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Role of neuropathy on fracture healing
in Charcot neuro-osteoarthropathy

G. Mabilleau! and M.E. Edmonds?

'Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal Sciences, University of Oxford, Oxford;
Diabetic Foot Clinic, King’s College Hospital, London, UK

Abstract

Charcot neuro-osteoarthropathy (CNO) is a devastating condition affecting most commonly the foot/ankle joint in diabetic pa-
tients and may lead to severe deformities and amputation. Peripheral sensory neuropathy seems to be a pre-requisite to the de-
velopment of CNO. The aim of this review article is to summarise the skeletal effects of the nervous system on bone remodelling
and fracture healing of normal and damaged joints and to describe how neuropathy, in the context of modern concept of neuro-
osteopathology, is crucial in the predisposition of the patient to develop acute CNO.
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Introduction

One of the most insidious complications of diabetes is periph-
eral neuropathy, which can lead in the lower limb to foot ulcers,
Charcot neuro-osteoarthropathy (CNO) and amputation. CNO
clinically presents as a red, warm, swollen foot or ankle in a patient
with diabetic neuropathy (i.e. neuronal loss). It is characterised by
progressive osteolysis, which can lead to multiple fractures, joint
destruction and joint dislocation which can results in severe defor-
mity (Figure 1)'. This can lead to ulceration, and eventually am-
putation. The outlook for patients who develop CNO is very poor.
Sohn et al reported that over a five year follow-up, 28.3% of dia-
betic patients affected by CNO died compared with 18.8% with
diabetes alone?. Thus it is a severely disabling complication of di-
abetes and its aetiology remains poorly understood.

In 1868, Jean-Martin Charcot gave a detailed description of
the arthropathy occurring in tabes dorsalis and this condition
bears his name®. The association with diabetes was put forward
by Jordan when he described a case of CNO in a diabetic pa-
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tient*. In developed countries, CNO is most commonly en-
countered in diabetic individuals and affect mostly the
foot/ankle joint. However, similar joint deformities occur in
other conditions including tabes dorsalis, syringomyelia, lep-
rosy, heavy metal poisoning, congenital sensory neuropathy,
alcoholic neuropathy and major trauma to peripheral nerves.
Interestingly, in these other conditions, CNO is not restricted
to the foot, but can affect the shoulder, elbow, spine, hip and
knee joints. The common and required feature between CNO
and the other pathologies leading to joint deformities is the
presence of nerve damage, which is limited to either the spinal
cord or to peripheral nerves.

The aetiopathogenesis of diabetic CNO is still unclear. Two
theories have been put forward for the development of this joint
condition. The first theory, known as the French theory, was ini-
tially proposed by Charcot himself. He suggested that arthritic
changes in tabes dorsalis were the results of damage to the central
nervous system within the centres that control bone and joint nu-
trition. He noted that the onset of the arthritic changes was char-
acterised by a massive swelling suggestive of uncontrolled
inflammation. Furthermore, Charcot described the onset of CNO
before the development of the ataxic gait related to tabes dorsalis.
Therefore neurological damage preceded the development of,
and was in some way directly responsible for, the changes oc-
curring in CNO. The second theory, known as the German theory,
was supported by Volkman and Virchow. They proposed that the
changes in bone and joint were a result of a multiplicity of minor
trauma, which went unperceived because of the insensitivity of
the affected joint. This theory was tested by Eloesser who sec-
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Figure 1. Example of a severely deformed Charcot foot. (A) Ankle X-ray and (B) ankle deformity.

tioned posterior nerve root in animals: following a period of ac-
tivity he found bony changes in 71% of these animals’. In more
recent years, Finsterbush and Friedman repeated Eloesser’s ex-
periments, but casted the animals after sectioning the posterior
roots’. The authors noted a difference in the response to immo-
bilisation between normal and denervated groups and concluded
that trauma, thought important, is not a fundamental factor lead-
ing to the deterioration of desensitised joints. This is also con-
firmed by the clinical observation that around two thirds of
patients do not remember having injured their foot before devel-
oping an acute episode of CNO’. Several animal models of neu-
ropathic arthropathy have been developed in cats™*?, rabbits®,
dogs' and rats'" in order to elucidate further the cause of this
complication. In dogs, animals that underwent both dorsal-root
ganglionectomy and cruciate ligament transection developed ac-
celerated degenerative joint lesions as opposed to dogs who had
ganglionectomy only'®. However, it is unclear whether differ-
ences observed between the different models reflect species-spe-
cific responses to the same basic experimental protocol, whether
neuropathic arthropathy develops because of sub-clinical micro-
trauma during day-to-day activities, or whether gross trauma is
necessary to initiate the process. Nevertheless, overall it may be
concluded from these studies that a pre-existing nerve disorder
may predispose some individuals with unstable or damaged
joints to the rapid development of degenerative joint lesions.
The aim of this review article is to summarise the skeletal
effects of the nervous system on bone remodelling and fracture
healing of normal and damaged joints and to describe how
neuropathy, in the context of modern concept of neuro-os-
teopathology, is crucial in the predisposition of the patient to
develop acute CNO. This review will discuss the innervation
of the joint, biology of fracture healing, influence of the nerv-
ous system on fracture healing and relevance of neurogenic
control on bone remodelling and fracture healing in CNO.

