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Abstract

The regulation of tendon metabolism including the responses to loading is
far from being well understood. During the last decade, however,
accumulating data show that tendon innervation in addition to afferent
functions, via efferent pathways has a regulatory role in tendon homeo-
stasis via a wide range of neuromediators, which coordinate metabolic and
neuro-inflammatory pathways.

Innervation of intact healthy tendons is localized in the surrounding
structures, i.e paratenon, endotenon and epitenon, whereas the tendon
proper is practically devoid of neuronal supply. This anatomical finding
reflects that the tendon metabolism is regulated from the tendon envelope,
i.e. interfascicular matrix (see Chap. 1).

Tendon innervation after injury and during repair, however, is found as
extensive nerve ingrowth into the tendon proper, followed by a time-
dependent emergence of different neuronal mediators, which amplify
and fine-tune inflammatory and metabolic pathways in tendon regenera-
tion. After healing nerve fibers retract to the tendon envelope.

In tendinopathy innervation has been identified to consist of excessive and
protracted nerve ingrowth in the tendon proper, suggesting pro-inflammatory,
nociceptive and hypertrophic (degenerative) tissue responses.

In metabolic disorders such as eg. diabetes impaired tendon healing has
been established to be related to dysregulation of neuronal growth factors.
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Targeted approaches to the peripheral nervous system including neu-
ronal mediators and their receptors may prove to be effective therapies for
painful, degenerative and traumatic tendon disorders.
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Introduction

Tendon homeostasis is the balance between for-
mation and resorption [1]. Mechanical loading is
the most powerful and well-known extrinsic fac-
tor to regulate tendon protein synthesis and deg-
radation [1]. While loading over time leads to a
net gain in collagen repeated loading, however,
exceeding the tendons capacity of new collagen
formation is harmful and may trigger the devel-
opment of tendinopathy.

Prolonged unloading may additionally be
detrimental for the human tendon. Disuse
leads to reduced tendon mechanical stiffness
[2]. Prolonged unloading post injury also
demonstrated negative effects on tendon
mechanical properties and production of extra-
cellular matrix molecules [3-5].

Although it is well known both clinically and
experimentally that loading improves while
unloading impairs tendon protein synthesis, the
exact mechanisms and regulatory factors respon-
sible for this mechano-biological transduction
are still not fully known. In spite of this gap in
knowledge, accumulating data do suggest that
the peripheral nervous system including specific
mediators and their receptors play an important
role in tendon homeostasis and repair as well as
in tendinopathy [6].

Innervation of Tendons

Generally, tendons exhibit a low degree of inner-
vation, which may partly explain the slow adap-
tation to repetitive loading, prolonged healing
and vulnerability to chronic injuries [7, 8]
(Fig. 4.1). The innervation of tendons originates

from neighbouring muscular, cutaneous and
peritendinous nerve trunks [9]. From the
myotendinous junction nerve fibres cross and
enter the endotenon septa. In the paratenon,
nerve fibres form rich plexuses and send small
branches that penetrate the epitenon. Nerve fibres
do not under normal conditions enter the tendon
proper, but terminate as nerve endings on the
different surfaces of the tendon (paratenon,
epitenon, endotenon) [10].

The nerves innervating tendons are composed
of a low degree of myelinated, fast transmitting
Aa- and ApB-fibres and a higher degree of unmy-
elinated, slow transmitting Ay-, Ad-, B- and
C-fibres [8, 11].

The nerve endings of (1) Aa- and AP-fibres
are of types I-III and mediate mechanoception.
These include Type I or Ruffini corpuscles (pres-
sure and stretching sensors), II or Vater-Pacini
corpuscles (pressure sensors, reacting to acceler-
ation and deceleration of movement), type III or
Golgi tendon organs (tension receptors)
[12, 13]. Tension receptors (Type III) have been
found mostly in the myotendinous junction and
insertion areas [13].

