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ABSTRACT

Painful musculo-skeletal disorders pose a tremendous burden on the healthcare system, the main reason
being the limited knowledge of the underlying pathomechanisms and lack of specific treatment.
Hypothetically, the peripheral nervous system in the musculo-skeletal tissues plays an important role in the
regulation of pain, inflammation, vasoactivity and tissue repair. The present study in the rat was designed to
explore the expression of neuropeptides in periarticular tissues under normal conditions and after injury.

A combined approach based on radioimmunoassay (RIA), immunohistochemistry (IHC) and high
performance liquid chromatography (HPLC), disclosed the presence of autonomic (NPY, VIP, NA);
sensory (SP, NKA, CGRP, GAL, SOM); and opioid (LE, ME, MEAP, MEAGL, N/OFQC) mediators in
tendon, ligament and joint capsule. In tendon, 3-opioid receptors were also detected. The peptidergic nerve
fibres occurred in abundance in the paratenon, epiligament and beneath the lining layer of the synovium,
whereas the proper structures were almost devoid of nerve fibres. This suggests that the neuronal regulation
of periarticular tissues highly depends on the innervation of the surrounding structures. RIA showed that the
ratio of NPY (sympathetic)/ VIP (parasympathetic) was 8-times higher in ligaments than in tendons and in
capsules. The ratio of SP and CGRP (nociceptive)) GAL, MEAP, N/OFQ (anti-nociceptive) was 10-times
higher in tendons and twice as high in capsules compared to ligaments. The distribution and levels in the
different tissues may represent the homeostatic state of vasoactivity and nociception, and also indicate the
susceptibility to physico-chemical stress.

In healing of experimental Achilles tendon rupture, nerve regeneration and neuropeptide expression at
different time points (1-16 weeks) were analysed by IHC including semi-quantification. Analysis of
markers for new (GAP) and mature fibres (PGP) disclosed extensive nerve fibre ingrowth into the rupture
site. A peak nerve fibre expression during weeks 2-6 (regenerative phase) was followed by nerve fibre
withdrawal during weeks 8-16 (remodeling phase). New nerve ingrowth is presumably a prerequisite for
delivery of neuronal mediators required for tissue repair. Analysis of specific neuropeptides showed an
increased number of SP and CGRP fibres one week post-rupture (inflammatory phase) around blood vessels
surrounded by inflammatory cells. This complies with a nociceptive and pro-inflammatory role. During the
regenerative phase, the expression of SP and CGRP peaked in the rupture site of proper tendon, seen as free
sprouting nerve endings among fibroblasts and newly formed vessels, which may prove to reflect a role in
cell proliferation. An initial sparse occurrence of GAL, NPY and VIP was followed by a peak expression at
the early remodeling phase, i.e., around week six, which may represent modulatory effects on SP and CGRP
required to end the nociceptive, inflammatory and regenerative processes.

Nociception according to hind paw withdrawal at thermal and mechanical stimuli was related to the
expression of sensory neuropeptides during healing as assessed by semi-quantitative [HC. Increased
expression of SP/CGRP during weeks 1-2 coincided with increased thermal sensitivity on the injured side.
Conversely, increased GAL expression during weeks 4-6 coincided with decreased thermal sensitivity, and
notably. also with increased mechanical sensitivity. A strong relationship between neuropeptide expression
and thermal sensitivity was found by considering the combined rates of change of the three neuropeptides
(SP + CGRP — GAL) during healing. The finding indicates that nociception is regulated by the speed by
which the expression of potentiating and inhibitory neuropeptides is altered, rather than the absolute tissue
levels.

From the present study, it seems obvious that periarticular tissues are supplied with a complex peptidergic
network, which presumably takes part in maintaining tissue homeostasis, but also by its plasticity, i.e. nerve
ingrowth and temporal alteration in neuropeptide expression, is capable of responding to injury.
Interestingly, ingrowth of new nerves seems to be a fundamental feature of tissue repair. In a future
perspective, neuronal mediators may prove to be useful in targeted pharmacotherapy and tissue engineering
of painful and degenerative musculo-skeletal disorders.
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Introduction

1 INTRODUCTION

11 BACKGROUND

Musculo-skeletal disorders pose a tremendous burden on the health care system.
According to the National Research Council they affect one million workers in the US
each year, costing $54 billion in compensation expenditures, lost wages and decreased
productivity [12, 160]. Prominent features of musculo-skeletal disorders are pain,
inflammation and degeneration. During the past several years, the incidence of overuse
injuries, mostly related to work and sports, has increased considerably [69, 99]. Overuse
injuries can be related to extrinsic and intrinsic factors [124]. Among extrinsic factors,
repetitive movement is considered one main cause. Repetitive microtrauma of the tissues
are thought to exceed the repair capability of the cells [9, 84, 125]. Intrinsic factors, some
genetically determined, include e.g. obesity, extremity malalignment, joint laxity, muscle
weakness and disturbed blood supply. Although some mechanical risk factors have been
identified, the relationship to pain and inflammation is debatable [113] and still requires a

biological explanation.

