 2005),
whereas JNK or ERK activation in spinal astrocytes is
necessary for the development and maintenance of SNL-
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induced mechanical allodynia, which is blocked by inhibition of
JNK (Ji et al., 2009; Zhuang et al., 2005; Zhuang et al., 2006).
Nociceptive stimuli (mechanical, heat, cold) but not innocuous
light touch induce ERK activation within the dorsal horn. Pre-
treatment with MEK inhibitor PD 98059 blocks formalin-
induced nocifensive and nociceptive behaviors in rats (Ji et al.,
1999). Additionally, pre-administration of a p38 inhibitor
prevents SNL-induced mechanical allodynia (Jin et al., 2003).

In terms of drug development, p38 MAPK is a novel target of
cytokine-suppressive anti-inflammatory drugs due to its
regulatory role in the synthesis of inflammatory intermediates
(Anand et al, 2011). In the CFA model of inflammatory pain,
CFA administration leads to activation of p38 and ERK1/2 in the
DRG, and inhibition of p38 may reduce neuronal sensitization
(Zhang et al., 2018). Additionally, chronic compression of the
DRG induces mechanical allodynia that is attenuated following
intrathecal injections of MAPK inhibitors in rats (Qu et al., 2016).
In a clinical trial, patients with nerve trauma, radiculopathy or
carpal tunnel syndrome, that were treated with dilmapimod, a
p38 MAPK inhibitor, demonstrated a significant reduction in
pain (Anand et al,, 2011). However, larger clinical trials assessing
dilmapimod use are needed for clinically meaningful effect sizes
and diversity of cohorts to demonstrate the analgesic effects of
inhibiting p38 MAPK (Anand et al,, 2011). While these studies
collectively indicate that p38 MAPK, Erk and JNK may each
contribute to pain, whether and how EGFR modulation or pain
requires these signals remains to be examined.

Indirect Actions of Epidermal Growth Factor
Receptor Through Crosstalk With Signaling
by Other Receptors

Recent evidence has shown that EGFR has non-canonical roles in
regulating physiological processes such as inflammation, and
pathophysiological functions in inflammatory pain and
neuropathic pain. Though we have discussed how EGFR may
regulate pain through direct ligand-induced activation of EGFR
and canonical downstream signaling intermediates, EGFR also
controls cellular processes indirectly through crosstalk with other
plasma membrane receptors. Ligand-bound EGFR may induce
the activation of another receptor or another receptor may
transactivate EGFR. Here, we focus on two mechanisms by
which EGFR regulates pain-generating processes through
receptor crosstalk.

Epidermal Growth Factor Receptor Crosstalk:
Toll-Like Receptor 4

Toll-like receptors (TLRs) have key roles in the activation of the
innate immune system by detecting pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) associated with various microbes and cellular
damage, respectively (Kawasaki and Kawai, 2014). Upon binding
their respective PAMPs or DAMPs, active TLRs mediate immune
responses and cytokine production (Kawasaki and Kawai, 2014).
TLR activation in various cell types, including microglia,
astrocytes, and sensory neurons, has been implicated in the
development of persistent pain [reviewed by Lacagnina et al.
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(2018)]. Among the most widely studied of these is TLR4, which
makes up part of the extracellular lipopolysaccharide (LPS)
receptor. Lipopolysaccharides (endotoxins) are a major
constituent of the gram-negative bacterial outer membrane
that mediate various inflammatory signaling pathways
(Mazgaeen and Gurung, 2020). In the context of pain
signaling, LPS stimulation may sensitize TRPV1-positive
neurons within trigeminal ganglia by sensitizing capsaicin-
induced inward calcium currents and release of calcitonin
gene-related peptide, a pain mediator (Diogenes et al., 2011).
Furthermore, LPS may contribute to pain sensitization mediated
by other triggers, as seen for example by blockage of paclitaxel-
induced capsaicin sensitization in DRG and spinal dorsal horn
neuron by administration of the TLR4 antagonist, LPS-RS (Li
et al., 2015).

While EGF may be sufficient to induce microglial chemotaxis
(Nolte et al., 1997), this may involve cross-talk with LPS and/or
TLR4 signaling, as EGFR can also affect the LPS-induced
chemotaxis of primary microglia. Inhibition of EGFR with
AG1478 blocks LPS-induced chemotaxis of primary microglia
(Qu et al, 2015). Moreover, inhibition of EGFR in primary
microglia (Qu et al., 2012), and inhibition or shRNA silencing
of EGFR in bone marrow-derived macrophages (BMDM)
(Chattopadhyay et al., 2015), blocks LPS-induced production of
proinflammatory cytokines IL-1p and TNFa in vitro. A similar
result has been reported in bone marrow derived macrophages and
RAW 264.7 cells, in which inhibition of EGFR reduces LPS-
stimulated IL-1B, IL-6, IL-10 and TNFa expression (Tang et al.,
2020), indicating that EGFR is essential for LPS-induced regulation
of inflammation in macrophages.

While TLR4 activation may stimulate EGFR activation to elicit
changes in inflammatory signaling, other studies suggest that
EGFR may also act as an upstream mediator of TLR4 signaling,
perhaps as part of a reciprocal activation mechanism involving
EGFR and TLR4. In human mammary epithelial cells, EGF
stimulation induces TLR4 phosphorylation and inhibition of
EGFR with  erlotinib blocks EGF-stimulated TLR4
phosphorylation, suggesting EGFR stimulation alone is
sufficient to induce TLR4 activation (De et al., 2015). siRNA
silencing of TLR4 does not block EGF-stimulated EGFR
phosphorylation (Y1068) (De et al, 2015), suggesting that
EGFR may act as an upstream mediator of TLR4 signaling. In
support of this notion in an in vivo LPS instillation model of
endotoxemia, EGFR inhibition improves animal survival in part
by attenuating IL-6, TNFa and CXCL1 upregulation (De et al,
2015). Additionally, in a rat SCI model, inhibition of EGFR
prevents the transcritpional upregulation of IL-1p and TNFa,
further highlighting the ability of EGFR to modulate pro-
inflammatory signaling (Qu et al., 2012).

The mechanisms by which EGFR may be required for TLR4
signaling have been recently investigated. Some evidence suggests
that TLR4 may transactivate EGFR through protein
intermediates, such as Hsp90 (Thuringer et al, 2011), while
other evidence suggests that the Src family kinase, Lyn, may
be required for some pathways activated by EGFR-mediated
TLR4 signalling (De et al,, 2015). A recent study has shown
that EGFR augments TLR4 cell surface abundance in murine
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bone marrow-derived macrophages by mediating TLR4
internalization and subsequent traffic that leads to TLR4
recycling (Tang et al., 2020), which may in turn enhance the
magnitude or duration of TLR4 signaling. These results were not
sex-dependent (Tang et al., 2020), unlike other neuroimmune
mechanisms of pain (Mapplebeck et al., 2018). Collectively, these
data present evidence for mechanisms by which EGFR may
control signalling by receptors involved in inflammatory
responses, such as TLR4, and that this regulation may be part
of positive feedback linking activation of EGFR and TLR4 in
select cells such as macrophages (Figure 4A). Future studies
should be directed at investigating the functional implications of
the extensive crosstalk between TLR and EGFR signaling
pathways on pain sensitization and chronic neuropathic and
non-neuropathic pain.

Epidermal Growth Factor Receptor Crosstalk: Opioid
Receptors
Opioids continue to be a mainstay of pain management; however
preclinical and clinical evidence suggests that continued use may
contribute to neural changes that promote the transition from
acute to chronic pain [reviewed in Kandasamy and Price (2015)].
The “hyperalgesic priming” model developed by Jon Levine and
colleagues describes that following the resolution of an acute
“priming” stimulus (e.g., carrageenan), a secondary stimulus (that
is normally subthreshold) leads to a prolonged state of
hypersensitivity (Kandasamy and Price, 2015). One such
secondary stimulus is prostaglandin E2 (PGE,), which drives
sensitization of peripheral nerve terminals and is a major cause of
inflammatory pain (Scholze et al., 2014). Opioids may induce the
prolongation or maintenance of PGE, induced hyperalgesia
(Araldi et al., 2015), and some evidence has shown that EGFR
may be required for this process as well. DAMGO, a mu-opioid
receptor agonist, prolongs PGE,-induced hyperalgesia.
Importantly, DAMGO-induced hyperalgesia prolongation is
blocked by inhibition of EGFR (Araldi et al., 2018), suggesting
that EGFR is required for mu-opioid receptor-mediated
prolongation of PGE,-induced hyperalgesia. This evidence
demonstrates that EGFR may have roles in the mechanisms by
which opioid receptors prolong states of hypersensitivity.
EGFR may also participate in driving opioid tolerance through
opioid receptor downregulation (Figure 4B). Opioids have
widely been reported to have low analgesic efficacy in patients
and animal models of neuropathic pain, which may be, in part,
due to their downregulation in neuropathic pain (Obara et al,
2007). Opioid receptors of mu (MOR), delta (DOR), and kappa
(KOR) subtypes, are G-protein coupled receptors (GPCRs)
(Allouche et al, 2014) expressed within the nervous system,
including the DRG (Zhou et al., 2014; Sun et al, 2017) and
dorsal horn (Ikoma et al., 2007; Zhou et al.,, 2014). Upon ligand-
binding, the active GPCR induces not only canonical G-protein
signaling, but also the activation of GPCR kinases (GRKs) that
promote the association of P-arrestins to the receptor, thereby
inducing receptor internalization and eventual down-regulation
(Allouche et al., 2014). Accumulating evidence demonstrates that
various opioid receptors are down-regulated in various animal
models of neuropathic pain (Obara et al., 2007).

EGFR in Pathological Pain

Crosstalk between EGFR and G-protein-coupled receptors
(GPCRs), including that between EGFR and opioid receptors
(Belcheva et al.,, 2003; Chen et al., 2008; Clayton et al., 2010;
Lennon et al., 2014), has been established in various contexts and
may result in EGFR-driven downregulation of opioid receptors.
EGF pre-treatment promotes agonist-induced DOR and MOR
internalization, and EGF stimulation alone promotes GRK2
traffic to the plasma membrane, EGFR association with GRK2,
and GRK2 phosphorylation in vitro (Chen et al., 2008). Similarly,
EGFR may attenuate G-protein signaling and lead to the
downregulation  of other ~GPCRs through  GRK2
phosphorylation, such as the dopamine D2-like receptor, D;R
(Sun et al., 2018). Since opioid receptor agonists induce receptor
internalization that may lead to their downregulation, it has been
proposed that opioid receptor downregulation in neuropathic
pain is due to the disease itself, rather than medication (agonist)-
induced downregulation (Sun et al., 2017). However, as these
studies indicate, EGFR-dependent modulation of opioid
receptors may have a central role in pain and in opioid tolerance.

Consistent with a possible role of EGFR in modulating opioid
receptor signaling, clinical case reports indicate that
pharmacological inhibition of EGFR may have effects on
opioid efficacy and tolerance. In the case series conducted by
Kersten and colleagues, some patients were able to decrease their
opioid dose significantly within days following treatment with
cetuximab (Kersten et al, 2013). In addition, these patients
experienced significant pain relief for the first time in months
and experienced improvements in physical functioning. This
notion has been supported by preclinical evidence, in which
inhibition of EGFR (gefitinib) reverses morphine tolerance in
rats following SNL by restoring the analgesic effect of morphine
against mechanical allodynia (Puig et al., 2020). This suggests that
therapeutics targeting EGFR may be repurposed to restore the
analgesic effect of morphine in neuropathic pain, though this
should be replicated with larger and more diverse cohorts to
determine whether the generalizability of these findings. In this
case, EGFR inhibitors may provide both direct analgesic effects in
addition to improving the pharmacologic benefit and safety of
opioids in patients with neuropathic pain.

The above is analogous to observations made in a rat CFA
model, where inhibition of NGF-TrkA signaling reversed
morphine tolerance (Mousa et al,, 2007). In the SNL model,
PDGEFR inhibition similarly restores morphine analgesic effects in
male rats (Donica et al, 2014) and inhibition of PDGFR-f
reverses morphine tolerance, but does not eliminate the acute
analgesic effect of morphine in rats (Wang et al, 2012).
Administration of PDGFR agonist (PDGFR-BB) induces
mechanical allodynia, which is blocked by inhibition of EGFR
with gefitinib (Puig et al., 2020). However, whether PDGFR and
EGFR crosstalk in driving opioid tolerance remains to be
determined. Thus, while RTK signaling may drive opioid
tolerance, the contribution of various RTKs such as EGFR in
specific contexts warrants further investigation. Although studies
by Puig et al. (EGFR) and Donica et al. (PDGFR) observed that
administration of gefitinib or imatinib, respectively, do not
reverse SNL-induced mechanical allodynia, treatment with
these respective inhibitors restores the analgesic effect of
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morphine in rats. Importantly, whether EGFR may drive opioid
tolerance through peripheral or central mechanisms is
incompletely understood.

