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a b s t r a c t

Joint homeostasis is affected by local and systemic processes.
Catecholaminergic and cholinergic fibers innervate the synovium,
trabecular bone, and periosteum. Several studies have investigated
the involvement of the autonomic nervous system (ANS) in joint
homeostasis and the pathophysiology of osteoarthritis (OA).
Various resident cells of osteoarticular tissues express receptors for
sympathetic and parasympathetic neurotransmitters (norepi-
nephrine/epinephrine and acetylcholine, respectively), which en-
ables them to respond to autonomic stimuli. Furthermore, some of
these cells are also able to synthesize neurotransmitters locally
and secrete them, which may then act locally regardless of auto-
nomic innervation. The sympathetic nervous system (SNS) is
known for promoting bone loss, which has also been demon-
strated in the subchondral bone during OA. However, it could
interfere with other mechanisms in joint homeostasis. Indeed,
intake of beta-blockers decreases pain sensation in individuals
with OA; hence, the SNS could be one of the systemic links be-
tween hypertension and OA. Parasympathetic fibers may also be
implicated in joint homeostasis and local control of inflammation.
The vagus nerve has been found to have a strong anti-
inflammatory action in other rheumatic diseases through the
nicotinic alpha-7 receptor, which is locally expressed by most joint
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resident cells. Altogether, these data suggest that the ANS is
involved in joint homeostasis and OA pathogenesis.
Introduction

Osteoarthritis (OA) is a complex multifactorial joint disease. Aging, trauma, metabolic disorders
such as obesity or diabetes, and heredity are the most common risk factors [1,2]. Although OA is the
most common osteoarticular disease, which affects around 10% of the population and 65% of the
population after 65 years of age, its pathophysiology still remains unclear. OA involves whole-joint
tissues and is mainly characterized by cartilage degradation, synovitis, subchondral bone sclerosis,
and formation of osteophytes, which are under the influence of local as well as systemic factors.
Pain is the cardinal symptom of OA and is partially related to joint tissue alterations. Of note, the
nervous system, apparently involved in pain signaling, is also involved in these joint tissue
alterations.

Sensory nerves innervate the synovium, vascularized peripheral menisci, periosteum, bone
marrow, subchondral bone, and articular capsule [3e5]. They not only modulate nociceptive pain but
are also involved in early skeletal development [6e9] and possibly OA pathogenesis. They imply
different mediators such as calcitonin gene-related peptide or substance P, which have been reported
to affect joint tissue metabolism and modulate local inflammation [10]. Sympathetic nerves also
innervate the synovium [11,12] and bone [13] and may be implicated in skeletal growth [7] and OA
development [14]. Conversely, very few data are available on parasympathetic innervation of the joint
tissue. However, some cholinergic fibers were found in the periosteum and synovium, and these fibers
could affect the inflammatory status of the joint because the vagus nerve has been found to have
powerful anti-inflammatory properties by secreting acetylcholine (Ach) [15]. Furthermore, most
resident cells of osteoarticular tissue have receptors for sympathetic and parasympathetic neuro-
transmitters and thus may respond to their stimuli. Ach and norepinephrine (NE), as major para-
sympathetic and sympathetic mediators, respectively, could be produced locally by non-neuronal cells
and therefore affect joint tissue homeostasis regardless of autonomic innervation [12,16,17]. In addi-
tion, despite its lack of innervation, the cartilage may be affected by catecholaminergic and cholinergic
mediators, produced locally in the bone or synovium, because chondrocytes express most of their
receptors. During OA, sympathetic nerves were found to cross the tidemark and invade the calcified
cartilage, whichmay alter communication between the cartilage and bone [18]. These findings strongly
suggest that the ANS is involved in OA development.

This narrative review focuses on recent published data and describes the involvement of the
sympathetic and parasympathetic neuronal systems and their major neurotransmitters in the path-
ophysiology of OA.

Pathophysiology of osteoarthritis

OA pathogenesis involves different mechanisms, depending on both the patient and the tissue
involved. Aging, excess mechanical stress induced by obesity or trauma, and metabolic stress are
among the most common deleterious mechanisms involved in OA. These different stresses, combined
with a person's genetic susceptibility, affect the risk of developing OA.