In inflammatory conditions of the locomotor apparatus pain is almost a constant feature,
however, in degenerative disorders it is highly variable. Whether inflammation is a
prerequisite for pain in degenerative disease is unclear. Notably, spontaneous ruptures of
tendons, presumed to be caused by degeneration, are often not preceded by pain. In a
study by Kannus and Jozsa, degenerative changes were found at time of surgery in 97 %
of all tendon ruptures [74], whereas signs of inflammation were rare. On the whole, the
relationship between pain, inflammation and degeneration of the locomotor system
remains obscure, which should be attributed to the limited knowledge of neuroanatomy
and pathophysiology. In particular, this applies to periarticular tissues such as ligaments,
joint capsules and tendons, which exhibit a considerable variation in incidence and

intensity of pain, inflammation and degeneration.
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1.2 PERIARTICULAR TISSUES

1.2.1 Tendons

In chronic, painful conditions of tendons, histological studies have shown that the tissues
exhibit very few signs of inflammation [11, 110]. Therefore, the classic term tendinitis
has been replaced by the term tendinopathy. Localised degenerative lesions (Fig. 1) are
termed tendinosis [121] to denote collagen disorganisation, increased ground substance,

hypercellularity, and neovascularisation [72].

Although degeneration seems to be a prominent feature of chronic tendon conditions, this
does not preclude an initial inflammatory phase [32, 73, 121]. Moreover, it appears that
histological analyses of painful tendon tissues primarily have focused on the proper
tendon, but overlooked the envelope, i.e. the paratenon and surrounding loose connective
tissue [80]. It may prove that degeneration of tendons is related to inflammatory changes
in the surrounding structures. Notably, a recent study on rats showed that application of

PGE; to the paratenon produced degenerative like changes in the proper tendon [140].

Figure 1. Lesions of the Achilles tendon.

Most tendinous structures are built up by proper tendon, paratenon and an outer layer of
loose connective tissue. The proper tendon is composed of three main constituents:
collagen, ground substance and cells. In degenerative conditions the ground substance,
consisting of structural glycoproteins with high water binding capacity, increases leading
to oedema. Conversely, the amount of collagen decreases and the fibres being the most
important component for mechanical strength lose their parallel course. The latter has

been attributed to loss or weakening of cross-links resulting in microtears and decreased
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strength. The splitting and tear of collagen fibres have previously been claimed to be the
cause of pain [77]. However, this is contradicted [77] by studies of tendon degeneration
as assessed by MRI and ultrasound in painfree subjects and by reports on patients with
atraumatic ruptures without preceding pain [34, 35]. In painful tendinosis, a recent report

suggested that eccentric muscle exercise paradoxically can mitigate the symptoms [97].

As for cellular changes observed in tendon rupture caused by degeneration, the most
plausible hypothesis pertains to impaired blood flow, hypoxia and decreased metabolic
activity [72]. The predominant cellular elements of the tendon are fibroblasts (90%),
while the remaining 10 % consists of chondrocytes at the bony insertion, synovial cells of
the tendon surface and vascular cells (i.e. endothelial- and smooth muscle cells of
arterioles). The tendon fibroblasts are responsible for the ground substance production,
which is increased in response to injury and exercise. In degenerative tendons focal
hypercellularity and fibroblast (tenocyte) hyperplasia are common features.
Concomitantly, there is proliferation of myofibroblasts from the surrounding paratenon or
loose connective tissue. The myofibroblasts produce type Il collagen (“scar collagen™),

which has decreased mechanical strength compared to type I collagen.

In the paratenon, there are synovial cells of three main types, called type A, B and C cells.
Type A cells exhibit similarities to macrophages, e.g. a prominent Golgi apparatus,
abundant digestive vacuoles, production of synovial fluid, secretion of hyaluronic acid
and expression of surface antigen receptors. Type B cells have a fibroblast-like
morphology and are mainly involved in synovial fluid production. Type C cells are
dendritic cells that are thought to participate in autoimmune responses such as T-cell
infiltration and activation. Synovial cells are suggested to play an important role in
inflammatory conditions, but their involvement in degenerative processes is unclear [49].
The blood supply to tendons is received from three sites: the muscle, the bony insertion
and most importantly from the paratenon. The vessels give off branches as vertical loops
into the proper tendon. Degeneration is characterised by proliferation of endothelial cells
as reflected by a high number of new capillaries, which may assumed to reflect a response

to hypoxia. The regulation of this neovascularisation has yet to be clarified.

1.2.2 Ligaments
Clinically, pain from ligaments is less common than from tendons, which may be

explained by lower mechanical load. In opposition to tendons, which exhibit striking
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structural similarities to ligaments, the main clinical problem in ligamentous disorders is
not related to pain and repetitive stress. Instead, it pertains to poor mechanical joint
stability after traumatic injuries [161] and the risk of developing osteoarthritis [67]. The
results of treatment to restore original ligament function are highly variable. It has been
suggested that, apart from ligament tension after repair, restoration of blood supply is
critical for healing [21]. Similar to tendons, the main blood supply to the extra-articular
ligaments, such as medial collateral ligaments, originates from the surrounding tissues.

However, little is known about the regulation of blood flow and mechanisms of repair.

1.2.3 Joint capsules

Pain in joint disorders is commonly attributed to inflammation causing overproduction of
synovial fluid and distension of periarticular tissues. The initiating mechanisms of the
overproduction of synovial fluid are essentially unclear. A wide variety of pro-
inflammatory factors such as cytokines, prostaglandins and growth factors have been

implicated in the pathophysiology of synovitis and pain [141].