CONCLUDING REMARKS

Chronic pain, particularly chronic neuropathic pain, remains a
global health priority due to a paucity of effective and well
tolerated therapies. Inhibitors of EGFR may exert analgesic
effects in patients with neuropathic pain with minimal side
effects. These empiric clinical findings are supported by
various preclinical models of pain hypersensitivity. However,
the use of EGFR inhibitors in neuropathic pain treatment may
be cost-prohibitive, with costs per month in the thousands of
dollars (Wang et al,, 2013; Yang et al, 2020). Additionally,
preclinical ~studies demonstrating roles of EGFR in
pathological non-neuropathic pain are limited, and whether
inhibitors of EGFR exert analgesic effects in patients with
pathological, non-neuropathic pain remains to be determined.
Considerable work remains in both the clinical and preclinical
spheres to evaluate the benefit of repurposing EGFR inhibitors for
patient care and understanding the mechanistic basis for EGFR’s
involvement in pain.

The mechanisms by which EGFR may mediate or contribute
to the initiation and maintenance of neuropathic pain are likely
diverse given the pleiotropic cellular functions of this receptor
family. These may include both direct actions of the receptor by
binding its cognate ligands and indirect actions through
transactivation. Few studies have investigated the signaling
mechanisms by which EREG may mediate sensitization,
though it appears that similar to NGF-mediated sensitization,
this mechanism requires PI3K. Thus, an outstanding and
fundamental question surrounds whether RTKs have shared
mechanisms by which they impact pain hypersensitivity or
have distinct pathways. The latter is important as the
differential contributions and molecular pathways may inform
pharmacologic strategies with increased context specificity.
Current evidence suggests that class I PI3K are the main
contributors in neuropathic pain. Future work directed at
delineating the specific roles of specific class I isoforms would
be beneficial since there are a variety of pan- and isoform-specific
inhibitors in clinical trial. Importantly, there are other pain
mediators, such as STAT3 (Liu et al,, 2013; Zhang et al., 2017;
Hu et al., 2020), that are also activated by EGFR (Han and Lo,
2012). The extent to which these targets contribute to EGFR-
mediated hypersensitivity remains to be elucidated.
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EGFR may influence pain directly or indirectly by controlling
traffic of other pain-associated proteins, such as TRPV1 or
TLR4 and opioid receptors, respectively. Given the
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EGFR in these processes warrant further investigation. The
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The evidence we reviewed here positions EGFR as an
important player in pathological pain states and provides the
impetus for the clinical and biomedical research communities to
investigate EGFR as a potential therapeutic target.
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The amygdala is an important neural substrate for the emotional-affective dimension of
pain and modulation of pain. The central nucleus (CeA) serves major amygdala output
functions and receives nociceptive and affected—related information from the spino-
parabrachial and lateral-basolateral amygdala (LA-BLA) networks. The CeA is a major
site of extra—hypothalamic expression of corticotropin releasing factor (CRF, also known as
corticotropin releasing hormone, CRH), and amygdala CRF neurons form widespread
projections to target regions involved in behavioral and descending pain modulation. Here
we explored the effects of modulating amygdala neurons on nociceptive processing in the
spinal cord and on pain-like behaviors, using optogenetic activation or silencing of BLA to
CeA projections and CeA-CRF neurons under normal conditions and in an acute pain
model. Extracellular single unit recordings were made from spinal dorsal horn wide
dynamic range (WDR) neurons, which respond more strongly to noxious than
innocuous mechanical stimuli, in normal and arthritic adult rats (5-6 h postinduction of
a kaolin/carrageenan—monoarthritis in the left knee). For optogenetic activation or silencing
of CRF neurons, a Cre—inducible viral vector (DIO-AAV) encoding channelrhodopsin 2
(ChR2) or enhanced Natronomonas pharaonis halorhodopsin (eNpHRsz ) was injected
stereotaxically into the right CeA of transgenic Crh—Cre rats. For optogenetic activation or
silencing of BLA axon terminals in the CeA, a viral vector (AAV) encoding ChR2 or
eNpHR3 o under the control of the CaMKIl promoter was injected stereotaxically into
the right BLA of Sprague-Dawley rats. For wireless optical stimulation of ChR2 or
eNpHRz o expressing CeA-CRF neurons or BLA-CeA axon terminals, an LED optic
fioer was stereotaxically implanted into the right CeA. Optical activation of CeA-CRF
neurons or of BLA axon terminals in the CeA increased the evoked responses of spinal
WDR neurons and induced pain-like behaviors (hypersensitivity and vocalizations) under
normal condition. Conversely, optical silencing of CeA-CRF neurons or of BLA axon
terminals in the CeA decreased the evoked responses of spinal WDR neurons and
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vocalizations, but not hypersensitivity, in the arthritis pain model. These findings suggest
that the amygdala can drive the activity of spinal cord neurons and pain-like behaviors
under normal conditions and in a pain model.

Keywords: amygdala, spinal dorsal horn, pain modulation, optogenetics, electrophysiology, corticotropin releasing
hormone, corticotropin releasing factor

HIGHLIGHTS

e Optical activation of BLA axon terminals in CeA or of
CeA-CRF neurons increased the evoked activity of spinal
dorsal horn neurons and induced nocifensive and emotional
responses under normal conditions, mimicking the
pain state.

e Optical silencing of BLA axons in CeA or of CeA-CRF
neurons in an arthritis pain model decreased the enhanced
activity of spinal dorsal horn neurons and reduced
emotional responses, but not the hypersensitivity.

¢ The data provide direct evidence for the modulation of pain-
like behaviors and spinal neuronal activity by BLA-CeA
signaling and CeA-CRF neurons on under normal
conditions and in an arthritis pain model.

INTRODUCTION

Pain is a complex medical condition resulting from the mutual
interaction of multiple components, such as sensory, cognitive
and emotional-affective. The amygdala, a limbic brain structure,
plays a critical role in the affective aspects of behavior and in pain
modulation (Veinante et al., 2013; Vachon-Presseau et al., 2016a;
Kato et al., 2018; Neugebauer, 2020). The amygdala consists of
distinct nuclei, including the central nucleus (CeA), the
basolateral complex (BLA), and interposed between them the
intercalated cell clusters (ITC). The CeA serves major amygdala
output functions and receives purely nociceptive information
from the spinal cord via the parabrachial (PB) area of the
brainstem and highly integrated multimodal inputs from the
thalamus and cortex via the BLA complex (Veinante et al., 2013;
Kato et al., 2018; Thompson and Neugebauer, 2019; Neugebauer,
2020). The amygdala processes information from different brain
regions and connects to ascending and descending pain
modulatory systems and other areas of the central nervous
system (CNS) involved in behaviors and cognitive and
emotional functions (DeBerry et al., 2015).

The BLA is composed of glutamatergic pyramidal neurons
that project to the CeA as well as to several cortical regions,
including the medial prefrontal cortex (mPFC) and anterior
cingulate cortex (ACC) (Neugebauer et al., 2009; Toyoda et al.,
2011; Veinante et al., 2013; Janak and Tye, 2015; Neugebauer,
2020). Through associative processing, emotional-affective
significance is conferred to polymodal sensory inputs from the
thalamus and cortex that are transmitted to the CeA for further
processing. The BLA-CeA circuit has been implicated in the
generation and modulation of pain-like behaviors (Thompson
and Neugebauer, 2017; Corder et al., 2019; Neugebauer, 2020).

The CeA is mainly composed by GABAergic neurons and many
co-express neuropeptides such as somatostatin (SOM), protein
kinase C delta (PKCS), dynorphin and corticotropin releasing
factor (CRF). Interestingly, expression of those neuropeptides
signifies distinct neuronal CeA subpopulations that may serve
different functions in anxiety, fear and pain (Haubensak et al.,
20105 Li et al,, 2013; McCullough et al., 2018; Wilson et al., 2019;
Neugebauer et al, 2020). Importantly, the CeA contains the
highest density of extra-hypothalamic CRF neurons, which
project to different areas of the CNS important for regulating
behaviors and pain (Pomrenze et al., 2015). CRF cell bodies are
found mostly in the lateral division (CeL) of the CeA and their
projections target several nuclei of the hypothalamus, the bed
nucleus of the stria terminalis and different areas of the
brainstem, including periaqueductal gray (PAG) and PB
(Pomrenze et al., 2015; De Guglielmo et al., 2019). CeA-CRF
neurons have been linked to the pain modulatory effects of kappa
opioid receptors (Ji and Neugebauer, 2020; Hein et al., 2021).

Here we test the hypothesis that selective activation of
BLA-CeA terminals or CeA-CRF neurons has facilitatory
effects under normal condition and selective silencing of these
elements has beneficial inhibitory effects in a pain state. To
address our hypothesis, we combined optogenetic strategies
with electrophysiological and behavioral assays. Optogenetics
utilize genetically-modified light-sensitive channels (opsins) to
target specific neuronal populations, allowing the control of
neuronal activity with light (Deisseroth, 2015).

RESULTS

This study investigated the contribution of optical manipulation
of BLA axon terminals in the CeA and of CeA-CRF neurons on
the neuronal activity of spinal dorsal horn neurons and
pain-like behaviors under normal conditions and in an
arthritis pain model (Arthritis pain model). To do so, viral
vectors coding light-sensitive channels were injected into
BLA or CeA, and an optical fiber delivering light of
appropriate length was implanted 4 weeks after surgery and
2 days before testing (Figure 1A). For optical manipulation of
BLA axon terminals in the CeA, we stereotaxically injected
adeno-associated viral vector encoding channelrhodopsin 2
(ChR2) or enhanced Natronomonas pharaonis halorhodopsin
(eNpHR; ) fused to yellow fluorescent protein (YFP) under the
control of CaMKII promoter into the BLA of SD rats
(Figure 1B). For control experiments, only YFP was
expressed in the BLA. For optical manipulation of CRF
neurons in the CeA, we stereotaxically injected a
Cre-inducible (DIO) adeno-associated viral vector encoding
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FIGURE 1 | Overview of experimental strategy and arthritis pain-related changes in spinal dorsal horn neurons. (A) Experimental design. (B) Schematic illustration

of viral vector injection into the BLA to express light-sensitive channels under the control of CaMKIl in BLA-CeA axon terminals, and application of light into CeA. (C)
Schematic illustration of the injection of the Cre-inducible viral vector into the CeA to express light-sensitive channels in CRF neurons, and application of light into CeA. (D)
Representative image of viral vector-mediated YFP expression in BLA and YFP expressing BLA axon terminals in CeA (green, eYFP). Scale bars, 1000 pm (lower
magnification image), 200 pum (higher magnification image). (E) Representative image of viral vector-mediated YFP expression in CeA-CRF neurons (green, eYFP). Scale
bars, 1000 pm (lower magnification image), 200 um (higher magnification image). (F) LED fiber track into the CeA. Scale bar 1000 pm (G) Depths of recording electrode
tips from the dorsal surface of the spinal cord of Sprague Dawley rats. (H) Depths of recording electrodes in the spinal cord of Wistar rats. Also shown is the estimated
correlation with dorsal horn laminae. (I-K) Spinal neuronal activity evoked by brushing the skin (I) and innocuous (J) and noxious (K) compression of the left knee joint
was increased in arthritic SD and arthritic Wistar rats compared to normal naive rats. In normal naive rats, no significant difference was found in evoked responses
between SD and Wistar strains. In the arthritis pain model, neuronal activity evoked by innocuous (I, J), but not noxious (K), stimulation of the arthritic knee was
significantly higher in arthritic Wistar rats than arthritic SD rats. Bar histograms show means + SEM. SD: Normal, n = 35 in 13 rats; Arthritis, n = 48 in 18 rats; Wistar:

Normal, n = 28 in 12 rats; Arthritis, n = 36 in 14 rats. *, **, **p < 0.05, 0.01, 0.001 compared to normal; p < 0.01 compared to SD; one-way ANOVA with Bonferroni
posthoc tests.

ChR2 or enhanced eNpHR;, fused to YFP into the CeA of  verification confirmed selective eYFP expression in BLA or CeA
transgenic Crh-Cre rats (Crh = CRF, corticotropin releasing (Figures 1D,E). An LED fiber was stereotaxically inserted into
hormone/factor) (Figure 1C). For control experiments, a viral the CeA to deliver blue (473 nm) light for activation or yellow
vector was injected into the CeA of wild type rats. Histological ~ (590 nm) light for inhibition (Figure 1F).
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FIGURE 2 | Optogenetic activation of BLA axon terminals in the CeA under normal condition increases evoked activity of spinal cord neurons. (A) Experimental
design. Neuronal WDR activity (n = 18) evoked by brushing the skin (B) and innocuous (C) and noxious (D) compression of the left knee joint was significantly enhanced
by optical activation of ChR2 on the BLA-CeA terminals with blue (473 nm) light (“On”, 20 Hz, 5 mW, 5-10 min) compared to no light (“Off’) values in normal naive rats.
(E) Peristimulus time histograms (500 ms bin size) show recordings of an individual WDR neuron before, during and after blue (473 nm) light application (20 Hz,

5 mW, 5-10 min) in a normal naive rat. Bar histograms show means + SEM. ** . "n < 0.01, repeated measures one-way ANOVA with Bonferroni posthoc tests
(F-H) Same display as (B-D) but for BLA-CeA terminal inhibition with yellow (590 nm) light (“On”) to activate eNpHR3 o (0 = 8). (I) Same display as (E) but for BLA-CeA
terminal silencing. (J-L) Same display as (B-D) but in YFP-expressing control rats with either blue (473 nm, n = 4) or yellow (590 nm, n = 5) light (“On”) application (n = 9).
(M) Same display as (E) but in a YFP—expressing control rat.