The nerve endings of (2) Ay-, Ad-, and
C-fibres are of type IVa, so called nociceptors,
mediating deep tissue pain and hyperalgesia that
are characteristic features of pain in
tendinopathy. The nerve endings of B-fibres,
which are autonomic, consist of type IVb fibres
that are mainly localised in the walls of small
arteries, arterioles, capillaries, and postcapillary
veins exerting vasomotor actions [13].

In addition to these classical afferent
functions it is now well established that the
peripheral nervous system also participates in
the efferent regulation of a wide variety of effer-
ent physiological responses, including actions on
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Fig. 4.1 (a—c). Overview of several arranged
micrographs of longitudinal sections through the Achilles
tendon after incubation with antisera to general nerve
marker PGP 9.5. Micrographs depict the proximal half
of the Achilles tendon at increasing magnification in
figures (a—c). Arrows denote varicosities and nerve
terminals. The typical vascular localisation of NPY is

cell proliferation, expression of cytokines and
growth factors, inflammation, immune responses
and hormone release. In the last decade, further
characterization of tendon innervation related to
mediator phenotypes and neuronal regulation of
tendon homeostasis has received increasing
attention.

In addition to classical neurotransmitters
(monoamines, acetylcholine, amino acids) sev-
eral neuropeptides, which act as chemical
messengers in the central and peripheral nervous
system, have been identified in tendons
[14]. Neuropeptides differ from classical
neurotransmitters in several respects [8, 15]
since they generally exhibit more long-term
effects than the classical neurotransmitters.

The effects of neuropeptides and classical
transmitters are also elicited by different receptor
mechanisms. While classical transmitters act on
ligand-gated ion channels, neuropeptides act by
binding to specific plasma membrane receptors,
called G-protein coupled receptors [16]. Several
G-protein coupled receptors have been identified

depicted in lower /eft (b), whereas the free nerve endings
are typical localisation of SP (¢). The immunoreactivity is
seen in the paratenon and surrounding loose connective
tissue, whereas the proper tensinous tissue, notably, is

almost devoid of nerve fibers pt = paratenon
(Reproduced ~ with  permission from Ackermann
et al. [32])

in tendons and when stimulated they generate
various second messengers, which can trigger a
wide range of effector mechanisms regulating
cellular  excitability and function [14]
(Table 4.1).

Neuromediators in Healthy Tendon

In general, tendons seem to exhibit neuronal
mediators of a similar variety as observed in
other organs of the body including those of vari-
ous sensory including opioid, autonomic, and
excitatory neuromediators (Table 4.1). In con-
trast to most other tissues, however, the tendon
proper during normal conditions is devoid of
nerve fibers. Innervation is found in the tendon
envelope, i.e. the paratenon, endotenon and
surrounding loose connective tissue (Fig. 4.1).
Another vital feature of tendon neuroanatomy is
the presence of counteracting mediators, i.e. pro-
and anti-inflammatory peptides [17]. These
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Table 4.1 Neuromediators in tendons
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Type Sub-Type Mediator Receptor Actions
Sensory Sensory SP NK1 Pro-inflammatory
(Type IVa) CGRP CRLR, RAMP-1
NKA NK2*
NKB*, NPK*, NPG* NK3*
Opioid and opioid Enkephalins: LE, ME, d-opiod receptor Anti-inflammatory
like MEAP
Dynorphins: DYN BNP | -opiod receptor™"
Endomorphins™P p-opiod receptor™"
Nociceptin™" N/OFQ receptor*
Opioid like: GAL, SOM | GalR1-3*, SSTR1-5*
Autonomic Sympathetic Noradrenaline a-,B- adrenoceptors Pro-(anti)-
(Type 1Vb) NPY Y1-3% inflammatory
Para-sympathetic Acetylcholine Nicotinic, muscarinic Anti-inflammatory
VIP VPAC1-2*, PAC1*
Excitatory Glutamatergic amino | Glutamate NMDA, mGlu, AMPA*, Sensitization
acid Kainate*,
ND Not detected in tendon, * Not yet assessed in tendon
observations would suggest that the homeostatic  potent vasodilators [18] and exert

regulation of healthy tendon tissue is highly
dependent on the balance of neuromediator mod-
ulation occurring in the tendon envelope.