Low-grade and sterile local inflammation occurs in OA and is characterized by an increased local
production of a range of proinflammatory mediators. Cytokines (interleukins [ILs]), bioactive lipids
(prostaglandin), adipokines (leptin, visfatin, and adiponectin), free fatty acids, and reactive oxygen
species (ROS) are overproduced by the cartilage, synovial membrane, and subchondral bone. Synovitis
is also characterized by the recruitment of innate (monocyte-macrophage) and acquired (lymphocyte)
immunity cells and neoangiogenesis [19], whereas sensory nerve density seems to decrease in highly
inflammatory areas of synovitis [20e22]. However, some conflicting results showed an increase in



substance Pe and calcitonin gene-related peptideepositive nerve fibers in the OA synovium, although
the pathogenic impact of these changes is still not well understood [23]. Articular cartilage also un-
dergoes significant cellular changes. Chondrocytes, the only cells of the cartilage, differentiate to a new
stage and phenotype called hypertrophic chondrocytes. These chondrocytes are presenescent and
responsible for the production of collagen X instead of collagen II. They finally die by apoptosis.
Furthermore, under inflammatory or mechanical stresses, chondrocytes also produce a range of cy-
tokines, adipokines, ROS, and free fatty acids, which in turn induces the overproduction of proteolytic
enzymes such as matrix metalloprotease-3 (MMP-3) and MMP-13. The process results in the release of
cartilage fragments into the joint cavity, which stimulates the synovium and creates a vicious circle of
inflammation. In contrast to the synovial tissue, articular cartilage is a noninnervated and non-
vascularized tissue under physiological condition, but during OA, neoangiogenesis and neurogenesis
invade the calcified cartilage and the tidemark, possibly under the influence of nerve growth factor
[18,24]. Finally, substantial remodeling of the subchondral bone occurs because of mechanical and
inflammatory stresses. The remodeling even precedes cartilage lesions and is characterized by early
bone loss, which increases bone remodeling followed by a slow turnover of bone, hence leading to
sclerotic bone [25]. All these changes are responsible for bone cysts as well as bone sclerosis and bony
outgrowths, known as osteophytes.
Autonomic nervous system

Anatomy of the ANS

The ANS is by definition independent of our will. It comprises two systems that are mainly
antagonistic: the sympathetic nervous system (SNS) and the parasympathetic nervous system (PNS).
These two systems have a well-defined anatomical structure and a role in a set of known bodily
functions, and they mediate the neuronal regulation of internal milieu. Schematically, the SNS induces
a quick response to mobilize the system, whereas the PNS induces a slowly activated dampening
system. PNS functions are complex because depending on the receptor involved (alpha- or beta-
adrenergic), its action on organs could be different and even antagonist.

Anatomically, both SNS and PNS are two-neuron systems: a preganglionic neuron forming a first
synapse with a postganglionic neuron in a vegetative ganglion and then a second synapse between the
postganglionic neuron and the target organ. The SNS preganglionic neuron cell body emerges from the
intermediolateral horn of the spinal cord between the first thoracic and second lumbar vertebrae.
These preganglionic neurons travel through the anterior horn of the spinal cord to create a synapse
with the postganglionic neuron in vegetative ganglia located in pre- or para-vertebrae. This synapse is
cholinergic because the neurotransmitter is Ach, which acts on the postsynaptic nicotinic receptors.
The postganglionic neuron innervates the targeted organ, where it creates an adrenergic synapse. In
the adrenergic synapse, the neurotransmitter is NE and sometimes epinephrine (E), both acting on
alpha- and/or beta-adrenergic receptors.

The PNS preganglionic fibers arise from two central centers. The vagus nerve, which is the major
parasympathetic nerve, arises from the brain stem. The vagus nerve also contains sensorimotor fibers
and has a complex anatomy. It innervates all intra-thoracic and intra-abdominal viscera because of its
numerous ramifications. The second parasympathetic center, innervating the pelvic organs, is within
the sacred roots. Parasympathetic ganglia are located near or in the organ innervated; therefore, the
postganglionic neurons are very short. Both synapses are cholinergic. The only difference is that in the
ganglia synapse, Ach acts only on nicotinic receptors, whereas in the second synapse, Ach could
interplay with nicotinic or muscarinic receptors (Fig. 1).

NE and Ach production and their receptors

NE is the major sympathetic neuromediator. However, the SNS also involves E, neuropeptide Y, or
vasoactive intestinal peptide. NE and E are both catecholamines and are synthesized from the same