Extracellular single unit recordings from WDR neurons in the ~ Figure 11, p < 0.01, F(3, 143) = 16.53; Figure 1], p < 0.05, F(5, 143) =
deep dorsal horn (lamina IV-VI; mostly lamina V) of the lumbar ~ 16.75; Figure 1K, p < 0.001, F(5 143, = 20.88; one-way ANOVA
enlargement (L2-14, Figures 1G,H) showed significantly = with Bonferroni posthoc tests) and in arthritic compared to
increased responses to innocuous brushing the skin (I) and to normal naive Wistar rats (Normal, n = 28 neurons in 12 rats;
innocuous (J) and to noxious (K) compression of the arthritic Arthritis, n = 36 in 14 rats; Figure 11, p < 0.001; Figure 1], p <
(left) knee with a calibrated forceps (10's, In vivo spinal cord  0.001; Figure 1K, p < 0.001; for F values see above, one-way
electrophysiology) in arthritic compared to normal naive SD rats ~ ANOVA with Bonferroni posthoc tests). The responses to the
(Normal, n = 35 neurons in 13 rats; Arthritis, n = 48 in 18 rats;  three outcome measures were not significantly different between
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SD and Wistar strains under normal conditions (p > 0.05,
one-way ANOVA with Bonferroni posthoc tests). While
qualitatively similar increases in the arthritis pain model were
found for SD and Wistar rats, the spinal neuronal activity evoked
by innocuous brushing the skin and innocuous, but not noxious,
compression of the arthritic knee was significantly higher in
arthritic Wistar than arthritic SD rats (Figure 1I, p < 0.01;
Figure 1J, p < 0.0; Figure 1K, p > 0.05; for F values see
above, one-way ANOVA with Bonferroni posthoc tests).

Facilitatory Effects of Optical Activation of
BLA-CeA Terminals on Spinal Nociceptive
Activity in Naive Rats

To determine the contribution of BLA-CeA terminals on spinal
dorsal horn neurons, extracellular single unit recordings of
WDR neurons in the deep layers of the spinal dorsal horn
(L2-L4) were performed 4 weeks after
rAAV5-CaMKII-(opsin)-eYFP or rAAV5-CaMKII-eYFP
(control) injections into the BLA in normal rats. Optical
stimulation of ChR2 or eNpHR;, was achieved by the
stereotaxic implantation of an LED optical fiber for blue
(473 nm) or yellow (590 nm) light into the CeA 2 days before
testing (Figure 2A, Optogenetic strategy and In vivo spinal cord
electrophysiology). Activation of ChR2 at the BLA-CeA
terminals by blue (473 nm) light (“On”, 5-10 min, 20 Hz,
5mW) significantly increased the activity of WDR neurons
evoked by brief (10s) innocuous brush (p < 0.01, F(p, 34) =
12.1) and innocuous (p < 0.01, F(» 34y = 11.89) and noxious
compression (p < 0.01, F, 34y = 7.153; repeated measures
one-way ANOVA with Bonferroni posthoc tests, n = 18) of
the left knee joint with a calibrated forceps (In vivo spinal cord
electrophysiology) compared to no light exposure (“Off”) in
normal rats (Figures 2B-E). The effects of optical activation
were reversible (Figures 2B-E).

Conversely, optogenetic silencing of eNpHR;, expressing
BLA-CeA terminals by vyellow (590nm) light (“On”,
5-10 min, 20 Hz, 5mW) application had no significant effects
on the responses of WDR neurons to brief (10 s) brushing the
skin (p > 0.05, F(5, 14y = 0.5215) and innocuous (p > 0.05, F(5, 14) =
1.64) and noxious compression (p > 0.05, Fp 14 = 0.9986,
repeated measures one-way ANOVA with Bonferroni posthoc
tests, nn = 8) of the left knee joint compared to no light application
(“Off”) in normal rats (Figures 2F-I). In YFP—control rats, the
application of blue (473 nm) or yellow (590 nm) light (“On”,
5-10 min, 20 Hz, 5mW) into the CeA did not affect the
evoked responses of spinal WDR neurons (p > 0.05;
Figure 2J, F, 16 = 1.982; Figure 2K, F, 14 = 1.757;
Figure 2L, F, 16 = 0.1571; repeated measures one-way
ANOVA with Bonferroni posthoc tests, n = 9) compared to
no light exposure (“Off”) in normal rats (Figures 2J-M). Data for
blue (n = 4) and yellow (n = 5) light exposure in control rats were
combined because no difference was observed. Optical
manipulations in the amygdala did not induce any non-
evoked (by peripheral stimuli) activity in spinal neurons. The
data suggest that activation of BLA-CeA inputs has facilitatory
effects on spinal nociceptive processing under normal condition.

Optogenetic Amygdala Modulation in Pain

Whole-cell patch clamp experiments (Patch-clamp
electrophysiology in amygdala slices) were performed to
validate our optogenetics approach (Supplementary Figure
S1). Application of continuous or pulsed (20 Hz) blue light for
5 s at the BLA-CeA terminals expressing ChR2 (Supplementary
Figure S1A) induced firing activity of a CeA neuron in the
laterocapsular division (CeLC) in an amygdala—containing
slice obtained from a normal rat. No difference was detected
between continuous and pulsed light exposure on the CeLC
neuronal activity, validating our experimental approach using
pulsed light exposure in the CeA in the in vivo studies. Yellow
light was applied as control (Supplementary Figures S1B, C).

Inhibitory Effects of Optical Silencing of
BLA-CeA Terminals on Spinal Nociceptive
Activity in Arthritic Rats

Next, we investigated the contribution of optical manipulations of
the BLA-CeA terminals to spinal nociceptive processing in the
arthritis pain model (Figure 3A). The evoked responses of dorsal
horn WDR neurons were enhanced in arthritic rats (5-6 h post
induction) compared to normal conditions (Figures 1I-K). In
the arthritis condition, activation of BLA-CeA terminals by blue
(473 nm) light (“On”, 5-10 min, 20 Hz, 5 mW) delivered through
an optical fiber stereotaxically implanted into the CeA
(Optogenetic strategy) had no significant effect on the
responses of WDR neurons to brief (10s) brushing the skin
(p > 0.05, F2, 26) = 1.642) and innocuous (p > 0.05, F(,, 26) = 1.36)
and noxious compression (F(,, 26 = 0.2889, repeated measures
one-way ANOVA with Bonferroni posthoc tests, n = 14) of the
left knee joint with a calibrated forceps (In vivo spinal cord
electrophysiology) compared to no light exposure (“Off’,
Figures 3B-E).

In contrast, optogenetic silencing of BLA terminals in the CeA
by yellow (590 nm) light (“On”, 5-10 min, 20 Hz, 5mW)
application into the CeA, had significant inhibitory effects on
the activity of WDR neurons evoked by brush (p < 0.01, F,, 35) =
20.94) and innocuous (p < 0.01, F,, 35y = 10.54) and noxious (p <
0.01, F,, 35) = 18.53, repeated measures one-way ANOVA with
Bonferroni posthoc tests, n = 20) stimulation of the left (arthritic)
knee joint compared to no light exposure (“Off”) in arthritic rats
(Figures 3F-I). The effects of optical inhibition were reversible
(Figures 3F-I). In YFP-control rats, application of blue (473 nm)
or yellow (590nm) light (“On”, 5-10 min, 20 Hz, 5mW)
delivered by an optical fiber in the CeA (Optogenetic strategy)
did not affect the evoked responses of WDR neurons by brief
(10s) mechanical stimulation (p > 0.05; Figures 3], F(,, 2 =
0.3145; Figures 3K, F(, ,6 = 3.092; Figures 3L, F(; 55 = 0.382;
repeated measures one-way ANOVA with Bonferroni posthoc
tests, n = 14) of the knee joint compared to no light application
(“Off”) in arthritic rats (Figures 3]-M). Data for blue (n = 7) and
yellow (n = 7) light exposure were combined because no
difference was detected. These results suggest inhibitory effects
of silencing BLA-CeA terminals on spinal nociceptive processing
in an arthritis pain model.

Brain slice physiology showed that application of continued or
pulsed (20 Hz) yellow light for 5s to the BLA-CeA terminals
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FIGURE 3 | Optogenetic silencing of BLA axon terminals in the CeA in the arthritis pain model reduces the increased activity of spinal cord neurons. (A)
Experimental design. Responses of WDR neurons (n = 14) to brushing the skin (B) and innocuous (C) and noxious (D) compression of the left knee joint were not
significantly affected by the optical activation of ChR2 expressed on BLA-CeA terminals with blue (473 nm) light (“On”, 20 Hz, 5 mW, 5-10 min) compared to no light
(“Off”) values in arthritic rats. (E) Peristimulus time histograms (500 ms bin size) show recordings of a single WDR neuron before, during and after blue (473 nm) light
application (20 Hz, 5 MW, 5-10 min) in an arthritic rat. Bar histograms show means + SEM . (F-H) Same display as (B-D) but for BLA-CeA terminal inhibition with yellow
(590 nm) light (“On”) to activate eNpHRg o (1 = 8). (I) Same display as (E) but for BLA-CeA terminal silencing (n = 20). **, *p < 0.01, repeated measures one—way ANOVA
with Bonferroni posthoc tests. (J-L) Same display as (B-D) but in YFP-expressing control rats with blue (473 nm, n = 7) or yellow (590 nm, n = 7) light (“On”) application
(n = 14). (M) Same display as (E) but in a YFP-expressing control rat.

expressing eNpHR; o inhibited action potential firing of CeLC Facilitatory Effects of Optical Activation of
neuron in a brain slice from an arthritic rat. No difference was ~ CeA-CRF Neurons on Spinal Nociceptive
detected between the effects of continuous and pulsed light Activity in Naive Rats

exposure on CeLC neuronal activity, supporting our  ea CRF neurons are involved in behavioral modulation, pain
experimental approach using pulsed light in the in vivo  and fear (Pomrenze et al, 2015 Neugebauer et al, 2020).
studies. Blue light was applied as control (Supplementary  Therefore, we aimed to explore the involvement of CeA-CRE
Figures S1D, E). neurons on the activity of spinal neurons using optogenetics in
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FIGURE 4 | Optogenetic activation of CeA-CRF neurons under normal conditions increases evoked activity of spinal cord neurons. (A) Experimental design.
Responses of WDR neurons (n = 15) to brushing the skin (B) and innocuous (C) and noxious (D) compression of the left knee joint were significantly enhanced by optical
activation of ChR2 expressing CeA-CRF neurons with blue (473 nm) light (“On”, 20 Hz, 5 mW, 5-10 min) compared to no light (“Off”) values in normal naive rats.
(E) Peristimulus time histograms (500 ms bin size) show recordings of an individual WDR neuron recorded before, during and after blue (473 nm) light application
(20 Hz, 5 mW, 5-10 min) in a normal naive rat. Bar histograms show means + SEM. *, p < 0.05, **, *p < 0.01, repeated measures one-way ANOVA with Bonferroni
posthoc tests. (F-H) Same display as (B-D) but for silencing of eNpHR3 o expressing CeA-CRF neurons with yellow (590 nm) light (“On”) exposure (n = 5). (I) Same
display as (E) but for CeA-CRF neuron silencing. (J-L) Same display as (B-D) but in wild type control rats with blue (473 nm) light (“On”) application (1 = 8). (M) Same
display as (E) but in a wild type control rat.

transgenic Crh-Cre rats. Extracellular single unit recording from
WDR neurons in the deep dorsal horn (L2-L4) were performed
4 weeks after rAAV5-DIO-(opsin)-eYFP injections into the CeA
in normal rats to express ChR2 or eNpHR;, in CeA-CRF
neurons. An LED optical fiber delivering blue (473 nm) or
yellow (590 nm) light was stereotaxically implanted into the
CeA 2days before testing to stimulate ChR2 or eNpHR3.0
(Figure 4A, Optogenetic strategy and In vivo spinal cord

electrophysiology). Activation of CeA-CRF neurons by blue
(473 nm) light (“On”, 5-10 min, 20 Hz, 5mW) significantly
increased the activity of WDR neurons evoked by brief (10 s)
innocuous brush (p < 0.01, F,, »5) = 13.44) and innocuous (p <
0.05, F(2, 25y = 7.622) and noxious mechanical stimulation (p <
0.01, F(, 28) = 10.04; repeated measures one-way ANOVA with
Bonferroni posthoc tests, n = 15) of the left knee joint with a
calibrated forceps (In vivo spinal cord electrophysiology)
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P B

Light application

compared to no light application (“Off”) under normal condition
(Figures 4B-E). The effects of optical activation were reversible
(Figures 4B-E).

Conversely, optical silencing of CeA-CRF neurons by yellow
(590 nm) light application (“On”, 5-10 min, 20 Hz, 5 mW) had
no significant effects on the activity of WDR neurons evoked by
brief (10s) brushing the skin (p > 0.05, F(; g = 3.796) and
innocuous (p > 0.05, F(,, gy = 0.36150) and noxious (p > 0.05,

Fi, sy = 1.467; repeated measures one-way ANOVA with
Bonferroni posthoc tests, n = 5) stimulation of the left knee
joint compared to no light exposure (“Off”) in normal naive rats
(Figures 4F-I). In normal wild type rats (control), the application
of blue (473 nm) light (“On”, 5-10 min, 20 Hz, 5 mW) did not
significantly change the responses of WDR neurons to
mechanical stimulation of the knee joint (p > 0.05; Figure 4],
F(2, 14y = 0.7263; Figure 4K, F(; 14 = 0.9692; Figure 4L, F(; 14) =
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0.09817; repeated measures one-way ANOVA with Bonferroni
posthoc tests, n = 8) compared to no light exposure (“Off’;
Figures 4J-M). The data suggest that activation of CeA-CRF
neurons has facilitatory effects on spinal cord neuronal activity
under normal conditions.

