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Abstract

Bone remodeling is regulated by the two branches of the autonomic nervous system: the adrenergic and the cholinergic branches.
Adrenergic activity favors bone loss, whereas cholinergic activity has been recently shown to favor bone mass accrual. In vitro
studies have reported that cholinergic activity induces proliferation and differentiation of bone cells. In vivo studies have shown
that the inhibition of cholinergic activity favors bone loss, whereas its stimulation favors bone mass accrual. Clinical studies have
shown that bone density is associated with the function of many cholinergic-regulated tissues such as the hypothalamus, salivary
glands, lacrimal glands and langerhans cells, suggesting a common mechanism of control. Altogether, these observations and
linked findings are of great significance since they improve our understanding of bone physiology. These discoveries have been
successfully used recently to investigate new promising therapies for bone diseases based on cholinergic stimulation. Here, we

review the current understanding of the cholinergic activity and its association with bone health.
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Introduction

Bone remodeling involves bone resorption by osteoclasts
and subsequent formation of new bone by osteoblasts'~. This
process regulates the biomechanical features of bone and
maintains the homeostasis of essential mineral ions in the
body'. Alteration in the bone remodeling process results in dis-
eases such as osteoporosis that can often cause life-threatening
complications’. The mechanisms regulating bone remodeling
are not fully understood, and unveiling them should eventually
allow development of new therapeutic approaches for osteo-
porosis and other bone related diseases’.

The process of bone formation and resorption is well-regu-
lated, at least, at two different levels: locally and centrally'. Lo-
cally, bone remodeling is regulated through direct interaction
between osteoblasts and osteoclasts, and by local interactions
between cells of the immune system and bone cells'. Centrally,
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bone remodeling has been shown to be regulated at three axis:
1) the hypothalamic-pituitary-thyroid axis; 2) the co-regulation
of bone, adipose tissue and energy metabolism mediated by the
sympathetic nervous system (SNS) and 3) the IL 1- parasym-
pathetic nervous system (PSNS)- bone axis*!'. The last two
axes are mediated by adrenergic and cholinergic activities, the
functional arms of autonomic nervous system™"".

The adrenergic activity of the SNS has been shown to be a
negative regulator of bone mass; adrenergic signaling inhibits
osteoblast proliferation and promotes osteoclastogenesis*®'%.
Moreover, SNS signaling induces the release of the osteoblast-
derived soluble factor receptor activator of NF-»B ligand
(RANKL), which in turn augments osteoclastogenesis and
bone resorption®. SNS signaling are well controlled by the ac-
tion of two key proteins: osteocalcin and leptin. Osteocalcin,
produced by mature osteoblasts and osteocytes, regulates the
production of leptin, an adipocyte-derived hormone. Leptin,
in-turn, activates its receptors in the hypothalamus and pro-
motes SNS activity*®.

Cholinergic activity has been shown to favor bone mass by
increasing osteoblast proliferation via suppression of the SN'S
and promoting the apoptosis of osteoclasts'®"'. The present ar-
ticle reviews the current understanding of the cholinergic effect
on bone remodeling based on a variety of in vitro, in vivo and
clinical studies, and suggests new ways for preventing bone
fractures and osteoporosis by cholinergic stimulation.



Cholinergic system

Cholinergic system regulates the body’s metabolic activity
through the use of acetylcholine as a signal transmitter'’.
Acetylcholine is biosynthesized by choline acetyl transferase,
and it is stored in small synaptic vesicles through the action of
vesicular acetylcholine transporter enzyme to be released via
exocytosis into the synapse space'®. The secreted acetylcholine
targets either nicotinic or muscarinic receptors'>'®. Nicotinic
receptors are compromised of different subunits a, {3, vy, 0 and
¢ that assemble to form ionic channels'’. Muscarinic receptors
are guanine nucleotide protein coupled receptors, and are clas-
sified into five subtypes: m1, m2, m3, m4 and m5'®"®, Acetyl-
choline signal is terminated by its degradation through the
enzyme acetylcholinesterase (AChE)".

Many neuronal cells such as all pre- and post-ganglionic
nerves of the PSNS, preganglionic and some postganglionic
nerves of the SNS, motor neurons and neurons within the cen-
tral nervous system express the components of the cholinergic
system (transmitter, enzymes and receptors)'*'"***?, Moreover,
many non-neuronal cells such as embryonic stem cells, epithe-
lial cells and bone cells have been shown to express compo-
nents of the cholinergic system as well'**,

Expression of cholinergic components in bone

Bone cells have been shown to express several components
of the cholinergic system (transmitter, enzymes and recep-
tors)'%!1"13162530 Eor instance, acetylcholine has been sug-
gested to be produced by osteosblasts due to the presence of
the vesicular acetylcholine transporter enzyme in these cells™.
Cholinergic receptors, both nicotinic and muscarinic, have
been identified on the membranes of human primary bone
cells, mesenchymal stem cells, osteoblasts and osteo-
clasts'®!#326313% 'The mRNA of several nicotinic receptors
subtypes (a,, a,, b, and g) are also present in osteocytes™.
AChE is expressed in bone cells such as bone marrow-derived
monocytes, osteoclasts and osteoblasts''*,

Possible role of cholinergic components in bone

The wide expression of cholinergic components in bone tis-
sue points toward the important role they could play in bone
remodeling®. Previous studies have shown that acetylcholine
might regulate the migration of bone marrow-derived multi-
progenitor mesenchymal stem cell*’ capable of differentiating
into bone cells. Both families of cholinergic receptors, nico-
tinic and muscarinic, have been shown to affect bone turnover.
Indeed, nicotinic stimulation in mice induces bone mass gain
as a result of an increase in osteoclasts apoptosis'', whereas
muscarinic stimulation in vitro increases osteoblasts prolifer-
ation”’. Among the cholinergic receptors, the nicotinic sub-
type-0., receptor and muscarinic-3 receptor appear important
in bone physiology'*"***’, Indeed, mice with knockout nico-
tinic subtype-a., receptors are osteoporotic due to the up-reg-
ulation of osteoclasts!!, whereas mice with knockout
muscarinic-3 receptors are osteoporotic due to a decrease of
osteoblast numbers and an increase of osteoclast numbers'’.
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Beside its capability to break down acetylcholine, AChE is
thought to play significant roles during remodeling of bone.
For instance, AChE has been detected at the sites of new bone
formation®, suggesting a role for AChE as a bone matrix pro-
tein**®. Moreover, it has been reported that AChE can regulate
bone cells proliferations, differentiations, cell-cell contact as
well as mesenchymal stem cells migration?’-*364142,