Sensory Neuromediators

The sensory nerves Type IVa act principally
through release of slowly acting mediators,
i.e. neuropeptides and opiods. In tendons, sen-
sory neuropeptides with nociceptive and
pro-inflammatory effects (substance P (SP), cal-
citonin gene related peptide (CGRP) and
neurokinin A (NKA)), sensory modulatory
neuropeptides with anti-inflammatory actions
(galanin (GAL), somatostatin (SOM)), as well
as opioid neuropeptides with anti-nociceptive
and anti-inflammatory effects (Leu-enkephalin
(LE), Met-enkephalin (ME), Met-enkephalin-
Arg-Phe (MEAP), Met-enkephalin-Arg-Gly-
Leu (MEAGL), nociceptin) have been identified
(Table 4.1) (Fig. 4.2a—d) [14].

Abundant amounts of sensory neuromediators
have been detected in peri-vascular nerve fibers
in the surrounding loose connective tissues,
which may reflect an important role in the regu-
lation of blood flow to the tendon structures.
Both SP and CGRP have been reported to be

pro-inflammatory effects [19, 20]. The occur-
rence of sensory neuromediators in free nerve
endings not associated with vessels, predomi-
nantly seen in the paratenon, may suggest noci-
ceptive, trophic and immune regulatory roles.

In tendons receptors for SP (neurokinin
1, NK1) and CGRP (calcitonin receptor-like
receptor, CRLR, and receptor activity-modifying
proteins, RAMP-1) have been identified [21]
(Table 4.1). These receptors have been found
localized on tendon cells, immune cells, blood
vessels and on free nerve endings unrelated to
vessels. These localizations corroborate the
suggested  trophic, immune  regulatory,
vasoregulatory and nociceptive effects of the
sensory neuromediators on tendon metabolism.

Autonomic Neuromediators

The sympathetic nervous system regulates
inflammatory processes at local and systemic
levels through the balanced release of sympa-
thetic and parasympathetic mediators. The sym-
pathetic mediator norepinephrine (noradrenaline,
NA) together with neuropeptide Y (NPY) are
released upon injury or nociceptive input, while
parasympathetic mediators acetylcholine (ACh)
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Fig. 4.2 (a-d) Immunofluorescence micrographs of
longitudinal sections through the Achilles tendon after
double staining with antisera to SP and CGRP (a), SP
and GAL (b) LE and DOR (¢) and incubation with
antisera to ME (d). A co-existence of SP and CGRP is
seen in nerve fibers localised in the paratenon (a),
suggesting possible pro-inflammatory actions. Moreover,
SP is also co-localised with GAL (b), reflecting

and vasoactive intestinal polypeptide (VIP) are
released by vagus nerve activation called the
‘cholinergic anti-inflammatory pathway’ [17]
(Fig. 4.3a—).

The occurrence of sympathetic NA and
NPY as well as parasympathetic mediators
ACh and VIP has been demonstrated in tendon
[22-27]. The observations of NA and NPY
around blood vessels in the loose connective
tissue around the main body of the tendon sug-
gest that the sympathetic tendon vasoregulation
occurs predominantly in the tendon envelope
(Fig. 4.3a-b).

Adrenergic receptors responding to NA (A-
-adrenoceptors) and to NPY (Y1) have been
identified on tendon cells, blood vessel walls
and on nerve fibers [24, 27]. These localizations
suggest that adrenergic stimulation of tendons

actions. The immunoreactivity

anti-inflammatory
displaying co-existence of LE and DOR is seen as free
nerve endings in the paratenon (c), indicating a potential
peripheral anti-nociceptive system. ME immunoreaction
is localised in a vessel wall (d). ¢ tendon tissue, Pt
paratenon; Bar = 50 pm (Reproduced with permission
from Ackermann et al. [66, 67])

may be involved in proliferation of tenocytes,
endothelial cells and possibly nerve cells.