Innervation of the joint

A joint is a complex anatomical piece comprising different
constituents such as synovium, ligaments, tendons, cartilage
and bone tissue. All articular stuctures except cartilage are in-
nervated'?. Joint nerves are composed of both myelinated and
unmyelinated fibres. About 20% of the axons are myelinated.
They contained large diameter mechanoreceptors, which are
thickly myelinated and are rapid conductors, and smaller di-
ameter, thinly myelinated nociceptors and mechanoreceptors.
About 80% of the axons are unmyelinated, half are sympa-
thetic fibres and the rest are sensory fibres'*'*. Joint tissues
contain a variety of nerve endings and the most abundant is
the free nerve endings'®. Synovium, ligaments and tendons are
richly innervated by sensory neurons that are mechanically
sensitive and activated by tensile stresses'®!”. Thus, joint rota-
tions cause capsule loading that activates sensory neurons in
the joint capsule and ligaments. The resulting activity signals
the nervous system that the joint is near its limit of rotation.
The existence of a reflex arc from ligaments to the relevant
muscles in humans has been demonstrated and participates in
maintaining joint stability'”.

Immunohistochemical analyses have shown that the skele-
ton is more widely innervated than previously thought and sev-
eral neuropeptides and other nerve signalling molecules have
been shown to be expressed by skeletal nerve fibres'®. Sensory
nerve fibres are present in the periosteum, cortical bone and
bone marrow and are particularly rich at the osteochondral
junction of the growth plate'**'. Furthermore, during skeletal
development, skeletal nerve fibres are particularly abundant
in areas of bone formation, and in agreement with this obser-
vation, sprouting of nerve fibres has been observed during
fracture healing”*.

About one third of the unmyelinated free nerve endings in
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joints contain substance P, calcitonin gene-related peptide
(CGRP), or vasoactive intestinal peptide (VIP)*; peptides that
are potent inflammatory modulators. Substance P is a vasodi-
latator, which increases capillary permeability, induces mast
cell degranulation and is a potent leukocyte chemotactic agent.
It is also mitogenic and chemotactic for endothelial cells and
fibroblasts®2°. CGRP is a potent vasodilatator, a mitogen for
endothelial cells and a potent inhibitor of insulin-mediated
glycogen synthesis?. VIP is found mainly in parasympathetic
nerves in peripheral sensory neurons and post-ganglionic sym-
pathetic nerve fibres in bone®®*. VIP is mitogenic for ker-
atinocytes and downregulates lymphocyte proliferation®. VIP
has been shown to be very effective in the treatment of colla-
gen-induced arthritis in mice, where it may act by shifting the
balance of Thl and Th2 cells in favour to Th2*. Acting to-
gether, these nerve-derived peptides can significantly modulate
the inflammatory response and their effects have been exten-
sively studied in neurogenic inflammatory conditions such as
rheumatoid arthritis. Besides this neurogenic inflammatory ef-
fect, there is a growing body of evidence that the nervous sys-
tem is directly involved in bone remodelling. In the last twenty
years, several studies have demonstrated that both osteoblasts,
the bone-forming cells, and osteoclasts, the bone-resorbing
cells, express functional receptors for these neuropeptides'®.
In bone, the main role of CGRP and VIP is to inhibit bone re-
sorption and stimulate bone formation. /n vitro, substance P
has been demonstrated to both stimulate and inhibit bone for-
mation and increase bone resorption.