Whole-cell patch  clamp  recordings  (Patch-clamp
electrophysiology in amygdala slices and Supplementary
Figures S2A-C) were made of CeA-CRF neurons identified
by their YFP expression (De Guglielmo et al, 2019).
Application of continuous or pulsed (20 Hz) blue light for 5s
induced action potential firing of a CRF neuron in an amygdala
slice from a normal rat. No difference was detected between
continuous and pulsed light effects on CeA-CRF activity,
supporting our experimental approach using pulsed light in
the in vivo studies. Yellow light was applied as control
(Supplementary Figures S2B,C).

Inhibitory Effects of Optical Silencing of
CeA-CRF Neurons on Spinal Nociceptive
Activity in Arthritic Rats

Next, we determined the effects of optical manipulations of
CeA-CRF neurons on spinal nociceptive processing in the
arthritis pain model (Figure 5A). The responses of spinal
WDR neurons were enhanced in arthritic rats (5-6h post
induction) compared to normal conditions (Figures 1I-K). In
the arthritis pain model, activation of CeA-CRF neurons by blue
(473 nm) light (“On”, 5-10 min, 20 Hz, 5mW) through an
optical fiber in the CeA (Optogenetic strategy) had no
significant effects on the responses of WDR neurons to brief
(10s) brushing the skin (p > 0.05, F, 15 = 0.4702) and to
innocuous (p > 0.05, F(, 1) = 3.283) and to noxious compression
(p > 0.05, F5, 15) = 0.3161, repeated measures one-way ANOVA
with Bonferroni posthoc tests, n = 10) of the left (arthritic) knee
joint with a calibrated forceps (In vivo spinal cord
electrophysiology) compared to no light exposure (“Off’,
Figures 5B-E).

In contrast, optogenetic silencing of CeA—CRF neurons by yellow
(590 nm) light (“On”, 5-10 min, 20 Hz, 5 mW) application into the
CeA significantly inhibited the activity of WDR neurons evoked by
brush (p < 0.05, F, 34y = 5.383) and innocuous (p < 0.01, F 34 =
8.554) and noxious (p < 0.01, F(,, 34y = 15.08, repeated measures
one-way ANOVA with Bonferroni posthoc tests, n = 18)
stimulation of the left knee joint compared to no light exposure
(“Off’) in arthritic rats (Figures 5F-I). The effects of optical
inhibition were reversible (Figures 5F-I). In normal wild type
rats (control), the application of blue (473 nm) light (“On”,
5-10 min, 20 Hz, 5mW) did not change the responses of WDR
neurons to brief (10 s) mechanical stimulation (p > 0.05; Figure 5],
F(z, 14) = 0.206; Figure 5K, F(z) 14) = 1.025; Figure 5L, F(z) 14) =
0.1829, noxious; repeated measures one-way ANOVA with
Bonferroni posthoc tests, n = 8) compared to no light application
(“Off’) in arthritic rats (Figures 5J-M). The results suggest
inhibitory effects of silencing CeA-CRF neurons on spinal
nociceptive processing in an arthritis pain model.

As a validation of the optogenetic approach, application of
continuous or pulsed (20 Hz) yellow light for 5 s inhibited action

Optogenetic Amygdala Modulation in Pain

potential firing in a CRF neuron (Facilitatory effects of optical
activation of CeA-CRF neurons on spinal nociceptive activity) in
an amygdala slice from an arthritic rat (Patch-clamp
electrophysiology in amygdala slices and Supplementary
Figures S2D,E). No difference was detected between the
effects of continuous and pulsed light exposure on CRF
neuronal activity, supporting our experimental approach using
pulsed light in the CeA in the in vivo studies. Blue light was
applied as control (Supplementary Figures S2D,E).

Effects of Optical Manipulation of Amygdala

Activity on Pain-like Behaviors

We evaluated the behavioral consequences of optogenetic
manipulations of BLA-CeA terminals or CeA-CRF neurons
(Figure 6, Pain-related behaviors) in normal and arthritic rats.
Optogenetic activation of ChR2 expressing BLA-CeA terminals
with blue (473 nm) light (“On”, 5-10 min, 20 Hz, 5mW)
significantly increased audible and ultrasonic vocalizations in
response to brief (10 s) noxious compression of the left knee joint
with a calibrated forceps (Pain-related behaviors) compared to no
light (“Off”) in normal naive rats (Figure 6A, p < 0.01, ¢ = 3.533;
Figure 6B, p < 0.05, t = 2.862; n = 13, paired t-test). Similarly,
withdrawal thresholds of nocifensive reflexes evoked by
mechanical compression of the knee joint (Pain-related
behaviors) were significantly decreased by optical activation of
BLA-CeA terminals in normal naive rats (Figure 6C, p < 0.05, t =
3.913, n =5, paired t-test). In the arthritis pain model, optogenetic
silencing of eNpHR;, expressing BLA-CeA terminals with
yellow (593 nm) light (“On”, 5-10 min, 20 Hz, 5mW) had
significant inhibitory effects on audible and ultrasonic
vocalizations evoked by noxious compression of the left
(arthritic) knee joint (Figure 6D, p < 0.01, ¢ 4.415;
Figure 6E, p < 0.005, t = 4.89; n = 11, paired t-test compared
to no light (“Off”)). Surprisingly, mechanical withdrawal
thresholds were not affected by optical silencing of the
BLA-CeA terminals in arthritic rats (Figure 6F, p > 0.05,
t = 1.881, n = 6, paired t-test).

Activation of ChR2 expressing CeA-CRF neurons by the
application of blue (473 nm) light (“On”, 5-10 min, 20 Hz,
5mW) significantly increased audible and ultrasonic
vocalizations evoked by brief (10s) noxious stimulation of
the left knee joint with a calibrated forceps (Pain-related
behaviors) compared to no light (“Off”) in normal naive
transgenic rats (p < 0.05; Figure 6G, t = 3.271; Figure 6H,
t =2.378; n = 8, paired t-test). Optical activation of CeA-CRF
neurons significantly decreased withdrawal thresholds of
nocifensive reflexes evoked by mechanical compression of
the knee joint (Pain-related behaviors) in normal naive
transgenic rats (Figure 61, p < 0.05, t = 3.994, n = 5, paired
t-test). In arthritic transgenic rats, optical silencing of
eNpHR;, expressing CeA-CRF neurons with vyellow
(593 nm) light (“On”, 5-10 min, 20 Hz, 5 mW) significantly
reduced audible and ultrasonic vocalizations evoked by
noxious compression (Pain-related behaviors) of the left
(arthritic) knee joint compared to no light (“Off>
Figure 6], p < 0.005, t = 7.888; Figure 6K, p < 0.01, t =
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FIGURE 6 | Effects of optogenetic amygdala manipulations on pain-related behaviors in normal and arthritis conditions. (A) Audible and (B) ultrasonic vocalizations
evoked by noxious compression of the knee joint with a calibrated forceps were significantly increased by the activation of ChR2 on BLA-CeA terminals with blue
(473 nm) light application (“On”, 20 Hz, 5 mW, 5-10 min) into the CeA compared to no light (“Off’) values in normal naive rats (n = 13). (C) Mechanical withdrawal
thresholds were significantly reduced by blue light (473 nm) exposure in normal naive rats (n = 5), indicating hypersensitivity. (D-F) Same display as (A-C) but for
silencing of eNpHR3 o expressing BLA-CeA terminals with yellow light (590 nm) in arthritic rats (audible and ultrasonic vocalizations, n = 11; reflexes, n = 6). (G-I) Same
display as (A-C) but for activation of ChR2 expressing CeA-CRF neurons in normal naive transgenic rats (audible and ultrasonic vocalizations, n = 8; reflexes, n = 5).
(J-L) Same display as (A-C) but for silencing of eNpHRz o expressing CeA-CRF neurons with yellow light (590 nm) in arthritic transgenic rats (audible and ultrasonic
vocalizations, n = 11; reflexes, n = 5). *, *p < 0.05, 0.01 compared to no light (“Off") values, paired t—test.

4.518; n = 11, paired t-test). Just like optical silencing of BLA-
CeA terminals, silencing of CeA-CRF neurons had no
significant effect on mechanical withdrawal thresholds

DISCUSSION

Preclinical (Neugebauer et al, 2009; Apkarian et al, 2013;

(Pain-related  behaviors) in arthritic transgenic rats  Thompson and Neugebauer, 2017; Neugebauer, 2020) and
(Figure 6L, t = 1.729, n = 5, paired t-test). clinical (Kulkarni et al., 2007; Liu et al., 2010; Simons et al,,
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Normal
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FIGURE 7 | Diagram summarizing key results (Left) Activation of BLA-CeA terminals or CeA-CRF neurons has facilitatory effects on spinal nociceptive processing,
vocalizations and mechanical withdrawal thresholds under normal conditions (Right) Silencing of BLA-CeA terminals or CeA-CRF neurons has inhibitory effects on spinal
nociceptive processing and vocalizations, but not on withdrawal reflexes, in an arthritis pain model.

Arthritis

Inhibitory effects

2014) studies have linked the amygdala to averse-affective aspects
of pain and pain modulation. The role of individual cell types and
interactions with spinal nociceptive processing as part of the
descending control system remain to be determined. Evidence
from preclinical research showed changes in the amygdala
neurocircuitry in pain state. For instance, in vivo recordings
revealed increased background activity and evoked responses
of CeA and BLA neurons to mechanical peripheral stimuli in
acute (arthritis) and neuropathic (spinal nerve ligation, SNL) pain
models (Neugebauer and Li, 2003; Ji et al, 2009; Ji and
Neugebauer, 2009; Ji et al, 2017; Kim et al, 2017).
Mechanistic analyses in brain slice physiology experiments
detected increased excitatory transmission at the PB-CeA and
BLA-CeA synapses and impaired inhibitory control resulting in
CeA hyperactivity in pain conditions (Neugebauer et al., 2003;
Han et al., 2005; Ikeda et al., 2007; Fu and Neugebauer, 2008; Ren
and Neugebauer, 2010; Kiritoshi and Neugebauer, 2018;
Miyazawa et al, 2018; Wilson et al, 2019). Interestingly,
amygdala pain mechanisms exhibit hemispheric lateralization
with the right amygdala showing pain-related synaptic
plasticity and activity changes that are involved in pain
facilitatory amygdala functions (Carrasquillo and Gereau,
2008; Ji and Neugebauer, 2009; Goncalves and Dickenson,
2012; Simons et al., 2014; Miyazawa et al., 2018; Nation et al.,
2018; Allen et al., 2021). Therefore, our focus on the right
hemisphere in this project is justified although it will be

important for future studies to perform similar manipulations
in the left amygdala to determine any differences.

Pharmacological interventions that increase amygdala output
have been shown to evoke pain behaviors in the absence of injury,
whereas strategies that decrease amygdala output generally
inhibit pain behaviors (reviewed in Neugebauer, 2020).
However, there is also evidence for pain inhibitory amygdala
functions (Wilson et al., 2019). A cell-type specific analysis is
needed for the better understanding of amygdala pain
mechanisms, and the optogenetic strategy employed here is an
important step in that direction. The involvement of individual
cell-types (PKCS, SOM, CREF; see Introduction) in pain-related
amygdala neuroplasticity has not been fully explored and is
currently an area of extensive research (Wilson et al.,, 2019; Li
and Sheets, 2020; Adke et al., 2021). Here we show that
optogenetic activation of CRF neurons or of BLA input to the
CeA generates nocifensive emotional responses (vocalizations)
and mechanical hypersensitivity under normal conditions in the
absence of tissue injury or pathology, whereas silencing of CRF
neurons or of BLA input to CeA inhibits vocalizations in an
arthritis pain model.

CRF output neurons in the CeA are known to project to
hypothalamic nuclei, the basal forebrain and several brainstem
areas involved in behaviors and pain modulation such as the
periaqueductal gray (PAG), locus coeruleus (LC) and PB
(Pomrenze et al., 2015; Neugebauer et al, 2020) regions.
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Several lines of research show that CRF projecting neurons in
the CeA promote averse-affective behaviors (Fendt et al., 1997;
Meccall et al,, 2015; Pomrenze et al., 2015; Pomrenze et al.,
2019) and that the CRF system in the amygdala is
endogenously activated in pain conditions and is critically
involved in amygdala pain mechanisms (Mcnally and Akil,
2002; Ji et al., 2007; Ji and Neugebauer, 2007; Fu and
Neugebauer, 2008; Ji and Neugebauer, 2020; Hein et al,
2021). The BLA-CeA network is known to convey highly
integrated polymodal information from thalamus and cortex
and encodes averse-affective aspects of pain (Veinante et al,,
2013; Corder et al.,, 2019; Thompson and Neugebauer, 2019;
Neugebauer, 2020). The BLA neurons project to the CeA
directly through excitatory synapses or indirectly via the
intercalated cells (ITC) that mediate feed-forward
inhibition of amygdala output from CeA neurons. ITC
inhibitory tone is also driven by excitatory cortical synapses
from the medial prefrontal cortex (Cheriyan et al., 2016;
Kiritoshi and Neugebauer, 2018; Thompson
Neugebauer, 2019). Failure of cortical inhibitory control
allows pain-related dysfunctions of this neurocircuitry
resulting increased  excitatory transmission and
hyperactivity of the CeA and is thought to correlate with
the emotional-affective dimension of pain and pain-
associated cortical deficits (Ji et al., 2010; Bushnell et al,,
2013; Ren et al., 2013; Vachon-Presseau et al., 2016b;
Kiritoshi and Neugebauer, 2018).