Excitatory Neuromediators

Accumulating data suggest that modulation of
glutamate signalling by inhibition of its
receptors, ionotropic (NMDA, AMPA, Kainate)
and metabotropic (mGlu), may have potential for
targeted therapy in several persistent pain
conditions [28, 29]. Moreover, glutamate signal-
ing is implicated in programmed cell death,
apoptosis.

Recently, glutamate and several of its
receptors have been identified in tendon on
nerve fibers, blood vessels and cells (Fig. 4.4)
[29-31]. These localizations of glutamate have
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Fig. 4.3 (a—) Immunofluorescence micrographs of
longitudinal sections through the Achilles tendon after
incubation with antisera to Noradrenaline (NA) (a),
NPY (b) and VIP (c¢). NA-positive fibers are mainly
found as nerve terminals in outer layers of the blood
vessel walls. The NPY-positive fibers are arranged as

been verified by identification of several gluta-
mate receptors, eg. NMDARI. The localization
of glutamate receptors suggest that glutamate
signaling may also be involved in regulating
tendon homeostasis [14].

Nerve Ingrowth After Tendon Injury

After tendon injury and during healing the
peripheral nervous system responds by nerve
ingrowth into the tendon proper, which during
healthy conditions is more or less aneuronal and
hypovascular (Figs. 4.5-4.6) [32, 33]. Nerve
sprouting and growth within the tendon proper
is followed by a time dependent expression of
neuropeptides during the tendon healing process.
After the healing process is finished sprouting
nerve fibers within the tendon proper retract to
the surrounding structures, ie. the paratenon and
loose connective tissue. These observations of
early nerve regeneration are in line with

nerve terminals in the vessel walls. VIP-positive nerves
are arranged as a “fence”, surrounding the proper tendon,
of small varicosities in the paratenon. ¢ tendon tissue, Pt
paratenon; Bar = 50 pm (Reproduced with permission
from Ackermann et al. [22])

observations on bone, ligament and skin healing
indicating that nerve ingrowth and subsequent
retraction are fundamental aspects of tissue
repair [34-38].

Inflammatory Healing Phase

At 1 week after tendon injury increased occur-
rence of SP- and CGRP-positive nerve fibers has
been demonstrated to be predominantly located
in blood vessel walls surrounded by inflamma-
tory cells in the loose connective tissue [33]
(Fig. 4.7a). The findings comply with the noci-
ceptive role of sensory neuropeptides, but also
with a pro-inflammatory role [39].

During the first week post tendon injury,
increased levels of glutamatergic signaling
molecules have been found both experimentally
[40] and in vivo on patients with Achilles tendon
ruptures [41]. Increased glutamate levels during
healing [41] seem to persist until at least week
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Fig. 4.4 (a—d) Immunofluorescence double-staining
micrographs  of  longitudinal  sections  through
tendinopathic patellar tendons focusing on the tendon
proper, after incubation with antisera for PGP9.5 (a, ¢,
thin arrows), N-methyl-D-aspartate receptor type

6 [unpublished data], suggesting essential actions
in tendon healing as has also been shown in
maintenance of bone tissue [40].

Proliferative Healing Phase

From 1 to 6 weeks post rupture, a striking shift in
neuronal occurrence has been demonstrated to
occur from the surrounding loose connective tis-
sue into the proper tendinous tissue [33]. This
suggests the transition of a predominantly
inflammatory into a proliferative repair
phase [42].