Biology of fracture healing

Healing of a fracture is a complex phenomenon divided into
three distinct phases: (i) an inflammatory phase, (ii) a prolif-
erative phase and (iii) a remodelling phase™. The inflammatory
phase starts initially with bleeding from the damaged bone
ends and from the associated soft tissues and a clot forms soon
between the fragments. The soft parts in the region show evi-
dent signs of acute inflammation with vasodilatation and the
exudation of plasma and leucocytes. Polymorphs, mast cells,
lymphocytes, monocytes and macrophages make their appear-
ance soon and the process of clearing up of the debris begins.
Monocytes proliferate, differentiate into macrophages, indis-
pensable for removal of the necrotic bone debris and clot and
start cleaning the zone between the two bone ends. At the same
time, necrotic bone cells and local factors (cytokines and
growth factors) produced by inflammatory cells stimulate the
migration of mesenchymal stem cells from the cambial layer
of the periosteum, the endosteum and the bone marrow*'. Mes-
enchymal stem cells respond to the inflammation by entering
the osteogenic or chondrogenic lineage. The proliferative
phase starts as soon as 24 hours after the trauma and can last
at least for three weeks. Endochondral bone formation always
takes place closest to the fracture site where the oxygen tension
is low and vascularity is disrupted. Intramembraneous bone
formation, on the other hand, always occurs distal to the dis-
junction where intact vasculature remains present and is often
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associated with the formation of an unorganised collagenic
bone matrix also known as woven bone. The mechanical sta-
bility of the fractured bone markedly affects the fate of the pro-
genitor cells, with stabilised fractures healing occurs with
virtually no evidence of cartilage, whereas non-stabilised frac-
tures produce abundant cartilage at the fracture site’>. Once
mesenchymal stem cells have committed to the chondrogenic
or osteogenic lineage, chondrocyte and osteoblast differentia-
tion takes place. Directly overlying the site of the fracture, the
ends of the original bone have decreased perfusion caused by
disrupted vascularity and necrosis occurs. In this central hy-
poxic region, mesenchymal stem cells differentiate into chon-
drocyte and endochondral ossification is initiated. The tissue
that forms as the cell population expands is referred to as the
callus, and differentiation of mesenchymal stem cells into
chondrocytes occurs within the callus with the process initiat-
ing in the most central avascular region. The calcified carti-
lage, which acts as a template for bone formation, is
synthesised by the most terminally differentiated hypertrophic
chondrocytes that are contributing to the mineralisation of the
tissue. Intramembraneous ossification occurs distally to the
fracture site, flanking chondrocytes undergoing endochondral
ossification. This process, which proceeds in the zone of injury
where blood supply had been better preserved, is characterised
by the differentiation of mesenchymal stem cells into os-
teoblasts that directly lay down a new mineral without a carti-
lage intermediate. The molecular signalling pathways
involved in the initiation and tissue morphogenesis that occurs
during fracture repair are only superficially understood. Nev-
ertheless, the most notable regulators of this process are the
bone morphogenic proteins that belong to the transforming
growth factor-beta superfamilly, Hedgehog and Wnt proteins,
fibroblast growth factors, and insulin-like growth factors™. The
remodelling phase marked the end of the healing process. This
phase is characterised by the replacement of the initial woven
bone matrix by organised lamellar bone. It is the critical final
step in achieving an anatomically correct skeletal element and
is governed by osteoclasts which are present even at earlier
stage of healing, but become dominant in this last phase.

Influence of the nervous system on fracture
healing

Clinical and experimental observations indicate that bone
growth, repair and remodelling may be under the influence of
the nervous system®"*®. For example, in amphibians, an intact
nerve supply is essential for development and regrowth of am-
putated limbs®’**. The pioneering work of Aro and co-workers
provided evidence that an intact innervation is needed for
union of the fracture in the rat as the removal of periosteal
mechanoreceptors caused a non-union in fibula while sciatic
nerve section proximal to the injury led to an incomplete mat-
uration of new bone***. In humans, neural injuries are known
to affect fracture healing. Brain damage appears to stimulate
callus formation and fracture healing* while spinal injuries
and paralysis may cause pathologic fractures and excessive
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callus formation*'. As mentioned earlier, bone and periosteum
received both sensory and autonomic innervation containing
substance P, CGRP and VIP of which CGRP-containing sen-
sory nerves appears to be the most abundant. CGRP is one of
the most potent vasodilatator agents identified to date. It also
stimulates endothelial cell proliferation, an action particularly
relevant in fracture healing. Hukkanen and co-workers®
demonstrated that CGRP positive fibres exhibited dense ram-
ification and terminal sprouting in the periosteum of fractured
rat tibia after seven days. In addition to periosteum, the nerve
fibres were found in the middle of the callus interspersed with
inflammatory cells and penetrating into secondary minor frac-
tures. Similarly substance P positive fibres are increased during
fracture healing*?. Activation of osteoblastic CGRP receptors
result in enhanced osteoblast proliferation in vitro*. This ob-
servation with the finding that CGRP null mice exhibit reduced
bone mass due to decreased bone formation rate*, suggest that
CGRP has a physiological role as a stimulator of bone forma-
tion. This hypothesis is further suggested by the highest pres-
ence of CGRP positive fibres at site of maximum bone
formation in fracture healing”. Furthermore, CGRP exerts
anti-osteoclastogenic actions by inhibiting osteoclast motility,
causing quiescence through a cAMP mechanism* and de-
crease osteoclast formation by interfering with RANKL intra-
cellular pathway*®. According to our knowledge, no model of
fracture healing has investigated the role of VIP-positive nerve
fibres. Nevertheless, recent studies have demonstrated that VIP
has a protective effect on bone destruction in experimentally-
induced arthrtitis*’. It has been shown by Mukohyama and co-
workers that the negative effects of VIP on bone resorption is
mediated through osteoblast/osteoclast cross-talk by decreas-
ing RANK and RANKL expression in osteoclasts and os-
teoblasts respectively and by increasing osteoblasts expression
of osteoprotegerin®. Lundberg and co-workers described also
that VIP treatment causes a rapid cytoplasmic contraction of
osteoclasts along with an associated decrease in motility®. Fur-
thermore, VIP decreased levels of IL-1f3, IL-6, IL-11, IL-17
and TNF-o involved in the inflammatory process™.