This study advances knowledge about pain-related amygdala
functions by providing direct evidence for pain-facilitating
effects of BLA-CeA transmission and CeA-CRF activation
under normal conditions and their contribution to spinal
nociceptive processing and behaviors in a pain condition
(Figure 7). Sadler et al. (2017) demonstrated that optogenetic
(ChR2) activation of right CeA neurons induced mechanical
allodynia and increased visceromotor responses to noxious
bladder distension in naive rats, suggesting pronociceptive
effects of the right amygdala to drive pain-like behaviors. Our
results show that optical (ChR2) activation of glutamatergic
(CaMKII) BLA-CeA terminals and of CRF-CeA neurons in
the right hemisphere increases evoked responses of spinal
dorsal horn WDR neurons (Figures 2, 4) and induces or
increases vocalizations and mechanical sensitivity (Figure 6)
under normal conditions, suggesting a critical role of these
elements in so-called functional pain conditions in the absence
of tissue injury or pathology. This study also showed that optical
(eNpHR;() silencing of BLA-CeA terminals and CeA-CRF
neurons decreased the increased activity of spinal WDR
neurons (Figures 3, 5) and vocalizations (Figure 3) in the
arthritis pain model, suggesting a significant contribution of
amygdala activity to pain-related neuronal changes at the
spinal cord level and to emotional pain-like behaviors.
Optogenetic stimulation of eNpHR; has been used before to
silence CRF neurons in the amygdala (De Guglielmo et al., 2019;
Ji and Neugebauer, 2020). The fact that optogenetic
manipulations of the BLA-CeA and CeA-CRF elements had
similar effects may suggest that excitatory BLA input to CeA
targets CRF neurons or that both engage similar CeA circuits.

and

in
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A surprising finding was that optical silencing of BLA-CeA
and CeA-CRF neurons in the arthritis pain model did not affect
mechanical hypersensitivity whereas optical activation did
generate hypersensitivity. Previous studies showed that
chemogenetic inhibition of PKC§ or SOM amygdala neurons
had differential effects on mechanical sensitivity in a neuropathic
model (1-2 weeks after induction), suggesting that they may play
different, perhaps time-dependent, roles than CRF neurons
(Wilson et al, 2019). Continued (15 days), but not acute,
bilateral chemogenetic inhibition of CeA-CRF neurons
increased the mechanical threshold in a neuropathic pain
model at the 2-weeks time point, and ipsi- but not contra-
lateral (to nerve injury) ablation of CeA neurons projecting to
locus coeruleus also increased mechanical threshold 2 weeks after
induction of neuropathic pain (Andreoli et al., 2017; Wilson et al.,
2019). We interpret our data to suggest that activation of these
amygdala elements has the potential to modulate not only
affective but also sensory pain-like behaviors (reflexes).
However, in the arthritis pain condition, these amygdala
elements may not be the only or main contributors, and other
cell types, synapses or pathways would need to be silenced to
inhibit mechanical hypersensitivity. Still, optogenetic silencing of
BLA-CeA terminals and CeA-CRF neurons inhibited the
responses of spinal WDR neurons in the pain condition but
not the mechanical reflex thresholds. The tests for the evaluation
of the mechanical sensitivity engage a reflex arc in the spinal cord
that mediates fast responses to an external stimulus (Burke et al.,
1979; Brown and Fyffe, 1981). The reflexes do not necessarily
require integrative brain processing, although the sensory inputs
ascend in the spinal cord to reach CNS regions and spinal reflexes
are modulated and under the control of supraspinal systems. It is
possible that the spinal WDR neurons recorded here in the deep
dorsal horn are not, or not critically, involved in the spinally
mediated nocifensive reflexes even though they are targeted by
projections from brainstem regions of the descending pain
modulatory system recruited by higher brain regions,
including the amygdala (Bingel and Tracey, 2008; Ossipov,
2012; Bushnell et al, 2013; Chen and Heinricher, 2019;
Neugebauer, 2020). Perhaps neurons other than those
modulated by the amygdala are more important for spinal
nocifensive reflexes, and the spinal neurons modulated by the
amygdala serve to convey information to the brain rather than
drive motor responses, at least in pain conditions and in the
arthritis model studied here. We did not determine if the spinal
neurons recorded here are projection neurons. This potential
shortcoming of our study remains to be addressed.

Some other caveats need to be considered. In this study two
strains of rats were used to address our hypothesis. SD rats were
used previously in our lab and we elected this strain for the
optogenetic manipulation of the BLA-CeA synapse for
consistency. Transgenic Wistar rats allowed the optogenetic
modulation of CRF neurons in the CeA considering that the
Cre technology was available only on the Wistar background rats
at the beginning of this project (Pomrenze et al., 2015). The effects
of optogenetic BLA-CeA or CeA-CRF modulations were similar
arguing against significant differences in amygdala circuitry in
these strains. Previous studies from our group (Ji and
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Neugebauer, 2020; Hein et al., 2021) and others (De Guglielmo
et al, 2019) successfully used the pulsed optical protocol to
manipulate the activity of specific pathways. Patch-clamp
analysis validated the optogenetic protocol parameters used in
the in vivo studies (Supplementary Figures S1, S2). In control
experiments for optogenetic manipulation of the BLA-CeA
synapse, we injected CaMKII-eYFP control vector (not coding
opsins) into the BLA of SD rats in combination with either blue
(473 nm) or yellow (590 nm) light illumination, which had no
effects on spinal cord neuronal activity and behaviors. We used
wild type rats injected with hChR2-eYFP expressing viral vector
into the CeA in combination with blue (473 nm) light to control
for optogenetic manipulation of CeA-CRF neurons in Crh-Cre
transgenic rats. We decided not to test the effects of
eNpHR; ,—eYFP expressing viral vector injected into the CeA
in combination with yellow (590 nm) light in wild type rats on the
WDR responses and behaviors, because we did not expect any
electrophysiological and behavioral significant changes. The
critical contribution of PB inputs to the CeA has been
explored previously, but the selective optical modulation of PB
axon terminals onto CRF and non-CRF neurons in the CeA was
not addressed in this study but needs to be explored to advance
our knowledge about cell- and synapse-specific roles of the
PB-CeA circuitry in amygdala pain-mechanisms.

In conclusion, this study provides strong evidence for
pain-facilitating  effects of BLA-CeA transmission and
CeA-CRF neurons on spinal nociceptive processing and
pain-like behaviors under normal conditions and their critical
involvement in behavioral changes and spinal nociceptive
processing in an arthritis pain model (Figure 7). The data also
suggest that interventions controlling amygdala activity and
output may represent a desirable strategy for pain management.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley (SD) and hemizygous transgenic and wild
type Crh-Cre rats (Crh = CRF, corticotropin releasing hormone/
factor) on Wistar background (Pomrenze et al, 2015; De
Guglielmo et al., 2019; Pomrenze et al,, 2019) (initial breeding
pairs kindly provided by Dr Robert Messing, UT Austin),
250-350g at time of testing, were housed in a
temperature—controlled room under a 12h day/night cycle
with unrestricted access to food and water. Experimental
procedures were approved by the Institutional Animal Care
and Use Committee (IACUC; protocol #14006) at Texas Tech
University Health Sciences Center and conform to the guidelines
of the International Association for the Study of Pain (IASP) and
National Institutes of Health (NIH). Rats were randomly assigned
to the different experimental groups. Experiments were
performed in a blinded fashion as much as possible so that
the investigators were blinded to viral vector injections, but
not pain model, and different investigators performed the
behavioral tests and analyses whereas electrophysiological
experiments and analyses were done by the same experimenter
for technical reasons.
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Experimental Protocol
Extracellular single—unit recordings of dorsal horn WDR neurons

(In vivo spinal cord electrophysiology) or behavioral tests
(Pain-related behaviors) were done before, during and after
light application into the amygdala in naive and arthritic rats
(5-6 h after the induction, Arthritis pain model). For optogenetic
activation or silencing of presumed glutamatergic BLA axon
terminals in the CeA (Optogenetic strategy), a viral vector
(AAV) encoding ChR2 or eNpHR;, under the control of the
CaMKII promoter was injected stereotaxically into the right BLA
of SD rats. For optogenetic activation or silencing of CRF
neurons, a Cre-inducible viral vector (DIO-AAV) encoding
ChR2 or eNpHR;, was injected into the CeA of transgenic
Wistar rats. Viral vector injections were performed four weeks
before the experiments to allow the expression of the
light-sensitive channels. For wireless optical stimulation of
ChR2 or eNpHR;, expressing CRF-CeA neurons or
BLA-CeA axon terminals, an LED optic fiber was inserted
into the CeA two days before the experiment. The effects of
optogenetic stimulation on behavioral and electrophysiological
outcome measures were assessed during 5-10 min of pulsed light
application into the amygdala (CeA).

Arthritis Pain Model

The well-established monoarthritis pain model that mimics the
acute phase of the human osteoarthritis condition was induced in
the left knee as described in detail previously (Neugebauer et al.,
2007). Rats were briefly anesthetized with isoflurane (2-3%;
precision vaporizer, Harvard Apparatus) for the separate
injections of kaolin (4% in sterile saline, 100 puL) and
carrageenan (2% in sterile saline, 100 pL) into the joint cavity
(K/C arthritis model) followed by repetitive flexions and
extensions of the leg for 5min after each injection. This
well-established paradigm produces an aseptic use-dependent
mono-arthritis with damage to the cartilage, and localized
inflammation in only one knee joint. K/C arthritis develops
rapidly within hours and persists for more than a week, and it
is associated with pain behaviors and neural activity changes in
the peripheral and central nervous system. As a control group we
used naive rats undergoing similar handling but without
intraarticular injections, because data from our previous
studies found no differences between naive and sham (saline
injection or needle insertion) rats, justifying the use of naive rats
as an appropriate control for the K/C pain model, which is well
established in our laboratories (Neugebauer et al., 2003; Gregoire
and Neugebauer, 2013; Kiritoshi and Neugebauer, 2015;
Mazzitelli and Neugebauer, 2019).

Optogenetic Strategy

For optical activation or silencing of presumed glutamatergic BLA axon
terminals, a viral vector (rAAV5-CaMKII-hChR2(H134R)-eYFP or
rAAV5-CaMKII-eNpHRs o-eYFP) (1uL, 10" units/100 L) was
injected into the BLA using a 5 pL Hamilton syringe (33 gauge) to
express ChR2 or eNpHR; in BLA terminals of SD rats. For control
experiments, rAAV5-CaMKII-eYFP was used. The coordinates for
the injections into BLA were as follows: 2.3 mm caudal to bregma,
45-48 mm lateral to midline, and 8.0-8.5mm deep. For optical
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activation or silencing of CRF neurons, a viral vector (rAAV5/
EFla-DIO-hChR2-eYFP or rAAVS5/EFla-DIO-eNpHRs(-eYFP;
1L, 10" units/100 uL) was injected into the CeA using a 5pL
Hamilton syringe to express ChR2 or eNpHR;, in CRF neurons of
transgenic Wistar rats. For control experiments, viral vectors were
injected in wild type rats. The coordinates for the injections into CeA
were as follows: 25 mm caudal to bregma, 4.0-4.3 mm lateral to
midline, and 7.3-7.6 mm deep. After injection, we waited 10 min for
the virus to diffuse into the tissue before retracting the injection needle.
All viral vectors were purchased from the vector core facility at the
University of North Carolina, Chapel Hill, NC, aliquoted upon arrival,
stored at —-80°C and thawed before use. To activate light sensitive
molecules with blue (473 nm) or yellow (590 nm) light, we used a
head-mounted wireless system delivering LED light pulses (20 Hz,
5mW, 5-10 min; Teleopto, Amuza, San Diego, CA, United States)
through an optical fiber (200 pm diameter) stereotaxically implanted
into the CeA two days before testing, using a small drill hole made in
the anesthetized rat (isoflurane, 2-3%, precision vaporizer). Implanted
fibers were held in place with dental acrylic as previously described
(Thompson et al., 2015; Kiritoshi et al., 2016; Kim et al., 2017; Mazzitelli
and Neugebauer, 2019; Ji and Neugebauer, 2020). Prior to surgery,
function of each optic fiber was tested. The optical stimulation started
5 min before the evaluation of the electrophysiological and behavioral
responses and continued during testing period (5-10 min). Each test
stimulus (In vivo spinal cord electrophysiology and In vivo spinal cord
electrophysiology) was applied only once.