Cholinergic innervation of bone

It has been shown that bone tissues are innervated by cholin-
ergic fibers of both the PSNS and the SNS'*. Cholinergic
fibers transmit neuronal signaling from the PSNS nucleus
within the CNS to cholinergic receptors located in bone''. Ac-
cordingly, it would be logical to expect that disruption in the
function of these cholinergic fibers would affect bone. Indeed,
it has been shown that mice subjected to subdiaphragmatic sec-
tioning of the vagus nerve, a cranial nerve that caries cholin-
ergic fibers of the PSNS, suffer from low bone mass in their
lumbar vertebra*. Cholinergic fibers of the SNS have been
shown to innervate the periosteum, a connective tissue that
covers the bone and contains progenitor cells that develop into
osteoblasts, indicating a possible role of these neuronal fibers
in regulating bone formation and remodeling®. Indeed, den-
ervation of the periosteum results in poor bone healing in an-
imal models, indicating that periosteal nerves are required for
bone formation and fracture healing***.

Central nervous system nuclei
Hypothalamus

Previous studies have shown that the hypothalamus, a brain
structure that encloses cholinergic (muscarinic and nicotinic)
and adrenergic components, can affect bone remodeling™". Tt
has been shown that Alzheimer’s disease (AD) patients suffer-
ing from cholinergic degradation of the hypothalamus™, are
more prone to develop osteoporosis and suffer from a high in-
cidence of fractures®*>’. In fact, the association between bone
mineral density and cholinergic degradation of the hypothala-
mus is so strong>®* that decrease in bone mineral density has
been suggested as a predictor of AD®. These observations
highlight the importance of cholinergic nucleus of the hypo-
thalamus in regulating bone mass accrual.

One mechanism by which the hypothalamus might regulate
bone remodeling is by controlling body weight*, a known pos-
itive regulator of bone mass®®2. The hypothalamus encloses
two structures that regulate body weight: the ventromedial and
the lateral hypothalamic nuclei. The lateral hypothalamic nu-
cleus is concerned in hunger, and any damage to this area can
reduce body weight®. Lateral hypothalamic nucleus is known
to enclose cholinergic neurons and receptors, such as mus-
carinic receptors'®®. Accordingly, suppression of cholinergic
neurons activity in the lateral hypothalamic nucleus could ex-
plain why AD patients usually suffer from weight loss, hence
low bone mass accrual®. However, future research has to be
done to test these hypotheses.

It is well known that the hypothalamus regulate bone mass
also through a neurohormonal pathway mediated by the pitu-
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Body tissue that expresses
cholinergic receptors

Function of local
cholinergic receptors

Effect of inhibition of
local cholinergic receptors

Association between local inhibition
of cholinergic receptors and bone
mineral density (BMD)

Salivary glands”
Lacrimal glands?
Pancreas’

Respiratory system1'®
Gastrointestinal system

Vestibular organ within ear’

Saliva secretion’®

Lacrimal secretion!!'

Insulin secretion!!>

Smooth muscle contraction
and epithelial regulation!!%:120

Smooth muscle contraction’

Regulate balance and
orientation!??

Dry mouth?

Dry eyes™

Diabetes type!80:116
Obstructive pulmonary
disease®®

Decrease muscle tone!?!

Unbalance and disorientation
(Vertigo)

Patients with dry mouth are associated
with low BMD#!

Patients with dry eyes are associated
with low BMD#?

Patients with diabetes type 1 are
associated with low BMD#384117.118
Patients with lung diseases are
associated with low BMD#>

Patients with gastrointestinal diseases
are associated with low BMD#
Patients with vertigo are associated
with low BMD®

Table 1. The relationship between cholinergic receptors in body tissues with bone turnover in various clinical conditions.
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Figure 1. Model of the autonomic nervous system-mediated regulation
of bone mass accrual. The SNS favors bone loss by inhibiting os-
teoblast proliferation, directly by activating the adrenergic receptors.
Also, the SNS favors bone loss by promoting osteoclast proliferation,
directly through activating the adrenergic receptors on osteoclasts and
indirectly through stimulating RANKL secretion from osteoblasts. The
PNS favors bone mass indirectly by suppressing the SNS signaling
and directly by promoting apoptosis in osteoclasts through activating
the nicotinic receptors. The two blue-dashed arrows refer to possible
effects of the PNS on osteoblasts and osteocytes.
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itary-thyroid-bone axis™®. It has been reported that the expres-
sion of muscarinic receptors centrally might be regulated by
the level of calcitonin®, a hormone that plays a significant role
in the pituitary-thyroid- bone axis. However, it has not been
investigated whether this association between muscarinic re-
ceptors and calcitonin would affect bone mass.

Locus coeruleus

Muscarinic receptors, more specifically muscarinic-3 recep-
tors, are expressed in non-adrenergic neurons in the locus
coeruleus nucleus, a brain structure necessary for the SNS'.
It has been shown that mice with knockout neural muscarinic-
3 receptors are osteoporotic due to an increase in SNS signal-
ing, indicating that muscarinic-3 receptors in the locus
coeruleus nucleus down-regulate SNS signaling and favor
bone mass indirectly'.