The discovery of the cholinergic anti-inflammatory pathway
by Tracey and co-workers suggested also a central control of
inflammation®. Following tissue injury or infection,
macrophages respond early by releasing cytokines (TNF-a; IL-
1; high mobility group box 1, HMGB1) in their surrounding
in order to restore health. If the cytokine response however is
unbalanced or excessive, the same mediators can cause disease.
The balance of cytokine generates an afferent vagus nerve ac-
tivity which is integrated by brain networks. The efferent re-
sponse inhibits cytokine production via pathways dependent on
the alpha7 subunit of the acethylcholine receptor (0.7nAchR)
on macrophages and other cells. Activation of the a7nAchR re-
sults in decreased nuclear translocation of NF-»B, the major
transcription factor involved in cytokine production, as well as
activation of the transcription factor STAT3 via phopsphoryla-
tion by JAK2>?. Recently, van Maanen and co-workers reported
that unilateral cervical vagotomy exacerbated collagen-induced
arthritis in mice and that treatment with a a7nAchR agonist

ameliorated the disease™, indicating that the cholinergic anti-
inflammatory pathway exerts a control on joint inflammation.
However, little is known about the involvement of this system
in fracture healing, but it is plausible that it play a role in con-
trolling inflammation in soft tissue around the fracture site. In
the presence of neuropathy, trauma leading to initial soft tissue
and joint damage may result in an exaggerated and uncontrolled
inflammatory response which predisposes to multiple fractures
and disruption of associated joints.

Relevance of neurogenic control of bone
remodelling and fracture healing in CNO

In diabetes, CNO developed exclusively in patients affected
by diabetic neuropathy. Diabetic neuropathy is described
histopathologically with axonal degeneration, demyelination,
and atrophy, in association with failed axonal regeneration, re-
myelination, and synaptogenesis®. Nerve damage in diabetes
can influence large fibres, small fibres are both. Small nerve
fibres involvement often occurs early and may be present be-
fore objective signs or electrophysiological evidence of large
fibre deficits. Small fibre loss is seen first in the lower limbs
as pain and hyperalgesia followed by loss of thermal sensitiv-
ity, and reduced light touch and pin prick sensation®. However,
it is still controversial whether large, small or both fibres are
responsible for CNO. Certainly in diabetes both large and
small fibre neuropathies have been described but the specific
importance of only small fibre neuropathy is emphasised in
other diseases which can lead to the development of CNO (i.e.
syringomyelia, congenital sensory neuropathy and heavy metal
poisoning). Donaghy and co-workers reported that in sy-
ringomyelia, sensory neuropathy with selective reduction of
myelinated nerve fibres resulted in mutilating acropathy™. We
have also reported previously that diabetic patients with CNO
have selective small fibre loss for cold sensation with preser-
vation of warm perception and sensation to light touch®. How-
ever, in contrast Guy and co-workers demonstrated both small
and large nerve fibre loss in their series of CNO*.

Although a reduction of substance P and CGRP has been
demonstrated in diabetes™, their involvement in CNO aetiology
has never been proven. Recently, Koeck and co-workers, re-
ported that in CNO compared with joint osteoarthritis, a marked
loss of sympathetic nerve fibres were found while sensory sub-
stance P-positive nerve fibres were not significantly de-
creased®. However, a reduction of substance P sensory nerve
fibres has also been demonstrated in osteoarthritis®"**and could
explain why in this study the number of substance P-positive
fibres was not decreased. Similarly, La Fontaine and co-work-
ers reported that in bone sample of CNO patients, there was a
trend for less CGRP positive nerve fibres compared with
healthy volunteers although it did not reach statistical signifi-
cance due to a low number of patients included in that study®.