In vivo Spinal Cord Electrophysiology

Extracellular single-unit recordings were made from spinal
(L2-L4) wide dynamic range (WDR) neurons, which are
known to respond more strongly to stimuli of noxious than
innocuous intensities (D’mello and Dickenson, 2008; Willis and
Coggeshall, 2012) as described previously (Pernia-Andrade et al.,
2009; Di Cesare Mannelli et al., 2015; Mazzitelli and Neugebauer,
2019; Ji and Neugebauer, 2020). To characterize neurons and for
test stimuli, we used touch applied with a painter’s brush to the
skin around the knee (10, 1 stroke per second) and innocuous
(500 g/30 mm?) and noxious (1500 g/30 mm?) compression of
the knee for 10 s with a calibrated forceps equipped with a force
transducer whose output was displayed in grams on an LED
screen. On the day of the experiment, the rat was anesthetized
with isoflurane (2-3%, precision vaporizer). The spinal segments
L2-L4 were exposed by laminectomy. The animal was then
secured in a stereotaxic frame (David Kopf Instruments),
supported by clamps attached to the vertebral processes on
both sides, and the dura was carefully removed. The exposed
area of the spinal cord was first framed by agar and then filled
with mineral oil. Body temperature was maintained at 37°C by
using a temperature—controlled blanket system. A glass insulated
carbon filament electrode (4-6 M) was inserted perpendicularly
to the spinal cord surface using a microdrive (David Kopf
Instruments) to record the activity of dorsal horn neurons.
Anesthesia was maintained with isoflurane (2%, precision
vaporizer) throughout the experiment. The recorded signals
were amplified, band-pass filtered (300 Hz-3 kHz), and
processed by a data acquisition interface (CED 1401 Plus).
Spike2 software (version 4; CED) was used for spike sorting,
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data storage, and analysis of single-unit activity. Spike (action
potential) size and configuration were monitored continuously.
After a neuron was identified, a template was created for the
spikes of each individual neuron during an initial recording
period of 5min, capturing the waveform within set limits of
variability for parameters such as amplitude, duration, and rise
time using Spike2 software. Subsequent spikes of the neuron were
matched to that template (spike sorting), and only spikes within
the set limits of variability were counted as signals of that
particular neuron. Only neurons were included in the study
whose spike configuration matched the preset template and
could be clearly discriminated from background noise
throughout the experiment. Only neurons were included that
were identified within a depth of 1200 pum from the dorsal surface
of the spinal cord, had a receptive field on the ipsilateral knee and
responded more strongly to noxious (1500 g/30 mm?) than
innocuous (500 g/30 mm?) compression of the knee or
brushing the skin. Mechanical test stimuli were applied to the
left knee joint for 10 s, and the interval between stimuli was 30 s.
Neuronal activity was measured as spikes/s. Measurements were
repeated about every 5 min before, during (5-10 min), and after
light application into the CeA. Neuronal activity was then
analyzed off-line. Net evoked activity was calculated by
subtracting any ongoing activity preceding the mechanical
stimulus from the total activity during stimulation.

Pain-Related Behaviors

Vocalizations were measured before, during and after light
application into CeA (Experimental protocol and In vivo
spinal cord electrophysiology). Duration of vocalizations in
the audible (20Hz-16kHz, supraspinally organized
nocifensive responses) and ultrasonic (25 + 4kHz,
limbic-driven negative emotional-affective signals) ranges
(Brudzynski, 2007) were measured in naive and arthritic rats,
5-6 h after the induction as in our previous studies (Arthritis
pain model) (Neugebauer et al., 2007; Thompson et al., 2015;
Kiritoshi et al., 2016; Mazzitelli and Neugebauer, 2019). Rats
were briefly anesthetized with isoflurane (2-3%, precision
vaporizer) and placed in a custom designed recording
chamber (U.S. Patent 7,213,538) to ensure a fixed distance
from the sound detectors. A microphone connected to a
preamplifier was used to record audible vocalizations, and a
bat detector connected to a filter and amplifier (UltraVox
four-channel system; Noldus Information Technology)
measured ultrasonic vocalizations. After recovery from the
brief anesthesia, vocalizations were evoked by brief (10s)
noxious (1500 g/30 mm?) stimuli applied to the left (normal
or arthritic) knee joint using a calibrated forceps (In vivo spinal
cord electrophysiology). Vocalizations were recorded for 1 min
and analyzed using Ultravox 2.0 software (Noldus Information
Technology).

Hindlimb withdrawal thresholds were evaluated as described
previously (Neugebauer et al., 2007). A calibrated forceps with
force transducer (In vivo spinal cord electrophysiology) was used
to compress the left knee joint with continuously increasing
intensity until a withdrawal reflex was evoked. The average
value from 2-3 trials was used to calculate the withdrawal
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threshold, which was defined as the force required for evoking a
reflex response.

Patch-Clamp Electrophysiology in
Amygdala Slices

Brain slices containing the right amygdala were obtained from
normal and arthritic SD rats and Crh-Cre Wistar rats as
previously described (Kiritoshi and Neugebauer, 2015;
Kiritoshi et al, 2016; Kiritoshi and Neugebauer, 2018; Hein
et al., 2021). Brains were quickly removed and immersed in an
oxygenated ice-cold sucrose-based physiological solution
containing (in mM): 87 NaCl, 75 sucrose, 25 glucose, 5 KCl,
21 MgCl,, 0.5 CaCl, and 1.25 NaH,PO,). Coronal brain slices
(400 um) were obtained using a Vibratome (Series 1000 Plus, The
Vibratome Co., St. Louis, MO) and incubated in oxygenated
artificial cerebrospinal fluid (ACSF, in mM: 117 NaCl, 4.7 KCl,
1.2 NaH,PO,, 2.5 CaCl,, 1.2 MgCl,, 25 NaHCOj and 11 glucose)
at room temperature (21°C) for at least 1h before patch
recordings. A single brain slice was transferred to the
recording chamber and submerged in ACSF (31 + 1°C)
superfusing the slice at ~2ml/ min. Only one or two brain
slices per animal were used.

To determine the effects of optical activation or silencing of
BLA axon terminals in the CeA, whole-cell patch-clamp
recordings were performed from visually identified neurons
in the laterocapsular (CeLC) division using infrared (IR) DIC
videomicroscopy. To determine the effects of optical activation
of CeA-CRF neurons, whole-cell patch-clamp recordings were
made from visually identified CRF neurons in the CeL, using
DIC-IR videomicroscopy and fluorescence illumination
(BX51, Olympus, Waltham, MA). YFP-expressing neurons
were visualized using an LED illumination system (X-Cite
Xylis) and an ET-EYFP filter set (49,003, excitation: 500 +
20 nm, ET500/20x; emission: 535 + 30nm, ET535/35m;
Chroma Technology Corp, Bellows Falls, VT). Recording
electrodes (tip resistance 5-8 M()) were made from
borosilicate glass and filled with intracellular solution
containing (in mM): 122 K-gluconate, 5 NaCl, 0.3 CaCl,, 2
MgCl,, 1 EGTA, 10 HEPES, 5 Na,-ATP, and 0.4 Na;-GTP; pH
was adjusted to 7.2-7.3 with KOH and osmolarity to 280
mOsm/ kg with sucrose. On the day of recording, 0.2%
biocytin was added to the intracellular solution. Data
acquisition and analysis were done using a dual 4-pole
Bessel filter (Warner Instr, Hamden, CT), low-noize
Digidata 1322 interface (Axon Instr, Molecular Devices,
Sunnyvale, CA, United States), Axoclamp-2B amplifier
(Axon Instr, Molecular Devices, Sunnyvale, CA,
United States), and pClamp9 software (Axon Instr.).
Headstage voltage was monitored continuously on an
oscilloscope to ensure precise performance of the amplifier.
If series resistance (monitored with pClamp9 software)
changed more than 10%, the neuron was discarded. To
characterize the electroresponsive properties of recorded
neurons, depolarizing current pulses (500 ms, 25 pA step)
were applied.

Optogenetic Amygdala Modulation in Pain

For neuronal activation or inhibition, a continuous light
(5ms, 5-10 mW) or a train of pulses (5 ms, 20 Hz, 5-10 mW)
of blue (470 nm) or yellow (585 nm) light, delivered for 5s
onto the slice through the 40x objective of the microscope
(Olympus). In one set of experiments, blue light was used to
activate ChR2 expressing BLA axon terminals or CRF neurons
to evoke neuronal activity, and yellow light served as control.
In a different set of experiments, yellow light was used to
silence eNpHR;, expressing BLA fiber terminals and CRF
expressing neurons, whereas blue light served as control. In
this group of experiments the recorded cell was manually
depolarized to induce firing (Pomrenze et al., 2015). CeA
neurons are not spontaneously active at their normal
resting potential in current clamp. Therefore, manual
depolarization through current injection until firing
threshold was reached was necessary for the induction of
neuronal firing.

Histology

Verification of spinal recording and optical stimulation sites in
the amygdala. At the end of each experiment, the recording
site in spinal dorsal horn was marked with an electrical
current (500 pA, 5s) through the recording electrode, and
spinal lumbar enlargements were removed and submerged in
4% paraformaldehyde at 4°C overnight. Brain tissues
containing the optical fiber tract were also removed and
placed in paraformaldehyde. Tissues were then stored in
30% sucrose before they were frozen-sectioned at 30 pum.
Viral vector expression (Figures 1D,E) and locations of
the tips of the optical fibers (Figure 5) were examined
using bright-field or confocal microscopy. Lesion/
recording sites were identified by macroscopic inspection,
correlated with the depth of recording indicated on the
micromanipulator, and then plotted on a graph showing
the depth of the electrode tip from the dorsal surface of
the spinal cord (Figures 1G,H).

Verification of recorded amygdala neurons. To confirm the
location and to visualize the recorded neurons, the recorded
slices were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) for 12-24 h at 4°C. Slices were then washed in
phosphate buffed saline (PBS) (3 x 10 min), permeabilized in
PBS containing 0.3% Triton X-100 for 60 min, and incubated
with  fluorescently-conjugated  streptavidin  (1:1000,
Streptavidin, Alexa Fluor 405 conjugate, Life Technologies)
for 12-24 h at 4°C. Finally, the slices were washed in PBS (3 x
10 min), mounted on slides with Vectashield mounting
medium (Vector Laboratories), and imaged under a
confocal microscope (FV3000, Olympus, Center Valley, PA).

Data and Statistical Analysis

All averaged values are presented as means + SEM. GraphPad
Prism 7.0 software (Graph-Pad Software, San Diego, CA) was
used for all statistical analyses. Statistical significance was
accepted at the level p < 0.05. One-way ANOVA (repeated
measures where appropriate) with Bonferroni post hoc tests
were used for multiple comparisons, and paired t-tests were
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used for comparison of two sets of data that had Gaussian
distribution and similar variance as indicated.
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The mechanisms involved in the development and maintenance of cancer pain remain
largely unidentified. Recently, it has been reported that B-adrenergic receptors (3-ARs),
mainly f2-and B3-ARs, contribute to tumor proliferation and progression and may favor
cancer-associated pain and neuroinflammation. However, the mechanism underlying
B-ARs in cancer pain is still unknown. Here, we investigated the role of 1-, f2-and
B3-ARs in a mouse model of cancer pain generated by the para-tibial injection of K7TM2
osteosarcoma cells. Results showed a rapid tumor growth in the soft tissue associated
with the development of mechanical allodynia in the hind paw ipsilateral to the injected site.
In addition to reduce tumor growth, both propranolol and SR59230A, $1-/p2-and p3-AR
antagonists, respectively, attenuated mechanical allodynia, the number of macrophages
and an oxidative stress by-product accumulated in the ipsilateral tibial nerve. The selective
B1-AR antagonist atenolol was able to slightly reduce the tumor growth but showed no
effect in reducing the development of mechanical allodynia. Results suggest that the
development of the mechanical allodynia in K¥M2 osteosarcoma-bearing mice is mediated
by oxidative stress associated with the recruitment of neural macrophages, and that
antagonism of f2-and p3-ARs contribute not solely to the reduction of tumor growth, but
also in cancer pain. Thus, the targeting of the p2-and B3-ARs signaling may be a promising
therapeutic strategy against both tumor progression and the development of cancer-
evoke pain in osteosarcoma.

Keywords: g-adrenergic receptors, cancer pain, osteosarcoma, neuroinflammation, macrophages

INTRODUCTION

Pain is one of the most common invalidating symptoms of cancer, affecting approximately 70% of
cancer patients worldwide every year (van den Beuken-van Everdingen et al., 2007). Despite the
significant advances in understanding, early detection, and treatment of cancer, progress in the
knowledge of pain related to cancer and improvement in the use of analgesics have been limited.
Causes of cancer pain are multifactorial and complex and are likely connected with an array of
tumor- and host-related factors (Lam and Schmidt, 2010). Numerous receptors and their activators
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have been studied for a better understanding of the cancer pain
mechanisms. These comprise the transient receptor potential
(TRP) channels, including the vanilloid 1 (TRPV1) and
ankyrin 1 (TRPA1) subtypes which are involved in bone
(Ghilardi et al., 2005), and melanoma (Antoniazzi et al., 2019;
De Logu et al., 2021) cancer pain models, respectively. The
contribution of the acid-sensing ion channels (ASICs) has
been reported in an osteolysis-induced bone cancer pain
(Nagae et al., 2007) and the protease-activator receptor 2
(PAR2) in peripheral neurons is the target of serine proteases
and tryptase released from cancer cells to promote the prolonged
mechanical allodynia in mouse cancer nociceptive models (Lam
and Schmidt, 2010).