Fig. 1. Sympathetic nervous system (SNS) and parasympathetic nervous system (PNS) synapses. Preganglionic PNS neurons
originate from the brainstem and sacral roots, whereas SNS neurons originate from the intermediolateral horn of the spinal cord
between T1 and L2 vertebrae. The preganglionic fiber then travels to the vegetative ganglion, which is paravertebral in the SNS but
very close to the organ in the PNS. The synapse within the ganglion is cholinergic because the mediator is acetylcholine (Ach). In the
SNS, it interacts with the nicotinic receptor in the ganglia. Within the PNS, the postganglionic synapse with the organ is also
cholinergic; the mediator is Ach. However, Ach acts on nicotinic and muscarinic receptors. In the SNS, the second synapse, which is
between the postganglionic fiber and the organ, is catecholaminergic. The released neurotransmitters are norepinephrine (NE) or
epinephrine (E), which act on alpha- or beta-adrenergic receptors.
precursor, phenylalanine. The limiting enzyme is tyrosine hydroxylase, which converts tyrosine to L-
3,4-dihydroxyphenylalanine (L-DOPA). L-DOPA is then transformed to DOPA by DOPA decarboxylase
and to NE by dopamine b-monooxygenase. Finally, E is obtained from the final transformation of NE
under the action of phenylethanolamine N-methyltransferase. Degradation of NE is catalyzed by
monoamine oxidase enzymes. Both NE and E act on alpha (alpha-1 and -2) or beta (beta-1, -2, or -3)
adrenergic receptors, which activate or inhibit G proteinecoupled receptors.

Ach production depends on a set of proteins: choline acetyltransferase (ChAT), which acts on acetyl-
CoA resulting from glycolysis, and choline, whichmainly comes from diet. Once produced, Ach is stored
in vesicles and sent to the membrane through the vesicular Ach transporter (VAchT) and released by
exocytosis to the membrane. Once released, Ach can bind to nicotinic or muscarinic receptors. The
nicotinic receptors belong to the ligand-gated ion channels and are formed by five subunits that may be
identical (homopentamer) or different (heteropentamer) among the alpha-2 to�7,�9, and�10 as well
as beta-2 to �4 subunits. Approximately 17 pentamers have been described; the most frequently
expressed are homopentamer alpha-7 (a7) and heteropentamer alpha4beta2 (a4b2). The muscarinic
receptors are G proteinecoupled receptors. Five muscarinic receptors have been described. After
binding to its receptor, Ach is degraded very quickly by acetylcholine esterase, thereby releasing acetic
acid and choline. Choline is recaptured by presynaptic cells through choline transporters, which is a
limiting step because choline is required for Ach production.
Vagus nerve and inflammation

In addition to its role in blood pressure, heart rate, and digestion, the ANS also has systemic action,
mainly on both metabolism and inflammation. In the 2000s, Tracey et al. demonstrated that the vagus
nerve has systemic anti-inflammatory action in severe sepsis. In this model, vagus nerve stimulation
reduces mortality and decreases systemic tumor necrosis factor (TNF) production, whereas vagotomy



has the opposite effect [15]. Further, stimulation of the vagus nerve was found to attenuate systemic
inflammation in rheumatoid arthritis (RA) or inflammatory bowel diseases [26e29]. An understanding
of the mechanisms involved has taken many years and is not yet fully understood. What is currently
described is an indirect mechanism between the vagus nerve and inflammatory cells: Ach released by
the vagus nerve activates the sympathetic splenic nerve in the coeliac ganglia, which releases NE
locally [30e32]. NE acts on the B2-adrenergic receptors of splenic lymphocytes and induces non-
neuronal production of Ach by these lymphocytes. The produced Ach binds to a nicotinic receptor
called a-7 nicotinic receptor, which is expressed by splenic macrophages. The activation of this nico-
tinic receptor, composed of five alpha-7 subunits, inhibits the macrophage production of cytokines
mainly through the JAK2-STAT3 activation pathway and the nuclear factor kappa-B (NF-kB) inhibition
pathway [33,34]. In addition, the vagus nerve contains mostly afferent fibers connected to the central
nervous system and responding to cytokines such as IL-1. These afferent fibers act on the nucleus tractus
solitarius, which sends projections to the corticotrophin-releasing factor to induce adrenocorticotropin
release and thus the release of cortisol, which has an anti-inflammatory effect. This is known as the
hypothalamoepituitary axis which participate to the cholinergic anti-inflammatory pathway.
Furthermore, sensory and vagus nerve afferences activate the SNS.

Clinical and paraclinical evaluation of the ANS

Before the study of vagus nerve stimulation, the SNSePNS balance could be studied at the patient
level. Individuals with RA or inflammatory bowel diseases have a higher SNS-to-PNS ratio, possibly due
to the loss of vagus tone, as compared with nondisease individuals. The evaluation of the ANS state is
easily recorded by cardiovascular reflexes. Indeed, many tests are available and include the Valsalva
maneuver, deep breathing test, isometric handgrip test, cold pressor test, and head-up tilt test [35]. The
most common test used in clinical practice is the analysis of heart rate variability by extended elec-
trocardiography. Paraclinical tests such as the measurement of the level of NE or its precursors,
microneurography, or the sudomotor test could also help to determine the SNS-to-PNS ratio. Possible
biases that could interfere in these measurements include tobacco use, history of hypertension, or
antihypertensive drug use (alpha- and beta-blockers, anticholinergic drugs). Patients with RA show
decreased heart rate variability as comparedwith nondisease individuals, which indicates a decrease in
vagal activity [36,37]. This finding has also been demonstrated in noninflammatory diseases such as
fibromyalgia or a low-grade inflammation state such as obesity. However, no study has investigated the
SNSePNS imbalance in OA, which would be of interest to determine the involvement of the ANS in the
pathophysiology of OA and its symptoms.