Central IL-1

Central IL-1 is a proinflammatory cytokine produced by
brain neurons that are known to regulate learning, memory and
sleep patterns®”®®. Central IL-1 can also affect bone metabo-
lism through nicotinic nerve fibers of the PSNS''. Indeed, mice
with knockout central IL-1 express very low levels of skeletal
acetylcholine'', and these mice are osteoporotic due to the de-
crease of apoptosis in osteoclasts'®,

Pathways by which the cholinergic system regulates
bone remodeling

Despite the substantial evidences we presented regarding the
association between cholinergic activities at bone tissues-, neu-
rons- and nuclei-level with bone remodeling, the pathways by
which the cholinergic system affects bone remodeling are not well
understood. It is still not known whether the cholinergic activity
affects bone cells locally, systemically or both. In Figure 1, we
suggest possible mechanisms for cholinergic regulation of bone.
Recent studies have shown that cholinergic activity might regulate



bone mass systemically through neuronal pathways mediated
parasympathetic activity'®'".

Clinical observations
Cholinergic-regulated tissues

Cholinergic activity regulates many organs in which cholin-
ergic receptors have been identified such as: salivary cells,
lacrimal cells, langerhans cells, the respiratory system, the gas-
trointestinal system and the vestibular organ within the ear
(Table 1)*7°"7, Decrease cholinergic activity in salivary glands
function results in a dry mouth (xerostomia)’®. Similarly, sup-
pression of cholinergic activity in lacrimal glands results in
dry eyes”. Damage to muscarinic-3 receptors in langerhans
cells result in diabetes type 1*. Surprisingly, several articles
in the literature have reported strong association of an un-
known etiology between these medical conditions (xerostomia,
dry eyes and diabetes type 1) and bone loss® ™. However, the
evidence we present in this study seems to indicate that bone
loss in these medical conditions could be due to alterations in
cholinergic activity.

Suppression of cholinergic activity is also known to cause
the onset of serious pathologies such as obstructive pulmonary
diseases, disruption in the body’s circadian rhythm and learn-
ing memory deficits®**®, Interestingly, all these conditions have
as a common skeletal feature, a reduction in bone mineral den-
sity**¥% Another interesting condition which is associated
with cholinergic activity is vertigo. Vertigo patients are char-
acterized by dizziness and being off-balanced as a conse-
quence of a damage to the vestibular end organ in the ear’’, a
cholinergic-regulated organ’. Patients suffering from vertigo
are associated with higher risk of osteoporosis®™.

Circadian rhythm

An interesting phenomenon that links cholinergic activity
with bone remodeling is the circadian rhythm. The autonomic
nervous system follows a circadian pattern that matches the
bone remodeling cycle. Sympathetic activity is dominant dur-
ing day hours when bone resorption activity reaches its peak,
while the parasympathetic activity is intense during night
hours when bone formation is more active®**.

Menopause

Another observation that links cholinergic activity to bone
is the estrogen replacement therapy, a hormonal treatment for
osteoporosis. Patients under estrogen replacement therapy are
well known to have high bone mass and low fractures risk®.
Surprisingly, these patients express an increase in cholinergic
activity®®.

Smokers

Clinical studies have shown that heavy smoking is associ-
ated with a decreased bone mass and diminished fracture heal-
ing capacity®"?7***_ Even though many hypotheses have been
postulated to explain this phenomena, it has been found that
the association between smoking and bone is strongly related
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to nicotine levels in the body'®. Even though low concentra-

tion of nicotine up-regulates osteoblasts through activation of
the nicotinic receptors®**, excesive levels down-regulate os-
teoblasts through desentistizating their nicotinic receptors®.
Also excesive nicotinic levels up-regulate osteoclasts through
activation of the niotinic receptors'’.

Poliomyelitis, Botox injection and Myasthenia gravis

Cholinergic neurons innervate muscle fibers'"', and their ac-
tivity can affect bone mass through mechanical stress'®. In-
deed, it has been argued whether the muscle activity, rather
than the neuronal activity, is the main regulator of bone mass.
However, the following observations argue strongly against a
model whereby the muscle activity is more important than neu-
ronal activity in regulating bone mass. Underneath, we discuss
how three conditions, known to affect neuro-muscular
synapses: Poliomyelitis, Botox injections and Myasthenia
gravis, affect bone health status

Poliomyelitis is a viral disease that destroys motor neurons
that utilize acetylcholine neurotransmitter resulting in muscle
paralysis'®. Patients diagnosed with poliomyelitis are known
to suffer from impaired bone growth affected by nerve deple-
tion'*. Interestingly, it has been found that after recovery of
muscle activity, polio patients tend to develop osteoporosis in
a much larger proportion than the rest of the population, indi-
cating that the effect of polio virus on bone tissue is unrelated
to muscle function'®.

Botox, known as botulinum neurotoxin, prevents the release
of acetylcholine from its membrane vesicles at the terminal
ends of cholinergic neurons resulting in muscle paralysis'®.
Botulinum neurotoxin causes bone loss that does not improve
following the recovery of muscle function'**!*”. Moreover,
bone loss due to botulinum neurotoxin has been associated
with an increase in bone resorption due to osteoclasts up-reg-
ulation'”, a phenomena that is recently linked to the inhibited
activity of cholinergic fibers of the PSNS''. Accordingly, these
findings indicate that the effect of botulinum neurotoxin on
bone tissue is unrelated to muscle function.

Myasthenia gravis is a disorder that is characterized with
suppressed muscular activity due to autoantibodies blocking
the cholinergic receptors in muscle fibers. Surprisingly, despite
the low muscular activity, patients diagnosed with Myasthenia
graves are not associated with the risk of developing bone dis-
ases'®™ "', In contrast, Myasthenia gravis patients are more re-
sistant to develop osteoporosis compared to general
population'®”. Myasthenia gravis only affects acetylcholine re-
ceptors in muscles leaving cholinergic signaling in bone intact,
which might explain why bone is not affected in these patients.

The linking findings described for the above three condi-
tions indicated that cholinergic innervation is necessary and
might be more important than muscle activity for healthy bone
remodeling. However, future studies will have to be performed
in order to confirm the role of cholinergic activity in defining
the bone phenotype of patients with Poliomyelitis, Myasthenia
graves or following Botox injections.
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Future therapies for osteoporosis

The available literature indicates that the inhibition of
cholinergic activity at the bone level and in the central nervous
system reduces bone mass'®'"*’. This has lead researchers to
investigate whether boosting acetylcholine activity might have
an anabolic effect on bone formation.