The joint capsule is composed of an inner synovial membrane and outer fibrous layer.
The synovium is generally divided into two distinct layers, the intimal lining and the
sublining. The intimal lining is in direct contact with the intra-articular cavity and is
responsible for the production of synovial fluid of which the main component is
hyaluronic acid. The intimal lining is an avascular layer usually one or two cells deep,
built up by synovial cells of type A and B — similar to the synovial layer of the paratenon.
Although the intimal lining is avascular, blood flow has been suggested to be the main
determinant of synovial fluid production [106, 132]. However, the exact regulation of

blood flow and its relationship to synovitis and pain is still unclear.

1.3 INNERVATION

The nerves of periarticular tissues are composed of myelinated, fast transmitting Ao~ and
AB-fibres and unmyelinated, slow transmitting Ay-, A8-, B- and C-fibres. The nerve
endings of Ao~ and AP-fibres are of types I-Ill and mediate mechanoception. The nerve
endings of Ay-, Ad-, and C-fibres are of type IVa, so called nociceptors, mediating deep
tissue pain and hyperalgesia that are characteristic features of musculo-skeletal pain. 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.
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The innervation of tendons originates from neighbouring muscular, cutaneous and
peritendinous nerve trunks. From the myotendinous junction the nerve fibres cross and
enter the endotenon septa. In the paratenon, nerve fibres form rich plexa and send
branches that penetrate the epitenon. Most nerve fibres do not enter the tendon, but
terminate as nerve endings on the surface of the tendon. As for the innervation of
ligaments it seems similar to that of tendons. In the capsule nerve endings can be found in
the intimal lining of the synovium, but the predominant innervation is found in the

subsynovial lining, mainly as dense networks around vessels.

It is now well established that the peripheral nervous system in addition to classical
functions such as nociception and vasoactivity, also participates in the regulation of a
wide variety of efferent actions on cell proliferation, cytokine expression, inflammation,
immune responses and hormone release. The paradoxical “efferent” role of afferent
nociceptive fibres as suggested already in 1901 by Bayliss [13] is now widely recognized.
So far, however, the innervation and neuronal regulation of periarticular tissues have

received little attention. In particular, this applies to the specific mediators.

1.4 NEUROPEPTIDES

Neuropeptides act as chemical messengers in the central as well as peripheral nervous
system. They differ from classical neurotransmitters (monoamines, acetylcholine, amino
acids) in several respects. Peripheral neuropeptides are synthesized in the cell bodies and
transported distally. In contrast classical neurotransmitters are synthesized in the axon
terminals. The synthesis and turnover of classical transmitters are more rapid than those
of neuropeptides. While classical transmitters occur in small as well as large synaptic
vesicles, neuropeptides have been demonstrated in large dense-core vesicles [63]. It has
been shown that neuropeptides from these vesicles are released differently from classical
transmitters depending on the frequency of the action potentials. A low impulse frequency
selectively activates small vesicles releasing classical transmitters, whereas higher
frequencies release neuropeptides from large vesicles [65]. The large vesicles permit more
than one functional neuropeptide to be processed and released together with classical
transmitters [63], which offers a variety of functional interactions. Recent studies of
painful tendinosis by Alfredson et al [5-8], based on microdialysis, notably, reported
increased concentration of the classical transmitter glutamate, which is known to exist
peripherally and to interact with the sensory neuropeptide substance P (SP) in nociception

[28]. It has been shown that SP potentiates the effect of glutamate [28, 91]. The effects of
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neuropeptides and classical transmitters are 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.

The first neuropeptide, SP, was isolated from horse brain tissue in 1931 by von Euler and
Gaddum [150]. In 1978, Tatemoto and Mutt presented a method to characterize peptides,
which has become widely used in the search of other neuropeptides [144]. A vast number
of neuropeptides have been identified in the central and peripheral nervous system. So far,
however, research on the occurrence and functions of neuropeptides in the locomotor

system has been very limited.

Sensory primary afferents contain SP [64] claimed to transmit nociceptive signals [64, 86,
134]. Calcitonin gene-related peptide (CGRP) coexists with and potentiates the effect of
SP [116, 156, 162]. Both SP and CGRP have also been shown to exert pro-inflammatory
effects such as vasodilation and protein extravasation [20, 98, 111]. However, sensory
nerve fibres also contain peptides with anti-nociceptive and anti-inflammatory effects
counteracting the effects of SP and CGRP. Thus, galanin (GAL), somatostatin (SOM) as
well as enkephalins, all of which occurring in primary afferents, have been shown to
inhibit inflammation and nociception, the latter presumably also at the spinal level [27,
36, 56, 142, 164]. A number of studies suggest that GAL exerts its modulatory effect
through inhibition of SP release [52, 164].