During weeks 2 to 6 post injury, the expres-
sion of SP and CGRP peaked at the rupture site of
the proper tendon (Fig. 4.6). SP and CGRP was
observed in sprouting free nerve endings among
fibroblasts in the healing tendinous tissue,
suggesting a stimulatory role of sensory

1 (NMDARY1) (b) and glutamate (d). Thick arrows denote
neuronal NMDARI1 and within the tendon proper
arrowheads denote neuronal glutamate, which is totally
absent in the controls (Scale bar = 25 um) (Reproduced
with permission from Schizas et al. [31])

neuropeptides on cell proliferation and stem cell
recruitment (Fig. 4.7b) (see Chap. 5) [43, 44]. SP
and CGRP are also known to stimulate prolifera-
tion of endothelial cells [45, 46], indicating that
SP- and CGREP fibers around newly formed blood
vessels in the rupture site would comply with a
role in angiogenesis (Fig. 4.7).

Additionally the expression of sensory neuro-
peptide receptors, SP (NK1) and CGRP (CRLR
and RAMP-1), in the healing tendon is signifi-
cantly up-regulated at 2 weeks, but not at 1 week,
post tendon rupture [21].

Remodeling Healing Phase

During weeks 6 to 16 post tendon rupture it has
been demonstrated that the nerve fibers retract
from the proper tendon tissue to their normal
location in the paratenon and surrounding loose
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Fig. 4.5 (a-b) Overview micrographs of longitudinal
sections through the Achilles tendon at 2 weeks post
rupture. Incubation with antisera to a nerve growth
marker, GAP-43. Micrographs depict the proximal half
of the Achilles tendon at increasing magnification in

Fig. 4.6 Area occupied 0,5 -
by nerve fibers (%)
immunoreactive to SP,
CGRP and GAL in relation

0.4 | -
to total area, in the mid
third of the tendon, over

16 weeks post rupture 55

(mean =+ s.e.m.)
(Reproduced with
permission from
Ackermann et al. [33])

Area fraction (%)

figures (a-b). Arrows denote varicosities and nerve
terminals. The GAP-positive fibers, indicating new
nerve fiber ingrowth, are abundantly observed in the
healing proper tendon tissue( Reproduced with permis-
sion from Ackermann et al. [32])

& CGRP
-#--SP
— A -GAL

connective tissue [33] (Fig. 4.6). This process
appears to end simultaneously with the comple-
tion of paratenon repair.

Interestingly, between weeks 4 and
6, corresponding to the transition of the

proliferative into the remodeling phase, a dra-
matic increase in the expression of the autonomic
neuropeptides VIP and NPY has been
demonstrated [33]. Subsequent to the elevated
expression of autonomic neuropeptides, a
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Fig. 4.7 (a-b) Immunofluorescence micrograph of lon-
gitudinal sections through healing Achilles tendon 1- (a)
and 2- (b) weeks post rupture after incubation with
antisera to CGRP. Nerve fibers immunoreactive to
CGRP at week 1 are seen as vascular and free nerve
endings in the loose connective tissue (a). At week

Table 4.2 Neuromediators in tendinopathy

Type Sub-type
Autonomic Sympathetic
Parasympathetic
Sensory Sensory
Opioid and opioid like
Excitatory Glutamatergic amino acid

significantly decreased expression of SP and
CGRP was observed in the healing tendon [33]
(Fig. 4.6). Hypothetically, an autonomic modu-
lation may be required to end the inflammatory
and reparative processes, thereby facilitating
entry to and maintenance of the remodelling
phase.

Protracted Nerve Ingrowth
in Tendinopathy

The underlying histology in tendinopathies with
chronic pain is often characterized as reflecting a
failed healing response. The innervation pattern
in tendinopathic tissue resembles that observed

2, CGRP- immunoreactivity occurs mainly in the healing
tendinous tissue as sprouting free nerve fibers (b). v =
blood vessel; Ict = loose connective tissue; t = proper
tendon tissue; Bar = 50 pm (Reproduced with permission
from Ackermann et al. [33])

Mediator Receptor
Noradrenaline | A-adrenoceptors T
NPY Y1 T
Acetylcholine T Nicotinic”
VIP* Muscarinic T
Sp T NK1 T
Cannabioids” CB1 1
Glutamate T NMDAI1 T
Phosfo- NMDA1 T
mGluR1 T
mGIluR5 T
mGluR6-7 —

during the proliferative phase of healing after
tendon injury (Table 4.2).