B-ARs are G protein coupled receptors constituted of seven
transmembrane domains (Hein and Kobilka, 1995; Hein, 2006),
which mediate catecholamine-induced activation of adenylate
cyclase. Three p-AR subtypes have been identified, the f1-, B2-
and B3-ARs, which are mostly known for their role in the
regulation of cardiovascular, airway, uterine, and other
peripheral functions (Hein, 2006). f-ARs have also been
implicated in functions of the central nervous system,
including the regulation of sympathetic tone, as well as
different disorders, including those associated with learning
and memory, mood and food intake (Hein and Kobilka, 1995;
Hein, 2006). Given their expression in peripheral nervous systems
(Hein, 2006), emerging evidence also suggests a contribution of
B-ARs in modulating different chronic pain conditions (Yalcin
et al., 2010; Bunevicius et al., 2013; Zhang et al.,, 2018). B-ARs
seem to be involved in pain processes mainly through activation
of immunoregulatory cells, including T-cells (Laukova et al,
2012; Slota et al., 2015), mast cells (Chi et al., 2004), and
macrophages (Chiarella et al, 2014; Kim et al, 2014) with
associated increases in pro-inflammatory cytokines and
nociceptors sensitization (Binshtok et al., 2008; Czeschik et al.,
2008). Expression of P2-ARs within the nociceptive system
suggested their potential implication in nociception and pain
(Nicholson et al., 2005; Kanno et al., 2010; Hartung et al., 2014;
Ciszek et al., 2016; Zhang et al., 2018), and human genetic studies
also confirmed the contribution of P2-ARs to chronic pain
disorders (Diatchenko et al., 2006). However, the recruitment
of B2-ARs in the participation to pro- or antinociceptive
mechanisms might depend on the considered stimulus since
analgesic actions were observed with an agonist in a visceral
pain model (Bentley and Starr, 1986) and with an antagonist in
inflammatory pain models (Parada et al., 2003; Nackley et al,
2007). Conversely, either the stimulation or inhibition of the p1-
AR subtype did not directly participate to the antinociceptive
mechanisms in models of neuropathic pain (Yalcin et al., 2009a;
Yalcin et al., 2009b). Instead, the P3-AR subtype has been
primarily associated with metabolic regulation both in
physiological and pathological conditions (Schena and Caplan,
2019).

Neuropathic pain resulting from nerve injury may be
attributable to an excessive immune response leading to the
development of neuroinflammation in the peripheral (Trevisan
etal., 2016; De Logu et al., 2017) or central nervous system (Tsuda
et al, 2003). Neuroinflammation is an established cause of
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neuropathic pain in the sciatic nerve ligation mouse model
(De Logu et al, 2017), in the reperfusion ischemia mouse
model (De Logu et al, 2020a), and in the trigeminal nerve
ligation mouse model (Trevisan et al, 2016). Moreover,
inflammatory processes are involved in different pathologies,
including cancer. It is widely recognized that the immune
system interacts with the sensory nervous system contributing
to maintenance of chronic pain (De Logu et al., 2017; De Logu
et al., 2020a).

In model of sciatic nerve injury in rat, noradrenergic
perivascular axons germinate in the dorsal root ganglia (DRG)
to form unusual structures around axotomized sensory neurons
of large diameter able to mediate pain signaling (McLachlan et al.,
1993). In addition, increased mRNA levels of f2-AR in ipsilateral
DRGs after sciatic nerve injury has been observed (Maruo et al.,
2006). Moreover, the neuropathy produced by the axotomy of
DRG neurons was relieved by manipulation of adrenergic
receptors (ARs) (Chung and Chung, 2002), and noradrenaline,
by the B3-AR stimulation, has been reported to mediate the
release of adenosine-triphosphate (ATP) from DRG neurons,
thus causing mechanical allodynia in rat model of peripheral
nerve injury (Kanno et al, 2010). Immune cells respond by
activation of ARs, primarily the B2-ARs, which regulate a
variety of functions ranging from cellular migration to
cytokine secretion (Wieduwild et al., 2020). However, little is
known about the involvement of B-ARs in cancer evoked-pain.

Here, we investigated whether p1-, B2-and f3-ARs contribute
to pain in a mouse model of osteosarcoma generated by the para-
tibial injection of K7M2 cells, using different p-ARs blockers.
Although the selectivity of the most of B-ARs blockers is
questionable, based on previously reported data (Dal Monte
et al., 2013; Calvani et al., 2019) we used atenolol, propranolol
and SR59230A as blockers to modulate B1-, f2-and B3-ARs
downstream  effects, respectively. We observed that
pharmacological antagonism of p2-and p3-ARs, reduced
tumor growth and the ensuing mechanical allodynia caused by
K7M2 osteosarcoma cells inoculation. Tumor growth was
associated with an increase in the number of F4/80" cells
inside the tibial nerve that was attenuated by f2-and P3-ARs
antagonism. These results corroborate the role of
neuroinflammation in cancer pain and introduce the role of
B-ARs as crucial players in the development and maintenance
of chronic pain and in the modulation of neuroinflammation.

MATERIALS AND METHODS

Tumor Syngeneic Model

BALB/c mice (male, 4 weeks old, Envigo RMS) were used. Mice
were housed in a temperature- and humidity-controlled vivarium
(12 h dark/light cycle, free access to food and water). Behavioral
experiments were done in a quiet, temperature-controlled
(20-22°C) room between 9 am and 5 pm and were performed
by an operator blinded to the drug treatment. Animals were
anesthetized with a mixture of ketamine and xylazine (90 mg/kg
and 3 mg/kg, respectively, i.p.) and euthanized with inhaled CO,
plus 10-50% O,.
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FIGURE 1 | Tumor growth and mechanical allodynia induced by K7M2 osteosarcoma cells in BALB/c mice (A and B) Time dependent increase in tumor size and
mechanical allodynia after para-tibial K7M2 osteosarcoma cell inoculation or sham in BALB/c mice (C) Representative gating strategy of flow cytometry analysis and
relative quantification of F4/80%/CD64* monocytes/macrophages in tibial nerve, and (D) typical images and pooled data of F4/80" cells in the ipsilateral tibial nerve
(stained with the neural marker PGP9.5) after para-tibial KTM2 osteosarcoma cell inoculation or sham in BALB/c mice. BL, baseline. PWT, paw withdrawal
threshold. N = 6 mice. *p < 0.05, **p < 0.001 K7M2 vs Sham. Data are presented as mean + SEM, data points overlaid (C, D). Two-way ANOVA and Bonferroni post hoc
test (A, B), unpaired student t-test (C, D).

Osteosarcoma K7M2 (CRL-2836, American Type Culture
Collection, ATCC) murine cells were grown in Dulbecco’s
Modified Eagle's Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), penicillin/streptomycin solution (1x)
and glutamine (2 mM) at 37°C, 5% CO, atmosphere, and 21% O..

For cells inoculation, 50 pul of K7M2 (7 x 10°) cells were
suspended in phosphate buffer saline (PBS) and injected

para-tibial. Control groups (sham) were injected with 50 ul of
PBS. K7M2 cell lines are isogenic with the BALB/c mouse strain.
Tumor growth rate was evaluated by measuring tumor mass with
a caliber, and tumor mass volume calculated as volume = [(length
x width)2/2]. Mice were sacrificed at day 20 after K7M2 cells
inoculation or sham. SR59230A (Tocris Bioscence), propranolol
(Merck Life Science) and atenolol (Merck Life Science) (10 mg/kg
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i.p.) or vehicle (NaCl 0.9%) were administered twice a day (every
8h) starting from day 10 after K7M2 cells inoculation, when a
palpable tumor was present, or sham. Phenyl-alpha-tert-butyl
nitrone (PBN, 100 mg/kg, i.p.) or vehicle (4% dimethyl sulfoxide,
DMSO, 4% tween 80 in 0.9% NaCl) was given at day 14 after
K7M2 cells inoculation.

Mechanical Allodynia

The measurement of mechanical paw withdrawal threshold
(PWT) was carried out using von Frey filaments of increasing
stiffness (0.02-2 g) applied to the plantar surface of the mouse
hindpaw, according to the up-and-down paradigm (Chaplan
et al, 1994). The 50% mechanical paw-withdrawal threshold
(g) response was then calculated from the resulting scores.

Tibial Nerve Dissociation and Flow
Cytometry Analysis

Tibial nerves were dissected from euthanized mice and
mechanically dissociated to obtain a single cell suspension.
Briefly, nerves were dissociated in a solution containing
HEPES (25 mM), Hanks’ Balanced Salt solution (HBSS, 1x),
FBS 10% and dnase (10 uM) by using the gentleMACS Octo
Dissociator (Miltenyi Biotec). Cells were then stained with
anti-CD45-VioBlue conjugated antibody (130-110-664,
Miltenyi Biotec), anti-F4/80-PE conjugated antibody (130-
116-449, Miltenyi Biotec), and anti-CD64-APC conjugated
antibody (130-126-950, Miltenyi Biotec). After staining,
cells were subjected to flow cytometry by using a Miltenyi
Biotec MACSQuant Analyzer 10. Results were analyzed by
using FlowlogicTM Software. Gating strategy is reported in
Figure 1A.

Immunofluorescence

The tumor and tibial nerve were dissected from anesthetized
and transcardially perfused with PBS, followed by 4%
paraformaldehyde, mice. The tibial nerve and the hindlimb
were postfixed for 24 h, and cryoprotected in sucrose 30%.
Immunofluorescence staining was performed according to
standard procedures. Briefly, after the antibody retrieval
with citrate buffer pH 6, tissue sections (10 um) were
incubated with the following primary antibodies: F4/80 [1:
50, MA516624, rat monoclonal (Cl:A3-1), RRID:AB_2538120
Thermo Fisher Scientific], PGP9.5 (1:250, ab108986, rabbit
monoclonal, RRID:AB_ 10891773 Abcam), B1 receptor (1:400,
ab3442, rabbit polyclonal, RRID:AB_ 10890808 Abcam), 2
receptor (1:100, ab182136, rabbit monoclonal, RRID:AB_
2747383 Abcam), B3 receptor (1:100, ab94506, rabbit
monoclonal, RRID:AB_ 10863818 Abcam) diluted in block
solution (5% normal goat serum and normal donkey serum, in
PBS and triton-x100, PBST) 1 h at room temperature. Sections
were then incubated for 2 h in the dark with the fluorescent
secondary antibody polyclonal, Alexa Fluor~ 488 (1:600,
Thermo Fisher Scientific) or Alexa Fluor 594 (1:600,
Thermo Fisher Scientific). Sections were coverslipped using
a water-based mounting medium with 4'6'-diamidino-2-
phenylindole (DAPI, Abcam). The analysis of negative
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controls  (non-immune serum) was
performed to exclude the presence of non-specific
immunofluorescent staining, cross-immunostaining, or
fluorescence bleed-through. For histological evaluation,
sections were stained with hematoxylin/eosin and based on
the morphology, the boundaries of the nerve trunk
corresponding to the epineurium were identified and
reported in adjacent immunofluorescence images with
dashed lines. The number of F4/80" cells was counted in
10* um? boxes in the tibial nerve trunk.

simultaneously

H,O, Assay

H,0, level was assessed by using the Amplex Red” assay (Thermo
Fisher Scientific). Tibial nerve tissue was rapidly removed and
placed into modified Krebs/HEPES buffer [composition in
mmol/l: 99.01 NaCl, 4.69 KCl, 2.50 CaCl,, 1.20 MgSO,4, 1.03
KH,PO,, 25.0 NaHCO3, 20.0 Na-HEPES, and 5.6 glucose (pH
7.4)]. Samples were minced and incubated with Amplex red
(100 uM) and HRP (1 U/ml) (1h, 37°C) in modified Krebs/
HEPES buffer protected from light. Fluorescence excitation and
emission were at 540 and 590 nm, respectively. H,O, production
was calculated using H,O, standard and expressed as umol/l of
mg of dry tissue.

RAW 264.7 cells were seeded in 96-well plates (30.000 cells/
well) and grown in phenol red-free Roswell Park Memorial
Institute (RPMI). The cultured medium was replaced with
Krebs-Ringer phosphate (KRP, composition in mM: 2 CaCly;
5.4 KCI; 0.4 MgSOy; 135 NaCl; 10 p-glucose; 10 HEPES [pH 7.4])
added with SR59230A, propranolol, atenolol (all, 100 nM) or
vehicle (0.01% DMSO in KRP) for 20 min at room temperature.
Cells were activated by the addition of phorbol-myristate-acetate
(PMA, 16 uM), along with Amplex Red (50 uM) and HRP (1
U/ml) at a total volume of 100 pl. Signal was detected 60 min after
exposure to the stimuli, at 560 nm H,O, release was calculated
using H,0, standards and expressed as nmol/1 (Idelman et al.,
2015).