Similar to sensory fibres, autonomic fibres in the periphery also contain several
mediators. Neuropeptide Y (NPY) found in sympathetic fibres has been shown to be a
potent vasoconstrictor. It often co-exists with noradrenaline (NA) potentiating the
vasoconstrictive action of NPY [95]. Moreover, it has recently been reported that NPY at
low levels has an angiogenetic effect [51]. In parasympathetic nerve fibres, vasoactive
intestinal polypeptide (VIP) has been shown to be a potent vasodilator [94]. In addition to
the well established vasoactive role of VIP, other important effects have been reported
over the last years. Thus, VIP has been implicated in regulating immune cells and the
expression of cytokines and growth factors. Recently, a study on experimental arthritis
demonstrated an anti-inflammatory effect of VIP [38]. Although, several neuropeptides
have been reported to occur in more than one nerve fibre type they will in this thesis be
referred to according to their original findings, e.g. sensory (SP, CGRP) and autonomic
(NPY, VIP).
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1.4.1 Nociception

Sensory nerve fibres respond to noxious thermal, mechanical and chemical stimuli in the
periphery by SP release from C- and Ad-fibres both centrally and peripherally. Several
studies have demonstrated that SP acts as a transmitter of pain in the spinal cord [119,
133, 134]. In the periphery, release of SP leads to senzitisation of surrounding primary
afferents by enhancing cellular release of prostaglandins, histamines and cytokines [131,
147]. However, recently it was shown that SP also directly stimulates nociceptor endings
[81, 145]. CGRP, often colocalized with SP in unmyelinated C fibres, facilitates the
release of SP and delays SP degradation in the spinal cord, thereby potentiating the
nociceptive effect [83, 130, 162]. It is still unclear whether this potentiating mechanism

also occurs in the periphery.

Also the autonomic nervous system has been implicated in nociception, especially after
peripheral nerve injury [112]. In humans with such lesions, local injection of sympathetic

transmitters increases pain [152], which can be abolished by antagonists.

There also seems to exist a peripheral endogenous anti-nociceptive system. Thus, it was
recently reported that patients who received intra-articular naloxone in conjunction with
arthroscopic knee surgery exhibited significantly more postoperative pain and higher
supplementary analgesic consumption than patients with intravenous naloxone injections
[137]. Notably, morphine has been reported to inhibit SP release from peripheral sensory
nerve endings [22, 165]. The observations suggest that opioid receptors are not confined
to CNS, but also occur in the periphery and that pain can be inhibited at a peripheral level
[57]. Indeed, opioid receptors have been demonstrated on peripheral sensory nerve

terminals of the skin [33, 136, 154].

There are two principal sources of opioid peptides in the periphery. One is the immune
cells, which have been shown to contain and release opioids implicated in mitigating
inflammatory pain [25, 137]. The other source is most likely the peripheral nervous
system. Interestingly, a recent study showed that approximately 17% of peripheral
cutaneous axons contain enkephalins presumed to be of importance in regulating pain and
inflammation [27]. As for the locomotor system, the neuronal occurrence of endogenous

opioids and receptors, has not been explored.
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1.4.2 Tissue injury and repair

It appears that a main function of neuropeptides is to elicit and convey responses to stress
and injury [62]. Neuropeptides have been shown to respond very specifically both in the
central- and peripheral nervous system to peripheral inflammation and nerve injury. A
number of experimental studies on arthritis have demonstrated a local increase in SP and
CGRP [1, 2, 104]. After peripheral nerve lesion SP and CGRP are decreased, whereas
GAL and NPY are increased in the dorsal root ganglia and spinal cord [66]. The decrease
in SP returns to normal level in the spinal cord after 16 weeks [126]. The observations
comply with a number of studies showing that the expression of different neuropeptides
in response to external stress follows a specific temporal pattern [66]. This would seem to
reflect that neuropeptides play a role in nerve repair, possibly also in repair of other

tissues.

So far there is very limited data on the peripheral expression of neuropeptides after injury
of musculo-skeletal tissues. Increased expression of SP and CGRP two weeks post injury
has been observed in fracture- and skin healing [61, 78, 89]. As for ligament healing
Gronblad et al. studied SP and CGRP expression 4 and 14 weeks after rupture and found
an increase at week four and a decrease at week 14 [53]. Altogether, the temporal
expression of neuropeptides indicates that they are not only involved in the acute response

to injury, but also in tissue regeneration.

A neuronal role in tissue healing has been reported by a few investigators over the last
years [19, 54, 117, 129]. Administration of SP or CGRP to the rat was shown to
accelerate wound healing and the combination of both neuropeptides even more. In fact,
healing of wounds treated with SP and CGRP was completed 10 days earlier compared to
controls [76]. Conversely, capsaicin induced sensory neuropeptide depletion leads to
delayed healing of corneal and skin ulcers [48, 79]. Clinically, it is well known that
diabetic neuropathy is associated with increased susceptibility to skin wounds and
impaired tissue healing. Complete denervation of tendons or skin leads to decreased
mechanical strength and collagen content [10, 139]. Interestingly, both SP and CGRP
have been shown to participate in the regulation of fibroblast and synoviocyte
proliferation and angiogenesis [20, 54, 114, 168], also in the synthesis/release of
cytokines and growth factors [23, 108].



Aims

2 AIMS

The present study in the rat was designed to explore the occurrence and distribution of
neuropeptides in periarticular tissues under normal conditions and after injury.
The overall goal was to seek a neuro-anatomical correlate to pain and the process of tissue
repair.

The specific aims were:

e To explore the normal occurrence and distribution of autonomic, sensory and

opioid peptides in tendon, ligament and joint capsule (papers I-1II).

e To investigate the occurrence, distribution and characteristics of opioid receptors

in normal tendon (paper III).

e To study nerve regeneration and ingrowth during healing of tendon rupture (paper
V).

e To analyse the temporal expression of sensory and autonomic neuropeptides

during healing of tendon rupture (paper V).

e To assess nociception in relation to sensory neuropeptide expression during

healing of tendon rupture (paper V).
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3 MATERIALS AND METHODS

3.1 ANIMALS

Young adult male Sprague-Dawley rats (2 months old, 180-200 g) were used in all
experiments. The animals were provided by a local breeder (B&K, Stockholm, Sweden)
and thereafter acclimatized one week at our animal department before starting the studies
to reduce stress reactions. The animal series included 148 rats. The study of normal
conditions (paper I-IIT) included 96 rats (26 for RIA, 10 for [HC, 60 for RBA). The study
on tendon rupture (paper IV, V) included 52 rats, 47 with tendon rupture and 5 with intact

tendon.