In the acute phase of CNO the foot is swollen and inflamed.
It is characterised by bone resorption leading to intra-articular
fractures and finally CNO. Inflammation is characterised by the
local release of inflammatory mediators such as TNF-a., IL-10
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Figure 2. Schematic representation of how uncontrolled inflammation may lead to the development of CNO.

in order to recruit leukocytes and initiate a response to the dam-
age tissue. We observed that in CNO, the serum levels of TNF-
o were significantly raised compared with diabetic and healthy
controls and correlated with the extent of bone resorption (un-
published data) indicating a possible uncontrolled inflammatory
response. Reinforcing the idea of uncontrolled inflammation is
our previous observations that in acute CNO osteoclasts are
more aggressive compared with diabetic and healthy controls
and capable of bone resorption even in the absence of any os-
teoclastic factors*. Compared to diabetic and healthy controls,
we observed that the number of CD14 positive cells is signifi-
cantly increased in the blood of acute CNO patients and corre-
late with the serum levels of TNF-a. CD14 positive cells are
a subclass of circulating monocytes which re-enter the damaged
tissue upon inflammation. CD14 positive cells are the most po-
tent circulating cells to differentiate into bone-resorbing osteo-
clasts®. It is intriguiging to observe that an increase in
circulating osteoclast precursors in the blood stream of CNO pa-
tients and an aggressive osteoclastic behaviour in this condition
do not result in excessive bone resorption in other part of the
skeleton than in those affected by neuropathy. Furthermore, os-
teosclerosis is commonly observed in chronic CNO and it is
plausible that neuropathy also lead to an uncontrolled fracture
healing. Based on clinical and laboratory observations, we pro-
pose that in CNO the inflammatory response to acute or repeated
minor trauma is exaggerated and uncontrolled leading to exces-
sive osteolysis which results in multiple fractures and joint dis-
location, characteristic of classical Charcot joint (Figure 2). One
of the reasons could be the downregulation of inhibitory nerve
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pathways (loss of sensory neuropeptide and cholinergic anti-in-
flammatory pathway) which may result in an exaggerated in-
flammatory response to minor trauma. As mentioned above,
CGRP and VIP are strong inhibitors of osteoclast resorption and
it is also plausible that their loss in acute CNO patients could
results in excessive and unbalanced bone resorption in response
to an unbalanced and excessive inflammation.

There has been little advance in the management of this con-
dition since it was first describe by Charcot in 1868. At present
the standard treatment of CNO is casting and immobilisation
as indeed it was at the time of Jean-Martin Charcot. Recently,
anti-resorptive therapies such as pamidronate, alendronate and
calcitonin have been introduced® . However, the therapeutic
response to these agents has been limited and they have not be-
come standard therapy. To develop more successful treatment
it is important to understand better the mechanism of CNO and
the role of the peripheral nervous system and sensory neuropep-
tides in local control of inflammation. Currently, it is common
belief that the real aetiology lies somewhere in between the
neurovascular and neurotraumatic theories. We know that neu-
ropathy is an absolute pre-requisite for the development of the
CNO and if the interaction between nerve and musculoskeletal
system in the development of the CNO is elucidated, this will
bring a new approach to treat this severely disabling condition.

Acknowledgements

This work was supported by Diabetes UK (grant number 09/0003836).
We are also grateful from the financial support from the NIHR Oxford Uni-
versity Musculoskeletal Biomedical Research Unit.



G. Mabilleau, M.E. Edmonds: Role of neuropathy on fracture healing in Charcot neuro-osteoarthropathy

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Petrova NL, Edmonds ME. Charcot neuro-osteoarthropa-
thy-current standards. Diabetes Metab Res Rev
2008;24(Suppl.1):S58-61.

Sohn MW, Lee TA, Stuck RM, Frykberg RG, Budiman-
Mak E. Mortality risk of Charcot arthropathy compared
with that of diabetic foot ulcer and diabetes alone. Dia-
betes Care 2009;32:816-21.

Charcot J. Sur quelques arthropathies qui paraissent de-
pendrent d’une lesion du cerveau ou de la moelle epiniere.
Arch Physiol Norm et Pathol 1868;1:161-78.

Jordan W. Neuritic manifestations in diabetes mellitus.
Arch Intern Med 1936;57:307-66.

Eloesser L. On the nature of neuropathic affections of the
joint. Ann Surg 1917;66:201-6.

Finsterbush A, Friedman B. The effect of sensory dener-
vation on rabbits’ knee joints. A light and electron micro-
scopic study. J Bone Joint Surg Am 1975;57:949-56.
Jeffcoate W, Lima J and Nobrega L. The Charcot foot.
Diabet Med 2000;17:253-8.

Corbin K. Alterations in the hip joint after deafferentation.
Arch Surg 1937;35:1145-58.