One way of stimulating cholinergic receptors is by the ad-
ministration of cholinergic agonists such as acetylcholinesterase
inhibitors (AChEIs). AChEIs are a group of drugs that cause
stimulation of cholinergic receptors (nicotinic and/or mus-
carinic) by inhibiting the action of AChE and increasing the lev-
els of acetylcholine in the synaptic space. A recent study has
revealed that the use of pyridostigmine, a peripherally acting
ACHhEI that stimulates nicotinic receptors, favors bone mass in
animal models by stimulating osteoclast apoptosis''. Another re-
cent clinical study reported that treatment with centrally acting
AChETI that stimulates both nicotinic and muscarinic receptors
such as donepezil and rivastigmine was associated with lower
risk of hip fracture in Alzheimer’s disease patients'". In the same
study, it was shown that centrally acting AChEI that stimulates
nicotinic receptors only such as galantamine had no beneficial
effect in lowering the risk of hip fracture''. Accordingly, it
seems that stimulating cholinergic receptors through pharmaco-
logical approaches could favor bone mass. These findings open
the window for a new therapeutic approach to treat osteoporosis
through stimulation of the cholinergic system.

Future studies

Even though there is substantial evidence in the literature
indicating the importance of cholinergic activity on bone, there
is however still much to learn about the complicated relation-
ships between the cholinergic system and bone. For instance,
future studies will have to be performed in order to investigate
whether the cholinergic activity affects bone mass by other
mechanism rather than the IL 1-PSNS-bone and Locus
coeruleus-SNS-bone pathways. The interaction between the
cholinergic system with endocrine system, and the effects of
this interaction on bone mass need to be investigated.

Another area that needs investigation is the possible in-
volvement of nicotinic receptors expressed by osteocytes. It is
well known that osteocytes can suppress osteoblast prolifera-
tion through the secretion of sclerostin, an inhibitor of the Wnt
signaling pathway in osteoblasts, and promote osteoclast pro-
liferation directly through RANKL secretion''*'"*. Accord-
ingly, nicotinic receptors in osteocytes could be mediating the
interactions between these cells with osteoblasts and osteo-
clasts, although future studies will have to be performed to ad-
dress this hypothesis.

Conclusion

In this review we have summarized several observations
demonstrating that the cholinergic signaling is a positive reg-
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ulator of bone mass. In vitro studies have suggested that acetyl-
choline might regulate proliferation and differentiation of bone
cells. In vivo studies have shown that altering cholinergic ac-
tivity regulates bone mass accrual. Clinical studies have shown
that diseases caused by disruption of cholinergic activity seem
to be associated with bone disorders. Even though we here pre-
sented substantial evidence from the literature indicating the
importance of cholinergic activity on bone, however there is
still much to learn about the complicated relationships between
the cholinergic system and bone.

Acknowledgement

This work was supported by operating grants from the Institute of Mus-
culoskeletal Health and Arthritis (IMHA) bridge funding, Canadian Institutes
of Health Research (CIHR), the Natural Sciences and Engineering Research
Council of Canada (NSERC) and the Fondation de I’Ordre des Dentistes
du Québec (FODQ) Funds to FT. HE receives studentships from the FRQS
Réseau de Recherche en Santé Buccodentaire et Osseuse (RSBO).

References

1. Schett G, David JP. The multiple faces of autoimmune-
mediated bone loss. Nat Rev Endocrinol 2010;6:698-706.

2. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast
development and function. Nat Rev Genet 2003;4:638-49.

3. Sommerfeldt DW, Rubin CT. Biology of bone and how
it orchestrates the form and function of the skeleton. Eur
Spine J 2001;10:S86-S95.

4. Ducy P, Amling M, Takeda S, Priemel M, Schilling AF,
Beil FT, Shen JH, Vinson C, Rueger JM, Karsenty G. Lep-
tin inhibits bone formation through a hypothalamic relay:
A central control of bone mass. Cell 2000;100:197-207.

5. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L,
Parker KL, Armstrong D, Ducy P, Karsenty G. Leptin
regulates bone formation via the sympathetic nervous sys-
tem. Cell 2002;111:305-17.

6. Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu
X, Kondo H, Richards WG, Bannon TW, Noda M,
Clement K, Vaisse C, Karsenty G. Leptin regulation of
bone resorption by the sympathetic nervous system and
cart. Nature 2005;434:514-20.

7. Katayama'Y, Battista M, Kao WM, Hidalgo A, Peired AJ,
Thomas SA, Frenette PS. Signals from the sympathetic
nervous system regulate hematopoietic stem cell egress
from bone marrow. Cell 2006;124:407-21.

8. Bassett JH, Williams GR. Ceritical role of the hypothala-
mic-pituitary-thyroid axis in bone. Bone 2008;43:418-26.

9. Rosen CJ. Bone remodeling, energy metabolism, and the
molecular clock. Cell Metab 2008;7:7-10.

10. ShiY, Oury F, Yadav VK, Wess J, Liu XS, Guo XE, Mur-
shed M, Karsenty G. Signaling through the m3 mus-
carinic receptor favors bone mass accrual by decreasing
sympathetic activity. Cell Metab 2010;11:231-38.

11. Bajayo A, Bar A, Denes A, Bachar M, Kram V, Attar-
Namdar M, Zallone A, Kovacs KJ, Yirmiya R, Bab 1.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Skeletal parasympathetic innervation communicates cen-
tral il-1 signals regulating bone mass accrual. Proc Natl
Acad Sci U S A2012;109:15455-60.

Kondo H, Takeuchi S, Togari A. Beta-adrenergic signaling
stimulates osteoclastogenesis via reactive oxygen species.
Am J Physiol Endocrinol Metab 2013;304:E507-15.
Loewi O. Humoral transferability of the heart nerve ef-
fect. I. Announcement. Pflug Arch Ges Phys 1921;
189:239-42.