The animals were housed five/cage at 21°C in a 12-hour light/dark cycle with water and
pellets ad lib according to the Karolinska Institutet protocol. All experimental procedures
were performed under deep chloral hydrate anesthesia (300 mg/kg, i.p.). At the end of the
experiments the animals were euthanized either by an overdose (60 mg/kg bw) of sodium
pentobarbital (Apoteksbolaget, Sweden) or decapitation under chloral hydrate anesthesia.
The experiments were performed with approval from Stockholm North Animal Ethical

committee.

3.1.1 Tendon Rupture

In 47 rats the right Achilles tendon was ruptured unilaterally at the mid-third of the tendon
(papers IV-V). A 3-cm midline skin incision was made over the Achilles tendon, and the
Achilles and plantaris tendons were dissected from the surrounding fascia. The Achilles
tendon was ruptured, using a blunt instrument to tear the tendon fibres apart (Fig. 2),
while the plantaris tendon was left intact. The tendon was ruptured in the midpart, about
0.75 cm from the calcaneal insertion and the myotendinous junction, respectively. The
skin was closed with 5/0 non-resorbable, Polyamid 6 suture (Ethilon®II, Ethicon,

Sommerville, NJ, U.S.A.). The animals were allowed to move freely postoperatively.

3.1.2 Perfusion

For immunohistochemistry, the anesthetized animals were perfused through the ascending
aorta with phosphate buffered saline (PBS) followed by perfusion with Zamboni’s
fixative consisting of 4% paraformaldehyde in 0.2 mol/l Sérensen phosphate buffer, pH

7.3, containing 0.2% picric acid.
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3.1.3 Dissection and fixation

IHC: From the perfused animals the whole Achilles tendon (paper I-V), medial and
lateral collateral ligaments (paper I-II) and knee capsule (paper I-II) were dissected and
immersed in Zamboni’s fixative for two hours at room temperature. All specimens were
rinsed in PBS and then soaked for at least two days in 20% sucrose in 0.1 mol/l Sérensen
phosphate buffer, pH 7.2, containing sodium azide and bacitracin (Sigma Chemicals, St.
Louis). The tissues were then stored at +4°C before immunohistochemical analysis (see

section 3.2).

RIA and RBA: Directly after each rat was euthanized the Achilles tendon (paper I-III),
medial and lateral collateral ligaments (paper I-II) and knee capsule (paper I-II) were
dissected bilaterally on a cooled plate, 0°C. The sample from the left and right side were
pooled into one. All dissected tissues were weighed and immediately frozen on dry ice
and kept at -70°C until analysis with radioimmunoassay and radioligand binding assay

(see section 3.3 and 3.5).

Figure 2. Tendon rupture
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3.2 IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) was used for in situ detection of the tissue antigens of
interest by using labeled antibodies. The main conditions for [HC include: 1) fixation of
the tissue to preserve the antigen, 2) use of well-characterized antibodies and, 3) staining

and detection with low non-specific labeling.

Fixed tissues (section 3.2.1-3.2.2) were cut on a Leitz cryostat to a section thickness of 15
um. The frozen sections were mounted directly on SuperFrost/Plus glass slides and
immunostained according to the avidin-biotin system. The sections were rinsed for 2x5
min in PBS. Incubation of the sections with 10% normal goat/ horse serum in PBS for 40

minutes blocked the non-specific binding.

Subsequently, sections were incubated with primary antisera (see table 1) over night in a
humid atmosphere at room temperature. After incubation with the primary antisera, the
sections were rinsed in PBS (2x5 min) and then incubated for 40 min at room temperature
with biotinylated polyclonal goat anti-rabbit antibodies or monoclonal horse anti-mouse
antibodies (both 1:250, Vector Laboratories, Burlingame CA, USA). The monoclonal
antibodies were exclusively used to detect growth-associated protein 43 (GAP). Finally,
the sections were incubated for 40 minutes with a streptavidin labeled fluorochrome (see

table 2).

To demonstrate specificity of the staining, the following controls were included: (a) pre-
adsorption of the primary antisera with excess of homologous antigen for 12 hours at
room temperature; and (b) omission of either the primary antiserum, the secondary

antibody or the secondary biotinylated antibody.