Corbin K. Influence of the nervous system on bone and
joints. Anat Rec 1939;75:307-17.

O’Connor BL, Palmoski MJ, Brandt KD. Neurogenic ac-
celeration of degenerative joint lesions. J Bone Joint Surg
Am 1985;67:562-72.

Ahmad T, Ugarph-Morawski A, Li J, Bileviciute-Ljungar
I, Finn A, Ostenson CG, Kreicbergs A. Bone and joint
neuropathy in rats with type-2 diabetes. Regul Pept
2004;119:61-7.

Salo P. The role of joint innervation in the pathogenesis
of arthritis. Can J Surg 1999;42:91-100.

Craig AD, Heppelmann B, Schaible HG. The projection
of the medial and posterior articular nerves of the cat’s
knee to the spinal cord. J Comp Neurol 1988;276:279-88.
Schaible HG, Schmidt RF. Activation of groups III and
IV sensory units in medial articular nerve by local me-
chanical stimulation of knee joint. J Neurophysiol
1983;49:35-44.

Schenk I, Spaethe A, Halata Z. The structure of sensory
nerve endings in the knee joint capsule of the dog. Ann
Anat 1996;178:515-21.

Ackermann PW, Li J, Finn A, Ahmed M, Kreicbergs A.
Autonomic innervation of tendons, ligaments and joint
capsules. A morphologic and quantitative study in the rat.
J Orthop Res 2001;19:372-8.

Solomonow M. Sensory-motor control of ligaments and
associated neuromuscular disorders. J Electromyogr Ki-
nesiol 2006;16:549-67.

Lerner UH, Persson E. Osteotropic effects by the neu-
ropeptides calcitonin gene-related peptide, substance P
and vasoactive intestinal peptide. J Musculoskelet Neu-
ronal Interact 2008;8:154-65.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Bjurholm A, Kreicbergs A, Brodin E, Schultzberg M.
Substance P- and CGRP-immunoreactive nerves in bone.
Peptides 1988;9:165-71.

Hill EL, Elde R. Distribution of CGRP-, VIP-, D beta H-
, SP-, and NPY-immunoreactive nerves in the periosteum
of the rat. Cell Tissue Res 1991;264:469-80.

Hukkanen M, Konttinen YT, Rees RG, Santavirta S,
Terenghi G and Polak JM. Distribution of nerve endings
and sensory neuropeptides in rat synovium, meniscus and
bone. Int J Tissue React 1992;14:1-10.

Hukkanen M, Konttinen YT, Santavirta S, Paavolainen P,
Gu XH, Terenghi G, Polak JM. Rapid proliferation of cal-
citonin gene-related peptide-immunoreactive nerves dur-
ing healing of rat tibial fracture suggests neural
involvement in bone growth and remodelling. Neuro-
science 1993;54:969-79.

LiJ, Kreicbergs A, Bergstrom J, Stark A, Ahmed M. Site-
specific CGRP innervation coincides with bone formation
during fracture healing and modeling: A study in rat an-
gulated tibia. J Orthop Res 2007;25:1204-12.

Salo PT, Theriault E. Number, distribution and neuropep-
tide content of rat knee joint afferents. J Anat
1997;190(Pt.4):515-22.

Lembeck F, Donnerer J. Postocclusive cutaneous vasodi-
latation mediated by substance P. Naunyn Schmiedebergs
Arch Pharmacol 1981;316:165-71.

Levine JD, Clark R, Devor M, Helms C, Moskowitz MA,
Basbaum Al. Intraneuronal substance P contributes to the
severity of experimental arthritis. Science 1984;226:547-9.
Lundberg JM. Pharmacology of cotransmission in the au-
tonomic nervous system: integrative aspects on amines,
neuropeptides, adenosine triphosphate, amino acids and
nitric oxide. Pharmacol Rev 1996;48:113-78.

Hohmann EL, Elde RP, Rysavy JA, Einzig S, Gebhard
RL. Innervation of periosteum and bone by sympathetic
vasoactive intestinal peptide-containing nerve fibers. Sci-
ence 1986;232:868-71.

Niissalo S, Hukkanen M, Imai S, Tornwall J, Konttinen
YT. Neuropeptides in experimental and degenerative
arthritis. Ann N'Y Acad Sci 2002;966:384-99.
McKibbin B. The biology of fracture healing in long
bones. J Bone Joint Surg Br 1978;60-B:150-62.

Le AX, Miclau T, Hu D, Helms JA. Molecular aspects of
healing in stabilized and non-stabilized fractures. J Or-
thop Res 2001;19:78-84.