Autonomic innervation of normal and osteoarthritic joint tissues

Apart from a systemic indirect effect on the regulation of vascular tone or systemic inflammation,
neuromediators in the ANS may have a direct local role in joint tissue homeostasis because of the local
presence of nerve fibers. Sympathetic innervation of the joint tissues and particularly the synovial
membrane has been reported [11,12]. Indeed, the production of adrenergic precursors requires the
expression of the limiting enzyme tyrosine hydroxylase (TH). Several authors have reported the
presence of nerve fibers positive for TH/catecholaminergic fibers in the synovial membrane of patients
with OA. The density of the sympathetic fibers in the OA synovium seems to vary little or not at all as
compared with control individuals, but it was decreased in the RA synovium [12,38]. However, in
highly inflammatory areas of the osteoarthritic synovial membrane, the density of nociceptive and
sympathetic nerve fibers decreases [11]. Sympathetic innervation of the bone tissue has also been
extensively studied. Many THþ fibers are present in the periosteum, bone marrow, and mineralized
bone [13,39e42]. THþ fibers have been detected in the subchondral bone plate of the temporoman-
dibular joint [43]. In addition, sympathetic innervation of the infrapatellar fat pad (Hoffa tissue), a local
source of inflammatory mediators, has been shown [44]. Finally, the nerve fibers that invade the deep
layer of osteoarthritic cartilage during OA are sympathetic nerve fibers expressing the neuropeptide Y
[18]. However, neuropeptide Y is not a specific marker of sympathetic fiber and is also expressed by
parasympathetic and nociceptive nerves (Table 1).



Table 1
Sympathetic nervous system involvement in the joint tissue and osteoarthritis.

Topic of study Observations References

Sympathetic fiber
innervation of the
joint tissue

� Human, rat, and sheep synovium
� Rat bone marrow mineralized, and periosteum and

mouse bone marrow and rat subchondral bone
� Human bone marrow, trabecular bone, and

periosteum
� Human infrapatellar fat pad
� Human calcified cartilage during OA

Miller et al. (2000) [12] Eitner et al. (2013)
[11] Miller et al. (2004) [38] Jenei-Lanzl
et al. (2014) [57]
Mach DB et al. (2002) [13] Artico et al.
(2002) [40] Tabarowski et al. (1996) [39]
Jiao et al. (2015) [43]
Beckmann et al. (2013) [41], Koeck
et al.(2009) [42], Jenei-Lanzl et al. (2014)
[57]
Lehner et al. (2014) [44]
Suri et al. (2007) [18]

Effect of sympathetic
neurotransmitters on
the cartilage

� Anti-inflammatory effect of NE through beta-2
adrenergic receptor on human chondrocytes and
proapoptotic effect through alpha-1 adrenergic
receptor

� Inhibition of chondrogenic differentiation of human
mesenchymal stem cells, increased hypertrophic
markers

� Inhibits hypertrophic differentiation of murine
chondrocytes

� No structural effect of beta-2 adrenergic agonist
in vivo in a mechanical OA model

� Alpha-2A adrenergic receptor stimulates in vitro and
in vivo production of MMP-3, MMP-13, and RANK-L
by chondrocytes and promotes cartilage and
subchondral OA features

Lorenz et al. (2015) [14]
Jenei-Lanzl et al. (2014) [57]
Lai et al. (2008) [62]
Tonge DP et al. (2010) [63]
Jiao et al. (2016) [64]

Effect of sympathetic
neurotransmitters on
the bone

� Stimulation of bone resorption through beta-2
adrenergic receptor

� Involvement in the bone physiological mechanoa-
daptive response through beta-adrenergic receptor

� Stimulate subchondral bone loss through beta-2
adrenergic receptor, thus inducing RANK-L
production by bone-marrow mesenchymal stem
cells

Arai et al. (2003) [67], Elefteriou et al.
(2005) [65], Aitken et al. (2009) [66]
Sseur et al. (2003) [68], Kondo et al. (2005)
[69]
Jiao et al. (2015) [43]

Effect of sympathetic
neurotransmitters on
the synovium

� Proinflammatory effect of NE on human FLS
� Anti-inflammatory effect of NE on human FLS