Sensory Neuromediators

Chronic painful tendons with tendinopathy
exhibit new ingrowth of sensory nerve fibers
(Fig. 4.8) [47-49] (49, 50, 98), correspondingly
to what is also observed during tissue prolifera-
tion in healing tendons [32]. The observation of
increased ingrowth of sensory nerves into the
painful tendon proper, seen as sprouting free
nerve endings, possibly represents nociceptors
responding to mechanical stimuli by initiating
pain signalling.
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Fig. 4.8 (a-b) Immunofluorescence micrographs of
longitudinal sections from biopsies of healthy Achilles
tendon (a) and tendinosis tissue (b) after immunostaining
for SP. Arrows denote varicosities and nerve terminals.

Fig. 4.9 (a-b) Hematoxylin and eosin micrographs of
longitudinal sections from biopsies of healthy patellar
tendon (a) and painful tendinopathy (b). Arrows denote
tenocytes. The healthy tendon is homogeneous, with
organized parallel collagen structure and thin, elongated

The neuronal dysregulation in tendinopathy,
characterized by aberrant increase of sprouting sen-
sory nerves and increased expression of SP, possi-
bly triggers pain signalling and also the
hyperproliferative/degenerative changes associated
with tendinopathy [47, 48, 50, 51] (Fig. 4.9).

Autonomic Neuromediators

Interestingly, tendinopathic patients exhibit a
decreased occurrence of sympathetic nerve
fibers, immunoreactive to  noradrenaline
(Fig. 4.10) (see Chap. 7) [47]. The reduction in
vasoregulatory noradrenaline would seem to

The micrograph illustrates SP-positive nerve fibres in
close vicinity to a proliferated vessel (b). v = blood ves-
sel. Bar = 50 pm (Reproduced with permission from
Lian et al. [47])

tenocytes (a). The tendinopathy, on the other hand, is
marked by collagen disorganization, increased cell
count, activated tenocytes, and vascular ingrowth in the
tendon proper (b). V = blood vessel. Bar = 50 pm
(Reproduced with permission from Lian et al. [47])

comply with an altered blood flow and a
suppressed anti-nociceptive function [52, 53].

Excitatory Neuromediators

Elevated levels of glutamate have, similarly to
the findings of early healing, been detected in
patients with tendinopathy by microdialysis and
by immunohisthochemistry [31, 54]. The specific
localization for the increased glutamate levels in
tendinopathic patients is observed in morpholog-
ically altered tenocytes, in the endothelial and
adventitial layers of blood vessel walls and in
nerve fibers (Fig. 4.11) [29-31].
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Fig. 4.10 (a-b) Immunofluorescence micrographs of
longitudinal sections through the patellar tendon of
healthy control (a) and painful tendinopathy (b) stained
for TH (a marker for noradrenaline). Arrows denotes
nerve fibres. In the healthy tendon, a strong relation is

seen between blood vessels and TH positive nerves (a). In
painful tendinopathy, a decreased number of TH positive
nerves, which are blood vessel related is seen. V = blood
vessel. Bar = 50 pm (Reproduced with permission from
Lian et al. [47])