Thompson Z, Miclau T, Hu D, Helms JA. A model for in-
tramembranous ossification during fracture healing. J Or-
thop Res 2002;20:1091-8.

Zuscik M and O’Keefe R. Skeletal Healing. In: Rosen C,
Compston J and Lian J, editors. Primer on the metabolic
bone diseases and disorders of mineral metabolism.
Washington, DC: American Society for Bone and Mineral
Research; 2008.

Aro H, Eerola E, Aho AJ. Development of nonunions in
the rat fibula after removal of periosteal neural
mechanoreceptors. Clin Orthop Relat Res 1985;292-9.

89



G. Mabilleau, M.E. Edmonds: Role of neuropathy on fracture healing in Charcot neuro-osteoarthropathy

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

90

Dysart PS, Harkness EM, Herbison GP. Growth of the
humerus after denervation. An experimental study in the
rat. J Anat 1989;167:147-59.

Garces GL, Santandreu ME. Longitudinal bone growth
after sciatic denervation in rats. J] Bone Joint Surg Br
1988;70:315-8.

Dietz FR. Effect of peripheral nerve on limb develop-
ment. J Orthop Res 1987;5:576-85.

Singer M. The influence of the nerve in regeneration of
the amphibian extremity. Q Rev Biol 1952;27:169-200.
Aro H. Effect of nerve injury on fracture healing. Callus
formation studied in the rat. Acta Orthop Scand
1985;56:233-7.

Glenn JN, Miner ME, Peltier LF. The treatment of frac-
tures of the femur in patients with head injuries. J Trauma
1973;13:958-61.

McMaster WC, Stauffer ES. The management of long
bone fracture in the spinal cord injured patient. Clin Or-
thop Relat Res 1975;44-52.

Rusanen M, Korkala O, Gronblad M, Partanen S, Neder-
strom A. Evolution of substance P immunofluorescent
nerves in callus tissue during fracture healing. J Trauma
1987;27:1340-3.

Cornish J, Callon KE, Lin CQ, Xiao CL, Gamble GD,
Cooper GJ, Reid IR. Comparison of the effects of calci-
tonin gene-related peptide and amylin on osteoblasts. J
Bone Miner Res 1999;14:1302-9.

Schinke T, Liese S, Priemel M, Haberland M, Schilling
AF, Catala-Lehnen P, Blicharski D, Rueger JM, Gagel RF,
Emeson RB, Amling M. Decreased bone formation and
osteopenia in mice lacking alpha-calcitonin gene-related
peptide. J Bone Miner Res 2004;19:2049-56.

Owan I, Ibaraki K. The role of calcitonin gene-related pep-
tide (CGRP) in macrophages: the presence of functional
receptors and effects on proliferation and differentiation
into osteoclast-like cells. Bone Miner 1994; 24:151-64.
Ishizuka K, Hirukawa K, Nakamura H, Togari A. In-
hibitory effect of CGRP on osteoclast formation by mouse
bone marrow cells treated with isoproterenol. Neurosci
Lett 2005;379:47-51.

Delgado M, Abad C, Martinez C, Leceta J, Gomariz RP.
Vasoactive intestinal peptide prevents experimental arthri-
tis by downregulating both autoimmune and inflammatory
components of the disease. Nat Med 2001;7:563-8.
Mukohyama H, Ransjo M, Taniguchi H, Ohyama T,
Lerner UH. The inhibitory effects of vasoactive intestinal
peptide and pituitary adenylate cyclase-activating
polypeptide on osteoclast formation are associated with
upregulation of osteoprotegerin and downregulation of
RANKL and RANK. Biochem Biophys Res Commun
2000;271:158-63.

Lundberg P, Lie A, Bjurholm A, Lehenkari PP, Horton MA,
Lerner UH and Ransjo M. Vasoactive intestinal peptide
regulates osteoclast activity via specific binding sites on
both osteoclasts and osteoblasts. Bone 2000;27:803-10.
Juarranz Y, Abad C, Martinez C, Arranz A, Gutierrez-

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Canas I, Rosignoli F, Gomariz RP, Leceta J. Protective
effect of vasoactive intestinal peptide on bone destruction
in the collagen-induced arthritis model of rheumatoid
arthritis. Arthritis Res Ther 2005;7:R1034-45.
Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina
GI, Watkins LR, Wang H, Abumrad N, Eaton JW, Tracey
KJ. Vagus nerve stimulation attenuates the systemic inflam-
matory response to endotoxin. Nature 2000;405:458-62.
de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF,
van Westerloo DJ, Bennink RJ, Berthoud HR, Uematsu
S, Akira S, van den Wijngaard RM, Boeckxstaens GE.
Stimulation of the vagus nerve attenuates macrophage ac-
tivation by activating the Jak2-STAT?3 signaling pathway.
Nat Immunol 2005;6:844-51.