Raap et al. (2000) [60]
Miller LE et al. (2002) [59]

AbbreviationsOA: osteoarthritis; NE: norepinephrine; MMP: matrix metalloproteinase; RANK-L: receptor activator of nuclear
factor kappa-B ligand; FLS: fibroblast-like synoviocytes.
Parasympathetic innervation of joint tissues has been studied less than its sympathetic counterpart.
Many authors rule on the absence of parasympathetic innervation, but no negative study has been
published. Furthermore, most tissues in the body innervated by the SNS are also innervated by the PNS.
Twomarkers are used to address the presence of parasympathetic fibers: ChAT, which synthesizes Ach,
and VAchT, which is responsible for the exocytosis of Ach to the membrane. Demonstrating true
parasympathetic innervation is more complicated because Ach is also a mediator of the SNS, and
therefore, the presence of ChAT is less specific compared to that of TH. Indeed, cholinergic fibers
innervate the periosteum of rats. However, these fibers are not true parasympathetic fibers because
they did not arise from the PNS but rather from sympathetic fibers that modified their phenotype
during development [45]. Similarly, in mice with induced arthritis, the number of cholinergic fibers in
joint tissues is higher than that of catecholaminergic fibers. However, this increase was mainly related
to the presence of fibers in healthy soft tissue such as the muscle and skin. In humans, the number of
cholinergic fibers is higher in the OA than in the RA synovium. The transition of cholinergic fibers from
catecholaminergic fibers is thought to be related to the production of leukemia inhibitory factor by
osteoclasts [43]. The presence of so-called cholinergic fibers in the synovium would therefore arise
from sympathetic and not parasympathetic centers.



Bajayo et al. successfully demonstrated parasympathetic innervation of the bone by using a labeled
neurogenic pseudorabies virus injected into the metaphyseal region of a rat femur to label the para-
sympathetic sacral centers [47]. Other studies, using more modern methods, should be performed to
answer this fundamental anatomical question because anti-inflammatory control is modulated by the
PNS. Finally, the cholinergic system seems to overtake sympathetic or parasympathetic innervation
because many studies now focus on the intrinsic role of Ach that can be produced outside of any
neurogenic context and act locally on the receptors expressed by organs (see section E).
Sympathetic nervous system and osteoarthritis

Imbalance of SNS in OA

In 1966, Lily published the case of a patient who underwent sympathectomy for a vasospastic
syndrome with ischemia of the left hand. Several years after sympathectomy, the patient showed
severe right-hand OA but no left-hand OA [48]. It seems that the sympathectomy protected against OA.
Since then, no study evaluating sympathectomy in OAmodels has been reported, but the treatment has
been extensively reported in arthritis models, thus showing a delay in the initiation of arthritis
[49e51]. Indeed, SNS has proinflammatory effects in the early phase of inflammation, whereas cate-
cholamines have anti-inflammatory effects in the later phase of autoimmune arthritis. The inflam-
matory effect depends on the catecholamine rate and hence on the distance of the catecholamine
source from the responder cell (for a complete review, see Ref. [52]).

No clinical study has described the SNSePNS balance in patients with OA. However, hypertension
seems to be associated with radiographic and symptomatic knee OA and could reflect ANS impairment
[53]. Furthermore, the use of beta-blockers for OA pain was evaluated in a caseecontrol study in 2017
involving 873 patients. Intake of beta-blockers was independently associated with less knee OA pain,
less analgesic intake, and particularly less opioid use [54]. These results must be interpreted with
caution because the study was cross-sectional and could not establish a causal link. The analgesic effect
of beta-blockers has also been demonstrated in murine models of pain [55]. Finally, in the Osteoar-
thritis Initiative cohort, a prospective cohort including almost 3000 patients, alpha-blocker use was
associated with less knee OA pain and less radiographic change as compared with non-use, whereas
beta-blocker use was associated with only less radiographic change as compared with non-use [56].

SNS and synovium

Data on sympathetic innervation in the human synovial membrane often come from RA studies
involving patients with OA as controls. Comparison with the healthy synovial membrane is not easy
because of the sparse availability of healthy human joint tissues. Indeed, Eitner et al. studied the
density of sympathetic fibers of the OA human synovial membrane and compared it to that of the
normal rat and sheep synovial membranes: THþ fibers had decreased density within inflammatory
areas of the OA synovial membrane as compared with those of controls [11]. In patients undergoing
knee arthroscopy after trauma, the level of NE in the synovial fluid was found sufficient for the acti-
vation of adrenergic receptors (10�9 to 10�7 M). Finally, in the synovium, NE is produced by sympa-
thetic nerves and also by synovial macrophages [12,57].