Fig. 4.11 (a—d) Micrographs of longitudinal sections
through patellar tendon biopsies after incubation with
antisera to phospho-NMDARI (activated NMDA) in
patients with patellar tendinosis (a, b) and controls (d).
Micrographs of longitudinal sections through patellar ten-
don biopsies stained for PGP 9.5 (a general nerve marker)
in patients with patellar tendinosis are shown in (c).
Phospho-NMDAR1 immunoreactivity in the tendon
proper was exclusively observed in tendinosis as

immunoreactive cells (a, arrowheads) as well as
penetrating nerve fibres (b, arrows). The controls did
not exhibit phospho-NMDAR1 immunoreactivity within
the tendon proper (d). The occurrence of PGP 9.5 within
the tendon proper depicted extensive nerve ingrowth in
tendinopathy not seen in the controls (¢, thin arrows;
bar = 100 mm) (Reproduced with permission from
Aubdool and Brain [39])
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Several glutamate receptors have also
been identified in tendinopathy patients,
eg. ionotropic (NMDARI and activated
NMDAR (Phospho-NMDAR)), metabotropic
mGIuR 5, which increases NMDA excitability
and mGIluR 6,7 that decrease NMDA
excitability. Of the identified glutamate
receptors, a significant up-regulation has been
demonstrated of most receptors (Table 4.2).

Closer analysis has demonstrated the specific
localization of the different glutamate receptors.
NMDAR-1 and phospho-NMDARI1 were
detected on sprouting nerve fibers, newly formed
blood vessels and transformed tenocytes
[29]. These localizations suggest involvement
of glutamate receptors in tendinopathy regulating
excitability of tenocytes, endothelial cells and
nerves.

Recent reports on glutamatergic signaling in
tendinopathic patients demonstrated that ele-
vated glutamate co-existed with its up-regulated
receptor NMDAT1 in nerve fibers, morphologi-
cally altered tenocytes and blood vessels,
which may reflect cell hyperexcitation involved
in cell proliferation/differentiation. None of the
controls, however, exhibited neuronal coexis-
tence of glutamate and NMDARI1 [29, 31].

One of the recent findings established a possi-
ble mechanism responsible for activating
NMDAR-1 in tendinopathy. It was demonstrated

Fig. 4.12 (a-b) Immunofluorescence micrographs of
sections of tissue from the right hind paw of denervated
(b) and controls (a) after incubation with antisera to
SP. Arrows denotes varicosities and nerve terminals.

P.W. Ackermann et al.

that the elevated occurrence of NMDAR-1 was
correlated to that of SP (r2 = 0.54,p = 0.03) in
tendinopathic tendons, while their occurrence in
controls exhibited no correlation [29]. These data
suggest that SP may be involved in the
up-regulation of NMDARI. In fact, SP is
known to activate NMDARI1 by removing the
magnesium block [55].

Effect of Hampered Neuronal Supply

Accumulating experimental evidence and clini-
cal observations suggest that reduced neuronal
supply leads to impairment of the mechanical
properties of connective tendon tissue
[14]. Thus, several studies have indicated that
denervation impairs the mechanical properties
of both normal and injured tendons.

Sensory Neuromediators

A selective  denervation of  sensory
neuromediators by the use of Spanish pepper
(capsaicin) has in experimental tendon healing
reduced the concentrations of SP by approxi-
mately 60 % [56] (Fig. 4.12). The study
demonstrated that higher residual SP levels
correlated with increased mechanical properties

A marked reduction of SP immunoreactivity is seen in
the denervated group (a-b) (Reproduced with permission
from Bring et al. [56])
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of the transverse area, ultimate tensile strength,
and stress at failure (r = 0.39, p = 0.036;
r =0.53, p = 0.005; and r = 0.43, p = 0.023,
respectively).

Moreover, femoral nerve transection has been
demonstrated to impair healing of the medial
collateral ligament in rabbits [57]. In one study,
blood flow, angiogenesis and mechanical
strength of the ligament scar were all signifi-
cantly decreased in denervated limbs compared
to normally innervated limbs, 6 weeks after
injury [57].

Autonomic Neuromediators

Surgical sympathectomy reduced failure loads of
healing MCLs by 50 % compared to normally
innervated healing MCLs, at 2 weeks after
injury [58].