Nachmansohn D, John HM. On the formation of acetyl-
choline in the nerve axon. Science 1945;102:250-51.
Dani JA, Bertrand D. Nicotinic acetylcholine receptors
and nicotinic cholinergic mechanisms of the central nerv-
ous system. Annu Rev Pharmacol 2007;47:699-729.
Caulfield MP, Birdsall NJM. International union of phar-
macology. Xvii. Classification of muscarinic acetyl-
choline receptors. Pharmacol Rev 1998;50:279-90.
Johnson RH, Spaulding JM. Disorders of the autonomic
nervous system. Chapter 3. The nervous control of the
circulation and its investigation. Contemp Neurol Ser
1974:33-58.

Caulfield MP. Muscarinic receptors - characterization,
coupling and function. Pharmacol Ther 1993;58:319-79
Taylor P, Radic Z. The cholinesterases - from genes to
proteins. Annu Rev Pharmacol 1994;34:281-320.
Clarke PB, Schwartz RD, Paul SM, Pert CB, Pert A.
Nicotinic binding in rat brain: Autoradiographic compar-
ison of [3h]acetylcholine, [3h]nicotine, and [125i]-alpha-
bungarotoxin. J Neurosci 1985;5:1307-15.

Mandelzys A, De Koninck P, Cooper E. Agonist and toxin
sensitivities of ach-evoked currents on neurons express-
ing multiple nicotinic ach receptor subunits. J Neurophys-
iol 1995;74:1212-21.

Bernard V, Normand E, Bloch B. Phenotypical character-
ization of the rat striatal neurons expressing muscarinic
receptor genes. J Neurosci 1992;12:3591-600.

Wessler I, Kirkpatrick CJ. Acetylcholine beyond neurons:
The non-neuronal cholinergic system in humans. Br J
Pharmacol 2008;154:1558-71.

Proskocil BJ, Sekhon HS, Jia Y, Savchenko V, Blakely
RD, Lindstrom J, Spindel ER. Acetylcholine is an au-
tocrine or paracrine hormone synthesized and secreted by
airway bronchial epithelial cells. Endocrinology
2004;145:2498-506.

Liu PS, Chen YY, Feng CK, Lin YH, Yu TC. Muscarinic
acetylcholine receptors present in human osteoblast and
bone tissue. Eur J Pharmacol 2011;650:34-40.

En-Nosse M, Hartmann S, Trinkaus K, Alt V, Stigler B,
Heiss C, Kilian O, Schnettler R, Lips KS. Expression of
non-neuronal cholinergic system in osteoblast-like cells
and its involvement in osteogenesis. Cell Tissue Res
2009;338:203-15.

Vogel-Hopker A, Sperling LE, Layer PG. Co-opting func-
tions of cholinesterases in neural, limb and stem cell de-
velopment. Protein Peptide Lett 2012;19:155-64.
Grisaru D, Lev-Lehman E, Shapira M, Chaikin E, Less-

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

H. Eimar et al.: Cholinergic activity and bone

ing JB, Eldor A, Eckstein F, Soreq H. Human osteogene-
sis involves differentiation-dependent increases in the
morphogenically active 3’ alternative splicing variant of
acetylcholinesterase. Mol Cell Biol 1999;19:788-95.
Inkson CA, Brabbs AC, Grewal TS, Skerry TM, Genever
PG. Characterization of acetylcholinesterase expression
and secretion during osteoblast differentiation. Bone
2004;35:819-27.

Sato T, Abe T, Chida D, Nakamoto N, Hori N, Kokabu S,
Sakata Y, Tomaru Y, Iwata T, Usui M, Aiko K, Yoda T.
Functional role of acetylcholine and the expression of
cholinergic receptors and components in osteoblasts.
FEBS Lett 2010;584:817-24.

Luo L, Bennett T, Jung HH, Ryan AF. Developmental ex-
pression of alpha 9 acetylcholine receptor mrna in the rat
cochlea and vestibular inner ear. J Comp Neurol
1998;393:320-31.

Walker LM, Preston MR, Magnay JL, Thomas PB, El Haj
AlJ. Nicotinic regulation of c-fos and osteopontin expres-
sion in human-derived osteoblast-like cells and human
trabecular bone organ culture. Bone 2001;28:603-8.
Romano SJ, Pugh PC, McIntosh JM, Berg DK. Neuronal-
type acetylcholine receptors and regulation of alpha 7
gene expression in vertebrate skeletal muscle. J Neurobiol
1997;32:69-80.

Ono Y, Nagata N, Kimura N. Effects of adrenergic and
cholinergic stimulations on cyclic nucleotides metabolism
in bone of young rat. Endocrinologia Japonica 1978;
25:477-84.

Paic F, Igwe JC, Nori R, Kronenberg MS, Franceschetti T,
Harrington P, Kuo L, Shin DG, Rowe DW, Harris SE,
Kalajzic I. Identification of differentially expressed genes
between osteoblasts and osteocytes. Bone 2009;45:682-92.
Genever PG, Birch MA, Brown E, Skerry TM. Osteoblast-
derived acetylcholinesterase: A novel mediator of cell-ma-
trix interactions in bone? Bone 1999;24:297-303.

Tang J-M, Yuan J, Li Q, Wang J-N, Kong X, Zheng F,
Zhang L, Chen L, Guo L-Y, Huang Y-H, Yang J-Y, Chen
S-Y. Acetylcholine induces mesenchymal stem cell mi-
gration via ca2+/pkc/erk1/2 signal pathway. J Cell
Biochem 2012;113:2704-13.

Alkondon M, Pereira EFR, Almeida LEF, Randall WR,
Albuquerque EX. Nicotine at concentrations found in cig-
arette smokers activates and desensitizes nicotinic acetyl-
choline receptors in cal interneurons of rat hippocampus.
Neuropharmacology 2000;39:2726-39.

Rothem DE, Rothem L, Soudry M, Dahan A, Eliakim R.
Nicotine modulates bone metabolism-associated gene ex-
pression in osteoblast cells. J Bone Miner Metab
2009;27:555-61.