Many cells in the synovial tissue can respond to noradrenergic stimulation. Synoviocytes express
most of the adrenergic receptors (including alpha-1, alpha-2A, and beta-2 receptors) [58]. The effect of
NE on synoviocytes has been studied in vitro in RA and OA. However, the biological effect of NE is
difficult to delineate because it may depend on the disease and mostly on the dose of NE used. Thus,
Straub et al. first reported that NE 10�6 and 10�7 Mwas able to increase the production of IL-6 and IL-8
from OA synoviocytes; 2 years later, the authors reported that NE 10�5 M decreased the production of
IL-6 and TNF by OA synoviocytes [59,60]. The analysis is more complex because depending on the dose
of NE used, some adrenergic receptors are activated and others are not. Immune cells invading the
synovial membrane during OA, such as monocyte/macrophages and lymphocytes, are also able to



respond to catecholaminergic stimulation; however, no specific studies have investigated their
implication in OA pathophysiology. Finally, sympathetic activation could participate in OA pathogen-
esis bymodulating the blood flow of synovial capillaries because the THþ fibers are located close to the
blood vessels, but this is yet to be proven.
SNS and cartilage

In OA, neurovascular invasion of the osteochondral junction occurs by both sensory and sympa-
thetic fibers [18]. Murine and human chondrocytes express TH and most adrenergic receptors
[14,61,62]. Thus, whatever the stage of differentiation and the species studied, the alpha-2 and beta-2
adrenergic receptors are expressed by chondrocytes. The role of sympathetic mediators including NE
and E on chondrocytes has been studied and seems to depend on the context, stage of chondrocyte
differentiation, and dose used. Lorenz et al. found an anti-inflammatory effect of NE at high doses
(10�6 M) on human chondrocytes through the beta-2 adrenergic receptor, whereas at a lower dose
(10�8 M), NE blocked the cell cycle and had apoptotic and therefore deleterious effects through the
alpha-1 receptor [14]. These results suggest a dual effect of the SNS on the cartilage. Most studies on the
effect of adrenergic mediators on chondrocytes have evaluated their potential for differentiation and
chondrocyte growth on their progenitors or mature cells but not on inflammation or degradation.
High-dose NE inhibits chondrogenic differentiation of mesenchymal stem cells and progenitors; it
decreases the production of type II collagen and glycosaminoglycans and increases the expression of
hypertrophic differentiation markers such as collagen X and MMP-13 [57]. By contrast, isoproterenol, a
beta-2 adrenergic agonist, inhibits the production of hypertrophic markers such as Indian hedgehog
and collagen X [62]. Therefore, drawing a clear and simple conclusion is not easy. No analgesic or
structural effect was observed in a mechanical OA model in rats treated with a beta-2 adrenergic
agonist [63]. The alpha-2A adrenergic receptor expression by chondrocytes increased during OA, and
its activation by NE induced the production of MMP-3, MMP-13, and RANK-ligand (RANK-L) by
chondrocytes. Finally, the local injection of alpha-2A agonist in the temporomandibular joint aggra-
vated OA features such as cartilage degeneration and subchondral bone loss, whereas alpha-2A
antagonist treatment partially protected the OA joint [64]. Surprisingly, adrenergic receptors, espe-
cially the beta-2 receptor, have not been studied in an OA model of knockout mice, although widely
studied in osteoporosis.
SNS and subchondral bone

SNS innervates periosteum, trabecular, bone marrow, and subchondral bone and strongly affects
bone tissue remodeling [7,13,39e43]. Indeed, the impact of SNS on the bone has been widely studied
mainly in osteoporosis but not during OA changes and particularly not in the subchondral bone area.
Since the 2000s, SNS has been considered to promote bone resorption through the beta-2 adrenergic
receptor by enhancing the production of RANK-L, which stimulates osteoclasts [65e67]. SNS is also
involved in regulating the bone mechanoadaptive response. Rats or mice without mechanical load on
limbs have decreased bone mineral density, which is partially protected when beta-adrenergic re-
ceptors of the SNS are blocked [68,69]. Osteoclasts and osteoblasts express most of the alpha- and beta-
adrenergic receptors [70,71]. All these data strongly suggest that SNS could also be involved in the
subchondral bone in OA, especially because mechanical stress is a strong modulator of bone remod-
eling in OA.

The single study published in the setting of OA is a model of experimental OA of temporoman-
dibular joints in rats. OA was associated with a sprouting of THþ fibers and an increase in NE release
and beta-2 adrenergic receptor expression in the condylar subchondral bone as compared with con-
trols. Furthermore, a beta-2-antagonist suppressed subchondral bone loss and osteoclast activity,
whereas a beta-2-agonist exacerbated these responses; therefore, beta-2 activation through SNS
stimuli mediated subchondral bone loss as in osteoporosis. This finding was due to overproduction of
RANK-L by the mesenchymal stem cells of the bone [43].