A Nikon epifluorescence microscope (Eclipse E800 Yokohama, Japan) was used to
examine the sections. T-Max black and white and EPL 400 color films (Kodak,
Rochester) were used for photography.
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3.2.1 Primary antibodies

Table 1. Characteristics of primary antibodies

Antigen Name Raised in Dilution

CGRP calcitonin gene related peptide rabbit 1:10,000 ’
DOR -opioid receptor ” 1:10,000
DYN B dynorphin B ? 1:10,000 2
GAL galanin ’ 1:5,000
GAP growth associated protein 43 mouse 1:2,000°
KOR K-opioid receptor rabbit 1:10,000
LE leu-enkephalin ? 1:20,000 ’
ME met-enkephalin ” 1:20,000’
MEAGLE met-enkephalin-arg-gly-lys i 1:20,000 '
MEAP met-enkephalin-arg-phe i 1:20,000’
MOR u-opioid receptor ” 1:10,000 ’
N/OFQ nociceptin/orphanin FQ ? 1:10,000 2
NKA neurokinin A ” 1:5,000 "
NPY neuropeptide Y ? 1:5,000 "
PGP 9.5 protein gene product 9.5 ? 1:10,000 *
SOM somatostatin ’ 1:5,000 "
SP substance P ” 1:10,000 '
THS® tyrosine hydroxylase g 1:5,000 °
VIP vasoactive intestinal polypeptide ? 1:5,000

3.2.2 Fluorochromes

Table 2. Characteristics of fluorochromes

Flourochrome Nature Raised in Dilution

FITC Green color Rabbit 1:500 *
Cy2m™ Green color “ 1:2000 ®
Cy3™ Red color “ 1:5000 8

Peninsula Laboratories, Europe, Ltd, St. Helens, UK

A kind gift from L. Nylander, Department of Phar tical Biosci Uppsala, Swed
Boehringer Mannheim Biochemicals

Ultraclone, Cambridge, Ltd, UK

A rate limiting enzyme in the synthesis of noradrenaline

Chemicon International INC. Temecula, CA, USA

Vector Lab ies Inc., Burli CA, USA

Amersham Pharmacia Biotech, UK limited

® 9 L B W =
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3.2.3 Double labeling

For double staining, after completing the staining steps for the first neurotransmitter, the
sections were incubated with avidin blocking solution followed by biotin blocking
solution (15 minutes each). The staining for the second antibody was repeated as
described for the first antibody, but with a different flourochrome. Thus, if the first
antibody was visualized with a green flourochrome then a red fluorochrome was chosen

for the second antibody.

In order to demonstrate the specificity of the double labeling a simultaneous single
staining of each of the corresponding antibodies on consecutive tissue sections was

always performed.

3.2.4 Morphology

The morphological analysis focused on nerve fibres presumed to be the predominant
source of neuropeptides. It entailed comparison of the different tissues, i.e. tendon,
ligament and capsule, with regard to the amount and distribution of specific neuropeptide
immunoreactivities. Particular emphasis was put on the distinction between vascular and

non-vascular fibres.

3.2.5 Semi-quantification

A quantitative approach was applied to assess neuropeptide immunoreactivities over time
in sections of ruptured Achilles tendon (paper IV-V). The investigation included 7 groups,
5 rats in each, which were analysed at 7 time-points after tendon rupture. The study

included the following 5 steps:

1) The Achilles tendons were longitudinally sectioned and the sections were numbered
consecutively from the dorsal to the ventral aspect. 2) Three sections from the three levels
of the tendon, ventral, middle and dorsal part, were chosen to represent the full thickness
of the tendon. Staining was done simultaneously for all sections to be compared. 3) For
image analysis, the first step was to save computer images from the microscopical fields
(10x objective). A videocamera system (Nikon digital camera DXM 1200) was attached
to the Nikon epifluorescence microscope (Eclipse E800 Yokohama, Japan) connected to a
PC-computer to produce images using the software Easy Analysis (Bergstrom Instrument,
Solna, Sweden) (Fig. 3). From each section, one image displaying the strongest
immunofluorescence in the rupture site as assessed subjectively was selected. 4) The

second step of the image analysis entailed quantification of all positively stained nerve
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fibres, beyond a defined threshold (see below) of fluorescence intensity in each computer
image. The images were analysed using a software (Easy Analysis), that denotes and
considers all positively stained nerve fibres beyond a defined threshold of fluorescence
intensity. The results were expressed as the fractional area occupied by positive fibres in
relation to the total area. The fluorescent/total area was determined in three images in five
rats at each time point, 15 images at each time point. In the image analysis, the mean
coefficient of variation for two observers was 9,8 % and the mean coefficient of variation

for one observer was 9,6%. 5) For statistical analysis the mean fluorescent/total area was

calculated for each of the five rats at each time point.

Figure 3. Image analysis
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3.3 RADIOIMMUNOASSAY

Radioimmunoassay (RIA) was used for quantifying the concentrations of neuropeptides
in tissue extracts. In RIA, the antibody binds to one or more sites, called epitopes,
commonly consisting of 3-6 amino acids. Therefore, specificity testing of the antiserum

against other peptides to assess possible cross-reactivity is important.

3.3.1 Extraction

Fresh frozen tissues (see section 3.1.3) were boiled in 2 mol/L acetic acid, homogenized
in a Polytron (15 sec), sonicated (30 sec) and centrifuged at 3000 x g for 15 min. The
supernatants were lyophilized, diluted in 2 ml phosphate buffer, pH 7.4, and kept at -20°C
until analysis. The neuropeptide concentrations were expressed as pmol/g wet weight

tissue.

3.3.2 Assay

Neuropeptides were analysed with competitive RIA using antibodies to neuropeptide-
albumin conjugates. First, neuropeptides in standards and samples were incubated for 48
hours with the antibody. This was followed by 24 hours incubation with *’I-labeled
neuropeptide, which competed with the samples in binding to the antibodies. '*I-labeled
neuropeptides bind in reverse proportions to the neuropeptide concentration in standards
and samples. Subsequently, the bound and unbound fractions of the radioligand are
separated using the double antibody precipitation technique. The radioactivity of the

precipitates was measured in a gamma counter (1470 Wizard™, Wallac, Sweden).
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3.3.3 Antibodies
Table 3. Characteristics of antibodies.