Chemical sympathectomy by systemic admin-
istration of guanethidine leads to degradation of
the mechanical properties of the intact medial
collateral ligament (MCL) of the knee joint
in rats after only 10 days of treatment
[59]. Ligaments from guanethidine treated
animals exhibited a larger cross-sectional area,
a higher wet weight, a decreased modulus of
elasticity and a decreased stress at failure.
These structural changes may to some extent be
explained by the significantly increased mRNA
levels for the matrix degrading enzymes
MMP-13 and cathepsin K, and increased liga-
ment blood flow induced by chemical
sympathectomy.

Observations in Diabetes Mellitus

It has recently been demonstrated that patients
with metabolic disorders such as diabetes
mellitus are at greater risk of developing various
musculoskeletal disorders [60]. Thus, diabetics
often exhibit neuropathy and also decreased
levels of sensory neuropeptides, which may be
associated with defective tissue healing [61]. -
Diabetes is associated with impaired connective
tissue healing and reduced biomechanical
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properties, correlated to down-regulated extra-
cellular matrix proteins (see Chaps. 16, 17, 18,
and 19) [62].

In injured tendons of diabetic rats there are
lower mRNA and protein levels of nerve growth
factor (NGF) as well as of its receptor (TrkA) as
compared to injured healthy controls. Hence,
neuronal mediators as well as neurotrophic
factors such as NGF may be potential targets
for novel regenerative approaches in tendon
disorders, eg. tendinopathy.

Taken together these above mentioned studies
strongly support the idea that nerve derived
factors have a powerful metabolic control on
the structure, function and healing capacity of
tendon tissue.

Neuronal Effects of Tendon Loading

Physical activity has been demonstrated to accel-
erate the neuronal plasticity in tendon repair
[63]. It has moreover been demonstrated that
exercise leads to increased levels of various
neuromediators and their receptors, including
SP and CGRP, which may be involved in
regulating the healing response [21, 64, 65].

Maybe the most fascinating example of
mechano-neuro transduction is the upregulation
by exercise of neuromediator receptors
(Fig. 4.13). Thus, mRNA-levels of the SP- and
CGRP-receptors in mobilized tendons are sig-
nificantly increased compared to immobilized
controls at 17 days post tendon injury [21]. It
may prove that enhanced tendon repair after
early loading is related to an increased periph-
eral sensitivity to nerve factor stimulation, as a
result of a local up-regulation of neuronal
receptors.

Conclusion

Aggregated knowledge acquired during the last
decade demonstrates that neuronal regulation
plays an essential role in tendon metabolism,
repair, and also pathology. This conception
supports the idea that neuronal mediators


http://dx.doi.org/10.1007/978-3-319-33943-6_16
http://dx.doi.org/10.1007/978-3-319-33943-6_17
http://dx.doi.org/10.1007/978-3-319-33943-6_18
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Fig. 4.13 (a-b) Normalized expression of mRNA for
the SP- (NK1) (a) and CGRP- (CRLR (b) and RAMP-1
(c) receptors in the healing area, in the Achilles tendon of
rats subjected to two different levels of physical activity
(freely mobilized versus plaster immobilized) at 8 and
17 days postrupture (mean + SD). * = p < 0.05; n.s. =

effectuate crucial, but as yet incompletely
defined roles in mechanically active connective
tissues such as tendons.

Dysregulation of various neuromediators and
their receptors as has been observed experimen-
tally and clinically in eg. diabetes and
tendinopathy, leads to a loss of normal tendon
homeostasis resulting in chronic pain and gradual
degeneration.

These novel findings of neuronal plasticity
modulating tendon homeostasis and capable of
responding to dysregulation in pathology should
stimulate the development of targeted pharmaco-
logical and tissue engineering approaches to
improve healing and treat painful tendon
disorders.

immob  mob

p > 0.05. Between 8 and 17 days, there was an immense
increase of the receptor expression in the mobile healing
group, while the expression in the immobilized healing
group fell back to levels comparable to the intact tendon
control group (Reproduced with permission from Bring
et al. [5])
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