van Maanen MA, Lebre MC, van der Poll T, LaRosa GJ,
Elbaum D, Vervoordeldonk MJ, Tak PP. Stimulation of
nicotinic acetylcholine receptors attenuates collagen-in-
duced arthritis in mice. Arthritis Rheum 2009;60:114-22.
Calcutt NA, Tomlinson DR, Willars GB, Keen P. Axonal
transport of substance P-like immunoreactivity in ganglio-
side-treated diabetic rats. J Neurol Sci 1990;96:283-91.
Pittenger G,Vinik A. Nerve growth factor and diabetic
neuropathy. Exp Diabesity Res 2003;4:271-85.
Donaghy M, Hakin RN, Bamford JM, Garner A, Kirkby
GR, Noble BA, Tazir-Melboucy M, King RH, Thomas
PK. Hereditary sensory neuropathy with neurotrophic
keratitis. Description of an autosomal recessive disorder
with a selective reduction of small myelinated nerve fi-
bres and a discussion of the classification of the hereditary
sensory neuropathies. Brain 1987;110(Pt.3):563-83.
Stevens MJ, Edmonds ME, Foster AVM, Watkins PJ. Se-
lective neuropathy and preserved vascular responses in
the diabetic Charcot foot. Diabetologia 1992;35:148-54.
Guy RJ, Clark CA, Malcolm PN, Watkins PJ. Evaluation
of thermal and vibration sensation in diabetic neuropathy.
Diabetologia 1985;28:131-7.

Lindberger M, Schroder HD, Schultzberg M, Kristensson
K, Persson A, Ostman J, Link H. Nerve fibre studies in
skin biopsies in peripheral neuropathies. I. Immunohis-
tochemical analysis of neuropeptides in diabetes mellitus.
J Neurol Sci 1989;93:289-96.

Koeck FX, Bobrik V, Fassold A, Grifka J, Kessler S,
Straub RH. Marked loss of sympathetic nerve fibers in
chronic Charcot foot of diabetic origin compared to ankle
joint osteoarthritis. J Orthop Res 2009;27:736-41.
Shakoor N, Agrawal A, Block JA. Reduced lower extrem-
ity vibratory perception in osteoarthritis of the knee.
Arthritis Rheum 2008;59:117-21.

Weidler C, Holzer C, Harbuz M, Hofbauer R, Angele P,
Scholmerich J, Straub RH. Low density of sympathetic
nerve fibres and increased density of brain derived neu-
rotrophic factor positive cells in RA synovium. Ann
Rheum Dis 2005;64:13-20.

La Fontaine J, Harkless LB, Sylvia VL, Carnes D, Heim-
Hall J, Jude E. Levels of endothelial nitric oxide synthase
and calcitonin gene-related peptide in the Charcot foot: a



64.

65.

66.

G. Mabilleau, M.E. Edmonds: Role of neuropathy on fracture healing in Charcot neuro-osteoarthropathy

pilot study. J Foot Ankle Surg 2008;47:424-9.

Mabilleau G, Petrova NL, Edmonds ME, Sabokbar A. In-
creased osteoclastic activity in acute Charcot’s os-
teoarthropathy: the role of receptor activator of nuclear
factor-kappaB ligand. Diabetologia 2008;51:1035-40.
Mabilleau G, Petrova NL, Edmonds ME, Sabokbar A. In-
creased CD14+ osteoclast precursors in acute Charcot pa-
tients is correlated with serum levels of TNF-alpha.
Diabet Med 2009;26:58.

Husheem M, Nyman JK, Vaaraniemi J, Vaananen HK,
Hentunen TA. Characterization of circulating human os-
teoclast progenitors: development of in vitro resorption
assay. Calcif Tissue Int 2005;76:222-30.

67.

68.

69.

Bem R, Jirkovska A, Fejfarova V, Skibova J, Jude EB. In-
tranasal calcitonin in the treatment of acute Charcot neu-
roosteoarthropathy: a randomized controlled trial.
Diabetes Care 2006;29:1392-4.

Jude EB, Selby PL, Burgess J, Lilleystone P, Mawer EB,
Page SR, Donohoe M, Foster AV, Edmonds ME, Boulton
AlJ. Bisphosphonates in the treatment of Charcot neu-
roarthropathy: a double-blind randomised controlled trial.
Diabetologia 2001;44:2032-7.

Pitocco D, Ruotolo V, Caputo S, Mancini L, Collina CM,
Manto A, Caradonna P, Ghirlanda G. Six-month treatment
with alendronate in acute Charcot neuroarthropathy: a ran-
domized controlled trial. Diabetes Care 2005;28:1214-5.

91