Kliemann K, Kneffel M, Bergen I, Kampschulte M,
Langheinrich AC, Duerselen L, Ignatius A, Kilian O,
Schnettler R, Lips KS. Quantitative analyses of bone
composition in acetylcholine receptor m3r and alpha7
knockout mice. Life Sci 2012;91:997-1002.

Fujii T, Masai M, Misawa H, Okuda T, Takada-Takatori

129



H. Eimar et al.: Cholinergic activity and bone

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

130

Y, Moriwaki Y, Haga T, Kawashima K. Acetylcholine
synthesis and release in nih3t3 cells coexpressing the
high-affinity choline transporter and choline acetyltrans-
ferase. J Neurosci Res 2009;87:3024-32.

Galea E, Estrada C. Periendothelial acetylcholine synthe-
sis and release in bovine cerebral cortex capillaries. J
Cereb Blood Flow Metab 1991;11:868-74.

Sisask G, Bjurholm A, Ahmed M, Kreicbergs A. The de-
velopment of autonomic innervation in bone and joints
of the rat. J Auton Nerv Syst 1996;59:27-33.

Tien D, Ohara PT, Larson AA, Jasmin L. Vagal afferents
are necessary for the establishment but not the mainte-
nance of kainic acid-induced hyperalgesia in mice. Pain
2003;102:39-49.

Asmus SE, Parsons S, Landis SC. Developmental
changes in the transmitter properties of sympathetic neu-
rons that innervate the periosteum. J Neurosci 2000;
20:1495-504.

Song D, Jiang X, Zhu S, Li W, Khadka A, Hu J. Dener-
vation impairs bone regeneration during distraction os-
teogenesis in rabbit tibia lengthening. Acta Orthop 2012;
83:406-10.

Frymoyer JW, Pope MH. Fracture healing in the sciati-
cally denervated rat. J Trauma 1977;17:355-61.

Aro H, Eerola E, Aho AJ, Penttinen R. Healing of exper-
imental fractures in the denervated limbs of the rat. Clin
Orthop Relat Res 1981:211-7.

Madsen JE, Hukkanen M, Aune AK, Basran I, Moller JF,
Polak JM, Nordsletten L. Fracture healing and callus in-
nervation after peripheral nerve resection in rats. Clin Or-
thop Relat Res 1998:230-40.

Harada S, Rodan GA. Control of osteoblast function and
regulation of bone mass. Nature 2003;423:349-55.

Zaidi M. Skeletal remodeling in health and disease. Nat
Med 2007;13:791-801.

Callen DJA, Black SE, Gao F, Caldwell CB, Szalai JP.
Beyond the hippocampus - mri volumetry confirms wide-
spread limbic atrophy in ad. Neurology 2001;57:1669-74.
Raskind MA, Peskind ER, Holmes C, Goldstein DS. Pat-
terns of cerebrospinal fluid catechols support increased
central noradrenergic responsiveness in aging and
alzheimer's disease. Biol Psychiat 1999;46:756-65.
Buchner DM, Larson EB. Falls and fractures in patients
with alzheimer-type dementia. Jama 1987;257:1492-5.
Weller I, Schatzker J. Hip fractures and alzheimer's dis-
ease in elderly institutionalized canadians. Ann Epidemiol
2004;14:319-24.

Weller IMR, Schatzker J. The relation between hip frac-
ture and alzheimer's disease in the canadian national pop-
ulation health survey health institutions data, 1994-1995
- a cross-sectional analysis. J Bone Miner Res 2000;
15:S414-S14.

Sato Y, Honda Y, Hayashida N, Iwamoto J, Kanoko T,
Satoh K. Vitamin k deficiency and osteopenia in elderly
women with alzheimer's disease. Arch Phys Med Rehab
2005;86:576-81.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Loskutova N, Honea RA, Brooks WM, Burns JM. Re-
duced limbic and hypothalamic volumes correlate with
bone density in early alzheimer's disease. J Alzheimers
Dis 2010;20:313-22.

Loskutova N, Honea RA, Vidoni ED, Brooks WM, Burns
JM. Bone density and brain atrophy in early alzheimer's
disease. J Alzheimers Dis 2009;18:777-85.

Tan ZS, Seshadri S, Beiser A, Zhang Y, Felson D, Hannan
MT, Au R, Wolf PA, Kiel DP. Bone mineral density and the
risk of alzheimer disease. Arch Neurol 2005;62:107-11.
Rauch F, Schoenau E. The developing bone: Slave or
master of its cells and molecules? Pediatr Res 2001;
50:309-14.

Turner CH, Forwood MR, Rho JY, Yoshikawa T. Me-
chanical loading thresholds for lamellar and woven bone
formation. Journal of bone and mineral research : the of-
ficial journal of the American Society for Bone and Min-
eral Research 1994;9:87-97.

Stellar E. The physiology of motivation. 1954. Psychol
Rev 1994;101:301-11.

Buckley NJ, Bonner TI, Brann MR. Localization of a
family of muscarinic receptor mrnas in rat brain. J Neu-
rosci 1988;8:4646-52.

Geula C, Mesulam MM. Cholinesterases and the pathol-
ogy of alzheimer disease. Alzheimer Dis Assoc Disord
1995;9(Suppl.2):23-8.

Arnaiz GRD, Schneider PG. Calcitonin modifies ligand
binding to muscarinic receptor in cns membranes. Regul
Peptides 2000;88:21-26.

Krueger JM, Fang JD, Ping TS, Chen ZT, Kushikata T,
Gardi J. Sleep - a physiologic role for il-1 beta and tnf-
alpha. Ann N'Y Acad Sci 1998;856:148-59.

Avital A, Goshen I, Kamsler A, Segal M, Iverfeldt K,
Richter-Levin G, Yirmiya R. Impaired interleukin-1 sig-
naling is associated with deficits in hippocampal memory
processes and neural plasticity. Hippocampus 2003;
13:826-34.

Bajayo A, Goshen I, Feldman S, Csernus V, Iverfeldt K,
Shohami E, Yirmiya R, Bab I. Central il-1 receptor sig-
naling regulates bone growth and mass. Proc Natl Acad
Sci U S A 2005;102:12956-61.