Parasympathetic nervous system, non-neuronal cholinergic system, and osteoarthritis

SNS imbalance in OA

No studies have evaluated the vagal tone in patients with OA. Few data are available on the PNS in
joint tissues. First, we do not even know whether PNS fibers innervate the joint tissue. However,
cholinergic fibers in the bone are able to produce Ach locally, which may interact with nicotinic and
muscarinic receptors locally expressed [45,46].

PNS and synovium

An exciting body of research is the non-neuronal production and action of Ach: many non-neuronal
cells are able to produce Ach andmay express the nicotinic or muscarinic receptor, thereby allowing for
a local autocrine or paracrine action of Ach. Thus, ChAT is expressed by the synovial membrane, but the
cell type that secretes ChAT andwhether Ach is produced because of this synovial ChAT remain unclear
[17,72]. Synoviocytes and macrophages express a range of nicotinic subunits including alpha-7
homopentamer [16,73,74]. The OA synovial membrane also expresses choline transporters and
muscarinic receptors 1, 3, 4, and 5 and nicotinic subunits alpha-3, -5, -6, -7, -9, and -10 [17,75].
Therefore, the synovium may be able to produce and respond to Ach stimulation. The specific stim-
ulation of the alpha-7 receptor had an anti-inflammatory effect on synoviocytes of patients with RA
[74,76]. However, no specific study on OA synoviocytes is available.

PNS and cartilage

Human chondrocytes also express some choline transporters such as choline transporter-like
protein 1 to 5 and organic cation transporter 1 and 3 as well as alpha-5, alpha-7, and beta-1
(muscular) nicotinic subunits [75,77]. However, the production of Ach by chondrocytes has never
been reported. The effect of nicotine was studied in vitro on human growth-plate chondrocytes, thus
demonstrating an inhibitory effect on matrix synthesis (alkaline phosphatases and proteoglycans) and
hypertrophic differentiation. This inhibitory effect is mediated by alpha-7 receptor and may explain
some of the growth retardation observed in fetuses of pregnant mice with nicotine treatment [77].
Contradictory results showing that nicotine promotes the production of collagen II by human OA
chondrocytes were also published, which also indicated that the nicotine effect could depend on the
differentiation stage of chondrocytes [78]. Liu et al. first reported the protein expression of alpha-7
receptor by rat chondrocytes. In vivo, nicotine had a protective effect on osteoarthritic lesions
induced by intra-articular injection of monoiodoacetate. Finally, using a specific antagonist in vitro, the
authors showed that the anticatabolic effect observed in vivo was due at least partially to the anti-
inflammatory effect of alpha-7 receptor expressed by chondrocytes. Indeed, alpha-7 antagonism
abolished the anti-inflammatory action of nicotine on phosphorylation of p38 extracellular
signaleregulated kinase 1/2 and c-Jun-N-terminal kinase mitogen-activated protein kinases as well as
NF-kB p65 [79] (Fig. 2). Another study demonstrated an anti-inflammatory effect, particularly on the
synovial membrane, of nicotine administered intraperitoneally in the same OA rat model. However, the
small number of animals in each group in this study did not show a significant reduction in cytokine or
MMP production [80]. All these studies corroborate epidemiological data supporting that tobacco use is
associated with reduced knee OA [81,82], which remains controversial. However, a proinflammatory
effect of nicotine was reported in human OA chondrocytes in vitro [83].

PNS and bone

The effect of the PNS on the subchondral bone remains unknown to date. However, several
studies have investigated the role of the PNS in bone homeostasis and osteoporosis. Rat osteoblasts
express alpha-1, -4, and -7 as well as beta-1, -2, and -4 nicotinic subunits, whereas murine oste-
oclasts express alpha-2 and -5 and beta-1, -2, and -4 subunits [47]. Bajayo et al. demonstrated a
positive effect of PNS on bone mass. The application of cholinergic agonists to osteoclasts increased



Fig. 2. Hypothetical action of the PNS and cholinergic fibers in osteoarthritis. Parasympathetic innervation of the joint tissue is
possible, especially in thebone (Bajayoetal., 2012). Parasympatheticfibersmayhavea role in thecontrolof local inflammationbecausethe
vagus nerve and acetylcholine (Ach) have demonstrated a strong anti-inflammatory potential through their action on a specific nicotinic
receptor, alpha-7. Furthermore, PNS fibers could have an anti-inflammatory role through an afferent feedback on the central nervous
system(on thehypothalamoepituitaryaxis). BeyondPNS innervation, cholinergicfibershavebeendemonstrated in theperiosteum,bone
marrow, and synovium. The locally produced Ach may act on receptors expressed by local resident cells such as synoviocytes or chon-
drocytes. Thus, chondrocytes express the alpha-7 receptor nicotinic receptor (a7 nicotinic R), which when activated has an anti-
inflammatory role on the phosphorylation of p38 extracellular signaleregulated kinase (ERK) 1/2 and c-Jun-N-terminal kinase (JNK)
mitogen-activated protein kinases as well as nuclear factor-kappa B (NFkB) p65. This may be a therapeutic pathway.