Antigen Antiserum Specificity  Sensitivity Raised in Precision
SP[11] sP2’ > 99,99 % 3 pmol/L Rabbit 7 and 11%
CGRP [37] CGRPS8? > 99,99 % 9 pmol/ L ? 8 and 14%
GAL[29] RatGala4?® > 99,90% 5 pmol/ L ? 6 and 8%
NPY [36] N18405* > 9990% 31 pmol/L ? 7 and 12%
VIP [28] RB311° > 99,99% 3 pmol/L ? 6 and 7%
MEAP [7]  90:3D[ll] > 99,90% 80 pmol/ L 7 N/D
DYNB[13] 113B’ > 99,99% 40 pmol/ L 7 N/D
N/OFQ[17] 96:2+8 > 99,90% N/D° ’ N/D

The antigen is specified according to the number of amino acids within brackets and the antiserum code is
given by the manufacturer. Specificity considers cross-reactivity to other peptides and is denoted as 1-
cross-reactivity. Sensitivity is defined by the detection limit of each neuropeptide. Precision reflects the
intra- and interassay coefficients of variation. For further details see references.

Figure 4. High performance liquid chromatography.

! Brodin and Lindefors

? Larsson et al. 1991

* Theodorsson and Rugarn, 2000

* Theodorsson-Norheim and Hemsen, 1985

® The antibody is directed to the C-terminal part of the neuropeptide. Euro-Diagnostica AB, Sweden
¢ Folkesson et al. 1988

7 Christensson-Nylander et al. 1985

8 Ploj et al. 2000

° The value was not determined.
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3.4 CHROMATOGRAPHY
Chromatography was used for separation of molecules according to differences in specific
properties, i.e. size, charge, hydrophilicity and affinity to specific particles. The method

can be used either for purification before RIA or for confirmation of extract content.

In papers I-II, reverse-phase high performance liquid chromatography (HPLC) was
applied to pooled tissue extracts of tendons, ligaments and knee joint capsules,
respectively (Fig. 4). A GENESIS C18 3004, 4y, 150 mm column was used and elution
was performed with a 25 min linear gradient of acetonitrile in water containing 0.1%
trifluoroacetic acid. A GILSON UNIPOINT system software controlled two GILSON
306 HPLC pumps. A gradient of 10-60% acetonitrile was used for SP, CGRP and GAL
and 100 pl of each sample was injected into the column. For VIP and NPY a gradient of
20-70% acetonitrile was used and 200 ul of each sample was injected into the column.
Fractions of 1.0 ml were collected at an elution rate of 1.0 ml/min. Each fraction was
lyophilized and reconstituted in 100 ul of distilled water before performing RIA. The

fractions were assayed for immunoreactivity in the same tubes used for their collection.

Reverse-phase HPLC analysis of tendon, ligament and capsule extracts showed distinct
immunoreactive components reflecting the presence of sensory (SP, CGRP and GAL) and
autonomic (NPY and VIP) peptides, respectively (Fig.5A-E). The first peak in the
analysis of VIP represented VIP-fragments. The main peak of each neuropeptide eluted in
the position of the corresponding synthetic peptide, which seems to corroborate that the
extraction procedure applied does not affect the biochemical integrity of the
neuropeptides. Hence, the quantitative results can be assumed to represent the actual

peptides.

In paper 11, the tissue extracts were subjected to a purification step using an ion exchange
procedure prior to RIA. The method is routinely used to analyse opioid peptides in
various tissue extracts and is described in detail elsewhere [31, 120]. The tissue extract
was poured onto a small cation exchange column containing SP Sephadex C-25 gel
(Pharmacia Diagnostics, Uppsala, Sweden). The peptides were eluted in separate fractions
by stepwise elution using a series of buffers containing mixtures of pyridine and formic
acid of increasing ionic strength. MEAP elutes in buffer 3 (0.35 M pyridine:0.35 M
formic acid) and N/OFQ and DYN B elute in buffer 5 (1.6 M pyridine:1.6 M formic

18



Materials and Methods

acid). The fractions were dried in a vacuum centrifuge and stored at -20°C until peptide

analysis [120].

Figure 5. Reverse-phase HPLC of SP-LI (A), CGRP-LI (B), GAL-LI (C) NPY-LI (D) and VIP-LI (E) in tissue-
extracts. Arrows denote the elution volume of synthetic peptide. The dotted line represents the elution curve of

acetonitrile.
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3.5 RADIOLIGAND BINDING ASSAY
Radioligand binding assay was used to study the binding characteristics of opioid

receptors in tissue homogenates using a labeled ligand.

Fresh frozen Achilles tendons (see section 3.1.3) were homogenized in 5 vol/wt of ice-
cold 50 mM Tris-HCI buffer, pH 7.4 (Polytron, 2 x 30 seconds) and sonicated (15
seconds). After centrifugation at 40,000 x g for 20 minutes at 4°C, the pellets were
resuspended in 30 vol/wt fresh Tris-HCI buffer and incubated at 37°C for 30 minutes in
order to facilitate degradation and dissociation of endogenous opioid peptides. The
centrifugation step was repeated, the final pellet was resuspended in 5 vol/wt of ice cold

50 mM Tris-HCI buffer containing 0.32 M sucrose, pH 7.4 and kept at —70°C until use.