Caulfield MP. Muscarinic receptors-characterization, cou-
pling and function. Pharmacol Ther 1993;58:319-79
Hegde SS, Choppin A, Bonhaus D, Briaud S, Loeb M,
Moy TM, Loury D, Eglen RM. Functional role of m2 and
m3 muscarinic receptors in the urinary bladder of rats in
vitro and in vivo. Br J Pharmacol 1997;120:1409-18.
Bacman S, Perez Leiros C, Sterin-Borda L, Hubscher O,
Arana R, Borda E. Autoantibodies against lacrimal gland
m3 muscarinic acetylcholine receptors in patients with
primary sjogren’s syndrome. Invest Ophthalmol Vis Sci
1998;39:151-6.

Gautam D, Han SJ, Duttaroy A, Mears D, Hamdan FF, Li
JH, Cui Y, Jeon J, Wess J. Role of the m3 muscarinic acetyl-
choline receptor in beta-cell function and glucose home-
ostasis. Diabetes Obes Metab 2007;9 Suppl 2:158-69.



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Furness JB. Types of neurons in the enteric nervous sys-
tem. J Auton Nerv Syst 2000;81:87-96.

Hong SJ, Chang CC. Nicotinic actions of oxotremorine
on murine skeletal-muscle - evidence against muscarinic
modulation of acetylcholine-release. Brain Res 1990;
534:142-48.

Matsuoka I, Domino EF. Cholinergic mechanisms in the cat
vestibular system. Neuropharmacology 1975;14:201-10.
Wang Z, Shi H, Wang H. Functional m3 muscarinic
acetylcholine receptors in mammalian hearts. Br J Phar-
macol 2004;142:395-408.

Gautam D, Heard TS, Cui Y, Miller G, Bloodworth L,
Wess J. Cholinergic stimulation of salivary secretion stud-
ied with m1 and m3 muscarinic receptor single- and dou-
ble-knockout mice. Mol Pharmacol 2004;66:260-7.
Park K, Haberberger RV, Gordon TP, Jackson MW. Anti-
bodies interfering with the type 3 muscarinic receptor
pathway inhibit gastrointestinal motility and cholinergic
neurotransmission in sjogren’s syndrome. Arthritis
Rheum-Us 2011;63:1426-34.

Arends J, Wagner ML, Willms BL. Cholinergic mus-
carinic receptor blockade suppresses arginine-induced
and exercise-induced growth-hormone secretion in type-
i diabetic subjects. J Clin Endocr Metab 1988;66:389-94.
Agha-Hosseini F, Mirzaii-Dizgah I, Moosavi MS. Rela-
tionship of lumbar spine bone mineral density and oral dry-
ness feeling in menopause. Menopause 2011;18:625-8.
Moss SE, Klein R, Klein BEK. Prevalence of and risk
factors for dry eye syndrome. Arch Ophthalmol-Chic
2000;118:1264-68.

Liu EY, Wactawski-Wende J, Donahue RP, Dmochowski
J, Hovey KM, Quattrin T. Does low bone mineral density
start in post-teenage years in women with type 1 diabetes?
Diabetes Care 2003;26:2365-69.

Tuominen JT, Impivaara O, Puukka P, Ronnemaa T. Bone
mineral density in patients with type 1 and type 2 dia-
betes. Diabetes Care 1999;22:1196-200.

Bhattacharyya P, Paul R, Ghosh M, Dey R, Barooah N,
Islam S, Acharya D, Nag S, Bardhan S. Prevalence of os-
teoporosis and osteopenia in advanced chronic obstruc-
tive pulmonary disease patients. Lung India 2011;
28:184-6.

Gispen WH, Biessels GJ. Cognition and synaptic plastic-
ity in diabetes mellitus. Trends Neurosci 2000;23:542-9
Mirakhur RK, Clarke RS, Elliott J, Dundee JW. Atropine
and glycopyrronium premedication. A comparison of the
effects on cardiac rate and rhythm during induction of
anaesthesia. Anaesthesia 1978;33:906-12.

Kesler BS, Canning BJ. Regulation of baseline choliner-
gic tone in guinea-pig airway smooth muscle. J Physiol-
London 1999;518:843-55.

Katz S, Weinerman S. Osteoporosis and gastrointestinal
disease. Gastroenterol Hepatol (N Y) 2010;6:506-17.
Yaturu S, Humphrey S, Landry C, Jain SK. Decreased
bone mineral density in men with metabolic syndrome
alone and with type 2 diabetes. Med Sci Monitor 2009;

H. Eimar et al.: Cholinergic activity and bone

15:Cr5-Cr9.

91. Baloh RW, Honrubia V, Jacobson K. Benign positional
vertigo: Clinical and oculographic features in 240 cases.
Neurology 1987;37:371-8.

92. Jeong SH, Choi SH, Kim JY, Koo JW, Kim HJ, Kim JS.
Osteopenia and osteoporosis in idiopathic benign posi-
tional vertigo. Neurology 2009;72:1069-76.

93. Nielsen HK, Laurberg P, Brixen K, Mosekilde L. Rela-
tions between diurnal-variations in serum osteocalcin, cor-
tisol, parathyroid-hormone, and ionized calcium in normal
individuals. Acta Endocrinol-Cop 1991;124:391-98.

94. Pressman MR, Fry JM. Relationship of autonomic nerv-
ous system activity to daytime sleepiness and prior sleep.
Sleep 1989;12:239-45.

95. Effects of hormone therapy on bone mineral density: Re-
sults from the postmenopausal estrogen/progestin inter-
ventions (pepi) trial. The writing group for the pepi. Jama
1996;276:1389-96.

96. Nikolov R, Kuhl H, Golbs S. Estrogen replacement ther-
apy and alzheimer's disease. Drugs Today (Barc) 1998;
34:927-33.

97. Hollinger JO, Schmitt JM, Hwang K, Buck D. Impact of
nicotine on bone healing. J Biomed Mater Res 1999;
45:294-301.

98. Wong PK, Christie JJ, Wark JD. The effects of smoking
on bone health. Clin Sci (Lond) 2007;113:233-41.

99. ChenY, Guo Q, Pan X, Qin L, Zhang P. Smoking and im-
paired bone healing: Will activation of cholinergic anti-
inflammatory pathway be the bridge? Int Orthop 2011;
35:1267-70.