Statistical Analysis

The group size of n = 6 animals for behavioral experiments was
determined by sample size estimation using G*Power (v3.1) (Faul
etal., 2007) to detect size effect in a post-hoc test with type 1 and 2
error rates of 5 and 20%, respectively. Mice were allocated to
vehicle or treatment groups using a randomization procedure
(http://www.randomizer.org/). Investigators were blinded to the
treatments, which were revealed only after data collection. No
animals were excluded from experiments.

Results are expressed as mean + standard error of the mean
(SEM). For multiple comparisons, a one-way analysis of variance
(ANOVA) followed by the post-hoc Bonferroni’s test or
Dunnett’s test was used. Two groups were compared using
Student’s t-test. For behavioral experiments with repeated
measures, the two-way mixed model ANOVA followed by the
post-hoc Bonferroni’s test was used. Statistical analyses were
performed on raw data using Graph Pad Prism 8 (GraphPad
Software Inc.). p values less than 0.05 (p < 0.05) were considered
significant. Statistical tests used and the sample size for each
analysis are listed in the figure legends.
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FIGURE 2| p2-and $3-, but not p1-ARs antagonism reduce K7M2 osteosarcoma growth and mechanical allodynia in BALB/c mice (A) Time dependent increase in
tumor size and (B) mechanical allodynia after para-tibial K7M2 osteosarcoma cell inoculation or sham in BALB/c mice treated (daily, starting from day 10) with atenolol
(10 mg/kg, i.p.), propranolol (10 mg/kg, i.p.), SR59230A (10 mg/kg, i.p.), or vehicle (Veh) (C and D) Representative immunofluorescence images of f1-, f2-and p3-ARs
expression in (C) tumor cells and (D) macrophages (F4/80" cells) in tibial nerve, 20 days after para-tibial inoculation of K7M2 osteosarcoma cells. BL, baseline.
PWT, paw withdrawal threshold. N = 6 mice. *p < 0.01, **p < 0.001 vs Sham; $p < 0.05, ¥p < 0.01, ¥%5p < 0.001 vs K7M2 + Veh. Data are presented as mean + SEM.
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RESULTS

Para-Tibial K7M2 Osteosarcoma Cell
Inoculation Induces Mechanical Allodynia
and Recruits Macrophages in Tibial Nerve

Para-tibial inoculation of K7M2 osteosarcoma cells into the
hindlimb of BALB/c mice induced a time-dependent
(0-20 days) increase in hindlimb thickness, mainly due to
tumor growth (Figure 1A). Tumor growth was associated
with a parallel increase in mechanical allodynia (Figure 1B)

and in the number of F4/80"/CD64" monocytes/macrophages
inside the tibial nerve trunk ipsilateral to the inoculated
hindlimb, as shown by flow cytometric analysis and
immunofluorescence staining (Figures 1C, D). Control
(sham) mice did not develop either the increase in the
hindlimb volume or mechanical allodynia or in the number
of monocytes/macrophages inside the tibial nerve ipsilateral
to the injected hindlimb (Figures 1A-D). These data show a
time-dependent association between the tumor mass growth
and the development of the mechanical allodynia and for the
first time that the tumor growth in K7M2 osteosarcoma-
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bearing mice is associated with an increased
neuroinflammation in the tibial nerve, revealed by the
increased number of macrophages (F4/80%/CD64" cells).

B-ARs Antagonism Reduces Osteosarcoma

Tumor Growth and Mechanical Allodynia
To investigate a possible role of B-ARs in the modulation of
tumor growth and mechanical allodynia induced by para-tibial
inoculation of K7M2 osteosarcoma cells, 10 days after K7M2
osteosarcoma cells inoculation, when allodynia was already
present, mice were treated with the f1-AR antagonist atenolol,
the B1-/B2-AR antagonist propranolol, the p3-AR antagonist
SR59230A, or vehicle. As already reported in other cancer
mouse models (Calvani et al., 2019; Bruno et al., 2020; Calvani
et al, 2020), the treatment with P2-and P3-AR antagonists
induced a significant reduction in tumor size (Figure 2A),
thus confirming a pivotal role of B2-and B3-ARs in tumor
growth. Conversely, the treatment with atenolol induced a
slight, but not significant, reduction in the tumor size,
denoting a minor role of the B1-AR subtype in controlling
tumor growth (Figure 2A). Surprisingly, K’M2 osteosarcoma-
bearing mice treated with propranolol and SR59230A, but not
with atenolol exhibited a marked reduction in the mechanical
allodynia (Figure 2B).

To investigate the role played by the f-ARs in tumor and in
macrophages accumulating in the neural space, we first evaluated
the expression of the three B-AR subtypes in tumor cells and in
macrophages located in the tibial nerve. Immunofluorescence
staining showed the expression of all three 3-AR subtypes in the
tumor cells (Figure 2C). Macrophages only expressed p2-and 3-
but not B1-AR (Figure 2D).

Overall, these data showed that while $-ARs blockade, mainly
B2-and P3-ARs and to a lesser extent P1-AR, is able to
significantly influence the osteosarcoma tumor growth, the
targeting of B2-and B3-ARs, but not of f1-AR, mitigated the
established mechanical allodynia resulting from osteosarcoma
tumor growth.

f2-and p3-ARs Antagonism on Neural
Macrophages Modulates
Neuroinflammation Responsible of

Mechanical Allodynia
We previously observed that the development of mechanical
allodynia in several neuropathic pain models (De Logu et al,
2017; De Logu et al., 2020a; De Logu et al., 2020b; De Logu et al.,
2021) was associated with the increase in monocytes/
macrophages inside the sciatic nerve ipsilateral to the injury.
Thus, based on results showing the efficacy of f-AR antagonism
to reduce the mechanical allodynia (Figure 2B), we then
investigated whether the number of macrophages recruited in
tibial nerve of osteosarcoma-bearing mice, could be modulated by
B-AR antagonists administration.

We observed that the repeated treatment with the 1/2- and
B3-AR antagonists (propranolol and SR59230A), but not with the
B1-AR antagonist (atenolol), showed a significant reduction in
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the number of macrophages in tibial nerve compared to vehicle-
treated mice (Figures 3A, B).

It has been known that the increase in macrophages number
evokes an increase in oxidative stress at the tissue level, leading to
the development of pain (De Logu et al.,, 2017; De Logu et al.,
2020a; De Logu et al., 2020b; De Logu et al., 2021). Accordingly,
in the tibial nerve of K7M2 osteosarcoma-bearing mice, we
observed an increase in H,O, levels compared to sham mice
(Figure 3C), and the repeated treatment with propranolol and
SR59230A, but not with atenolol, significantly reduced the
increase in H,0, levels in tibial nerve (Figure 3C). Given the
absence of the f1-AR expression in macrophages, we speculated
that the analgesic effect observed in K7M2 osteosarcoma-bearing
mice following the repeated treatment with propranolol and
SR59230A, mainly due to a modulation of
neuroinflammation (H,O, release) dependent on {2-and B3-
ARs blockade on tibial macrophages. To corroborate our
hypothesis, we stimulated a murine macrophage cell line
(RAW 264.7) with the pro-oxidant agent phorbol 12-myristate
13-acetate (PMA) alone or in combination with the different
B-AR antagonists. Results showed that PMA induced a release of
H,0, from RAW 264.7 macrophages which was reduced in the
presence of PB2-and P3-AR but not with PI-AR antagonists
(Figure 3D).

To finally confirm that the increase in H,O, level was
associated to mechanical allodynia in our model,
K7M2 osteosarcoma-bearing mice were treated with the
antioxidant PBN, at day 14 after cells inoculation, when
mechanical allodynia was already established. Data showed
that a single injection of PBN was able to transiently revert
mechanical allodynia (Figure 3E).

Overall, our data suggest that macrophages accumulating in
tibial nerve of K7M2 osteosarcoma-bearing mice induce the
development of mechanical allodynia by releasing oxidative
stress, and that this process is finely regulated by B2-and (3-
but not by B1-ARs modulation.

was

DISCUSSION

Cancer-induced pain represents a high-priority complication
related to tumor growth, not only in primary bone cancer, but
also in bone cancer metastasis. Despite the growing interest in the
research of new treatments for cancer pain, opioids remain the
leading therapeutic option, which, however, shows marked
limitations. Poor understanding of molecular mechanisms
implicated in the development and maintenance of cancer-
induced pain limits the identification of novel therapeutic
targets for this condition. Previous studies highlighted the role
of B-ARs modulation in models of various neuropathic pain
(Kanno et al., 2010; Favaro-Moreira et al., 2012; Zhang et al.,
2018). However, the mechanism by which these receptors
promote the development and maintenance of pain is poorly
understood. Our data show that f-ARs, mainly f2-and p3-ARs
sustain both tumor growth and cancer pain in a syngeneic
osteosarcoma murine model. Indeed, the systemic treatment
with the p1-AR antagonist atenolol did not affect
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osteosarcoma tumor growth, while the B1/2- and (3-ARs
antagonists, propranolol and SR59230A respectively, reduced
osteosarcoma tumor growth and were also able to modulate
the mechanical allodynia developed with the tumor growth. As
these receptors are expressed both on tumor cells and
inflammatory cells, including macrophages, administration of
B-ARs antagonists is able to target both of these pathological
processes.

First, we showed that the osteosarcoma-bearing mice developed a
sustained mechanical allodynia, starting from day 10 after K7M2
osteosarcoma cells inoculation, that was absent in sham mice. Then,
based on previous data that showed the pivotal role of peripheral
nerve macrophages in the development of pain in mouse models of
neuropathic and cancer pain (De Logu et al,, 2017; De Logu et al.,
2020a; De Logu et al, 2021), we wondered whether also in this
cancer model, macrophages in the peripheral (tibial) nerve, which
runs ipsilateral to the tumor, played a role in the development and
maintenance of mechanical allodynia. Data showed that the number
of neural macrophages in the tibial nerve of osteosarcoma-bearing
mice were clearly increased compared to sham mice.

To test the involvement of the f-ARs in the maintenance of
cancer-related pain in osteosarcoma-bearing mice, we treated the
mice (daily) with the B1-AR antagonist atenolol, the f1/2-AR
antagonist propranolol and the 3-AR antagonist SR59230A.
Results showed that atenolol treatment had no effect in
reducing mechanical allodynia, while propranolol and
SR59230A treatment significantly reduced the mechanical
allodynia. Moreover, propranolol and SR59230A were also
able to reduce the tumor growth, confirming the crucial role
of the B2-and P3-AR subtypes in sustaining pro-tumoral
signaling in agreement with previous data obtained in other
mouse models of cancer (Lamkin et al.,, 2012; Magnon et al,
2013; Calvani et al., 2019; Bruno et al., 2020; Calvani et al., 2020).

Since the development of mechanical allodynia was associated
with an increase in neural macrophages and that P-ARs
antagonism was able to reduce osteosarcoma-induced pain, we
wondered if there was a correlation between B-ARs activity and
the modulation of neuroinflammation. Surprisingly, p2-and
B3-ARs antagonists were able to significantly reduce the
number of macrophages in the tibial nerve compared to
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vehicle treated mice. According to previously reported data
showing that peripheral 2-and B3-ARs drive functional pain
via increased activation of immune cells which promote
neuroinflammation and neuropathic pain (Kanno et al.,, 2010;
Zhang et al., 2018), and in the light of our previous data (De Logu
etal,, 2017; De Logu et al., 2020a; De Logu et al., 2021), our results
suggested that the reduction in mechanical allodynia observed in
propranolol- and SR59230A-treated mice was partially due to the
reduced inflammatory cells (macrophages) in tibial nerve
associated with the decreased tumor size following drug
treatment. Furthermore, the evaluation of B-ARs expression in
osteosarcoma tumor and in neural (tibial nerve) macrophages,
showed that while all the three B-ARs were expressed in the
tumor, only the f2-and f3-AR subtypes were expressed on neural
macrophages. These results, together with data showing that both
B1/2-AR and B3-AR but not p1-AR antagonism was able to affect
cancer-evoked mechanical allodynia, supported the hypothesis
that B2-and B3-AR signaling on neural macrophages sustained
the mechanical allodynia developed in osteosarcoma-
bearing mice.

To corroborate this hypothesis, we focused our attention to the
increase in the oxidative stress as biological process correlated to
the macrophages activity in the tibial nerves, and responsible for
the nociceptor activation and the ensuing pain condition (De
Logu et al, 2017). We observed that, in tibial nerves of
osteosarcoma-bearing mice, the amount of H,0,, a reactive
oxygen species (ROS) known to be responsible of nociception
activation in several pain model (Antoniazzi et al., 2019; Brusco
etal,, 2020; De Logu et al., 2021), resulted increased compared to
sham mice, and that treatment with propranolol and SR59230A,
but not with atenolol, abrogated this effect in vivo. Accordingly,
ROS (H,0,) production in murine macrophages was reverted by
the treatment with propranolol and SR59230A, but not with
atenolol. Finally, we reported that the treatment with an
antioxidant transiently abrogated the established mechanical
allodynia in vivo, thus confirming a leading role of oxidative
burst in maintaining pain condition.

To date, there are no clinical studies aiming at investigating
whether the use of P-AR antagonists could be effective in
counteract cancer-pain in humans. However, a phase 2 study
(NCT01222091) aimed at exploring whether propranolol
treatment improved thermal and mechanical hypersensitivity
after administration of an opioid (remifentanil), showed that
concomitant infusion of propranolol with remifentanil prevented
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