apoptosis through the nicotinic alpha-2 receptor and a converse proliferative effect on osteoblasts
up to a certain dose [47], with no effect on the production of alkaline phosphatase, RANK-L, or
Osterix, which suggests that cholinergic agonists regulate the number of osteoblasts rather than
their differentiation or activity. This action of the PNS on bone mass is under the action of IL-1
produced by the central nervous system. Similarly, the M3 muscarinic receptor appears to play a
positive role in bone mass because knockout mice show decreased bone mass [84,85]. Alpha-7
nicotinic receptor, probably the most promising for low-grade inflammation, has a small role in
bone mass, but the effect is rather negative and indirect [86,87]. Hence, the evaluation of specific
agonists or osteoclasts in mice with knockout of the alpha-7 nicotinic subunit did not show any
particular differences. However, vagal nerve stimulation inhibited TNF production through the
macrophage alpha-7 receptor, which was responsible for a decrease in serum osteoprotegerin-to-
RANK-L ratio and thus osteoclast activation [87]. Therefore, the effect of vagus nerve stimulation
on bone remodeling biomarkers should be investigated.
Summary

Many resident cells of the osteoarticular system express receptors for sympathetic and para-
sympathetic neurotransmitters, which allow them to respond to autonomic stimuli. Sympathetic fibers
innervate the synovium and bone and are important neuronal effectors of bone physiology. They are
involved in bone mechanoadaptation and remodeling through the beta-2 receptor. In the subchondral
bone, SNS stimulates bone resorption by the activation of osteoclasts through RANK-L. Conversely, the
involvement of SNS in synovitis and cartilage degradation is not clear and needs further investigation
because of conflicting results (Table 1). Parasympathetic fibers also demonstrated a powerful anti-
inflammatory action mediated by the vagus nerve, its acetylcholine release, and the alpha-7 nico-
tinic receptor. However, this pathway has been demonstrated in highly inflammatory states such as RA
or inflammatory bowel disease by systemic mechanisms involving the spleen. Furthermore, we still do
not know whether parasympathetic fibers really innervate joint tissue, which is an essential issue to
decipher the PNS involvement in OA (Fig. 2). Nevertheless, cholinergic fibers from sympathetic nerves
innervate the periosteum and synovium. The non-neuronal cholinergic system is expressed by
osteoarticular tissues, which possibly allow for local acetylcholine production regardless of innerva-
tion. Promising results of activation of the alpha-7 nicotinic receptor in OA models are needed. Finally,
the SNSePNS balance in OA needs to be studied because it may explain the association between hy-
pertension and OA.
Research agenda

� Evaluate the clinical balance of SNS and PNS in OA
� Determine precisely, using innovative methods, the innervation of joint tissues and espe-
cially the presence of cholinergic and parasympathetic fibers in joint tissues

� Determine whether parasympathetic fibers invade the osteochondral junction during OA
� Evaluate the impact of beta-blocker treatment on OA incidence, severity, and progression in
prospective cohorts

� Determine the impact of sympathectomy on OA severity in a murine model
� Determine the involvement of adrenergic, nicotinic, or muscarinic receptors in OA in
knockout mice

� Determine the impact of vagus nerve stimulation and/or vagotomy on OA in a murine model
of OA

� Determine whether ANS is involved in the association between hypertension and OA



Practice points

� Sympathetic fibers innervate healthy and OA synovial and bone tissues. Their density
decreased in areas of high synovial inflammatory activity, although the involvement of these
fibers in OA-related inflammation remains controversial. During OA, sprouting of sympa-
thetic fibers is observed in the subchondral bone, and their activation is related to an
increased bone resorption/bone loss through beta-2 receptors. However, to date, there are no
therapeutic options of specific sympathetic blockade available for OA.

� Early studies have found cholinergic fibers in the bone tissue. Their impact on joint ho-
meostasis remains unknown. However, alpha-7 nicotinic receptor activation has demon-
strated strong anti-inflammatory properties onmacrophages and possibly on chrondrocytes,
which provides scope in this field of research in OA. We still need further studies to better
understand the involvement of cholinergic transmitters in OA pathophysiology.
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