100. Zheng LW, Ma L, Cheung LK. Changes in blood perfu-
sion and bone healing induced by nicotine during distrac-
tion osteogenesis. Bone 2008;43:355-61.

101. Koenen M, Peter C, Villarroel A, Witzemann V, Sakmann
B. Acetylcholine receptor channel subtype directs the in-
nervation pattern of skeletal muscle. EMBO Rep 2005;
6:570-6.

102. Martin RB. The importance of mechanical loading in
bone biology and medicine. J Musculoskelet Neuronal In-
teract 2007;7:48-53.

103. Maselli RA, Wollmann R, Roos R. Function and ultra-
structure of the neuromuscular junction in post-polio syn-
drome. Ann N Y Acad Sci 1995;753:129-37.

104. Mohammad AF, Khan KA, Galvin L, Hardiman O, O'-
Connell PG. High incidence of osteoporosis and fractures
in an aging post-polio population. Eur Neurol 2009;
62:369-74.

105. Hambleton P. Clostridium-botulinum toxins - a general-
review of involvement in disease, structure, mode of ac-
tion and preparation for clinical use. J Neurol 1992;
239:16-20.

106. Warner SE, Sanford DA, Becker BA, Bain SD, Srinivasan
S, Gross TS. Botox induced muscle paralysis rapidly de-
grades bone. Bone 2006;38:257-64.

107. Grimston SK, Silva MJ, Civitelli R. Bone loss after tem-
porarily induced muscle paralysis by botox is not fully

131



H. Eimar et al.: Cholinergic activity and bone

108.

109.

110.

111.

112.

113.

114.

115.

132

recovered after 12 weeks. Ann Ny Acad Sci 2007,
1116:444-60.

Pouwels S, de Boer A, Javaid MK, Hilton-Jones D, Ver-
schuuren J, Cooper C, Leufkens HG, de Vries F. Fracture
rate in patients with myasthenia gravis: The general prac-
tice research database. Osteoporos Int 2013;24(2):467-76.
Wakata N, Nemoto H, Sugimoto H, Nomoto N, Konno S,
Hayashi N, Araki Y, Nakazato A. Bone density in myas-
thenia gravis patients receiving long-term prednisolone
therapy. Clin Neurol Neurosurg 2004;106:139-41.
D'Amelio P, Grimaldi A, Bernabei P, Pescarmona GP,
Isaia G. Immune system and bone metabolism: Does
thymectomy influence postmenopausal bone loss in hu-
mans? Bone 2006;39:658-65.

Tamimi I, Ojea T, Sanchez-Siles JM, Rojas F, Martin I,
Gormaz I, Perez A, Dawid-Milner MS, Mendez L,
Tamimi F. Acetylcholinesterase inhibitors and the risk of
hip fracture in alzheimer’s disease patients: A case-control
study. J Bone Miner Res 2012;27:1518-27.

Pavalko FM, Norvell SM, Burr DB, Turner CH, Duncan
RL, Bidwell JP. A model for mechanotransduction in
bone cells: The load-bearing mechanosomes. J Cell
Biochem 2003;88:104-12.

Moriishi T, Fukuyama R, Ito M, Miyazaki T, Maeno T,
Kawai Y, Komori H, Komori T. Osteocyte network; a
negative regulatory system for bone mass augmented by
the induction of rankl in osteoblasts and sost in osteocytes
at unloading. PloS one 2012;7.

Nakamura M, Tada Y, Akaishi T, Nakata K. M3 mus-
carinic receptor mediates regulation of protein secretion
in rabbit lacrimal gland. Curr Eye Res 1997;16:614-9.
Layden BT, Durai V, Lowe Jr WL. G-protein-coupled re-
ceptors, pancreatic islets, and diabetes. Nature Education
2010;9:13.

116.

117.

118.

119.

120.

121.

122.

Pietschmann P, Schernthaner G, Luger A. Effect of
cholinergic muscarinic receptor blockade on human
growth-hormone (gh)-releasing hormone-(1-44)-induced
gh secretion in acromegaly and type-i diabetes-mellitus.
J Clin Endocr Metab 1986;63:389-93.

Munoz-Torres M, Jodar E, Escobar-Jimenez F, Lopez-
Ibarra PJ, Luna JD. Bone mineral density measured by
dual x-ray absorptiometry in spanish patients with in-
sulin-dependent diabetes mellitus. Calcified Tissue Int
1996;58:316-9.

Valerio G, del Puente A, Esposito-del Puente A, Buono
P, Mozzillo E, Franzese A. The lumbar bone mineral den-
sity is affected by long-term poor metabolic control in
adolescents with type 1 diabetes mellitus. Horm Res
2002;58:266-72.

Proskocil BJ, Sekhon HS, Jia YB, Savchenko V, Blakely
RD, Lindstrom J, Spindel ER. Acetylcholine is an au-
tocrine or paracrine hormone synthesized and secreted by
airway bronchial epithelial cells. Endocrinology 2004;
145:2498-506.

Song P, Sekhon HS, Lu A, Arredondo J, Sauer D, Gravett
C, Mark GP, Grando SA, Spindel ER. M3 muscarinic re-
ceptor antagonists inhibit small cell lung carcinoma
growth and mitogen-activated protein kinase phosphory-
lation induced by acetylcholine secretion. Cancer Res
2007;67:3936-44.

OBrien MD, Camilleri M, Thomforde GM, Wiste JA,
Hanson RB, Zinsmeister AR. Effect of cholecystokinin
octapeptide and atropine on human colonic motility, tone,
and transit. Digest Dis Sci 1997;42:26-33.

Monzani D, Genovese E, Marrara A, Presutti L, Gherpelli
C, Panzetti P, Forghieri M. Stimulation of the cholinergic
neurotransmissions enhances the efficacy of vestibular re-
habilitation. Acta Otorhinolaryngol Ital 2010;30:11-9.