Aliquots of membrane homogenates (0.6-0.7 mg/ml protein) were incubated with
[PH]naloxone (54.6 Ci/mmol, New England Nuclear, Boston, MA) for 30 minutes at 25°C
in a final volume of 250 pl. Reactions were terminated by rapid filtration through
Whatman GF/B glass fibre filters pretreated with 0.1% polyethyleneimine (PEI) using a
Brandel Cell Harvester, followed by three washings with 5 ml of ice-cold Tris-HCI buffer
pH 7.4. The bound radioactivity was measured in 4 ml of Ultima Gold scintillation
cocktail (Packard) using a Packard 1900 CA liquid scintillation counter. All experiments
were carried out in duplicate. Non-specific binding was measured in the presence of 10
uM unlabeled naloxone. The protein concentration was determined by the method of
Lowry [93]. Scatchard analysis was performed by first-order non-linear regression
analysis of the data from saturation isotherms. The binding parameters dissociation
constant (Kg), receptor density (Bmax) and Hill coefficient (ng) were calculated from these

plots [135]. The values represent the mean * s.e.m. of 3-4 independent experiments.

The binding of [*H]naloxone to homogenates from Achilles tendon was specific, saturable
and stereo selective. The Hill coefficient (ng) was close to unity, 0.89 £+ 0.09, indicating
the non-cooperative nature of the binding process and also that [*H]Jnaloxone could

interact with multiple classes with equal affinity (Fig. 6).
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Figure 6. Saturation binding of [*H]naloxone to homogenates from rat Achilles tendon. Representative saturation
curve and Scatchard plot (inset) (A). Hill plot (B). B/F: bound [*H]naloxone (finol/mg protein) per free ligand
(nM).

3.6 NOCICEPTIVE TESTS
Nociception during healing of Achilles tendon rupture was tested according to the
behavioural reactions to noxious stimuli [71, 82]. This included both thermal and

mechanical sensitivity (paper V).

3.6.1 Thermal sensitivity

The response to heat stimulation was assessed by placing the ventral surface of the right
(injured side) and left (contralateral) hindpaw on the hot-plate, which maintained a
temperature of 52°C [153, 166, 167]. The time (in seconds) to hindpaw withdrawal was
measured and referred to as hindpaw withdrawal latency (HWL).
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3.6.2 Mechanical sensitivity

The Randall Selitto Test (Ugo Basile, Type 7200, Italy) was used to assess the HWL to
mechanical stimulation. A wedge-shaped pusher at a loading rate of 30 g/ s was applied to
the dorsal surface of the hindpaw. The latency required to initiate the withdrawal response

was assessed and expressed in seconds.

All rats were accustomed to the test procedures for 5 days to minimize stress at the actual

experiments. An upper limit of 15 seconds of stimulus was set to avoid tissue damage.

3.7 STATISTICS

All variables were summarized using standard descriptive statistics (mean, median,
standard deviation or standard error). Parametric methods were preferred provided that
the values were approximately normally distributed. Thus, lateral differences in thermal
and mechanical hyperalgesia were analysed using Student’s t-test for paired
observations. Relationships between ruptured and contralateral sides were expressed as
Pearson’s product-moment correlation coefficients. Differences in time courses for the
hyperalgesia variables were determined by analysis of variance (ANOVA) for repeated
measurements [159]. The distributions of the neuropeptides, however, were positively
skewed (the subjects were clustered in the lower end), which made a non-parametric
approach warranted. Thus, Mann-Whitney’s U test was used to analyse differences
between weeks and Kendall’s rank correlation coefficient was used to express the
relationship between CGRP and SP. All statistical tests were two-tailed and a
significance level of 0.05 was applied. It should be noted that the degrees of freedom in
all analyses were low with a high risk of Type [-errors, therefore accepting a false null

hypothesis (no difference and/or no correlation).
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4 NEUROPEPTIDES IN PERIARTICULAR TISSUE

To explore the occurrence of neuropeptides in tendons, ligaments and joint capsules both
a quantitative and morphological approach was applied. RIA was employed to screen for
and quantify three main classes of neuropeptides: autonomic, sensory and opioid.
Immunohistochemistry was used to establish the neuronal occurrence and the distribution

among different tissues of 14 neuronal mediators representing the three classes.

41 OCCURRENCE AND LEVELS
The RIA study focused on 2 autonomic (NPY, VIP), 3 sensory (SP, CGRP, GAL) and 3
opioid (MEAP, N/OFQ and DYN B) peptides in Achilles tendon, knee collateral

ligaments and joint capsule.

4.1.1 Autonomic peptides

The RIA analysis included one sympathetic (NPY) and one parasympathetic (VIP)
neuropeptide known to have opposite effects in the regulation of vasoactivity [94, 95].
Measurable concentrations (0.11-5.63 pmol/g) of the two neuropeptides were obtained in
all tissues analysed. The analysis showed that NPY consistently exhibited higher
concentrations than VIP in the different tissues (Fig. 7A). The concentration of NPY
compared to VIP was 15-times higher in ligaments and twice as high in tendons and in
capsules. This is in agreement with a previous study on ankle joints by Ahmed et al. [3].
The observation would seem to reflect that the sympathetic tonus is higher than the
parasympathetic tonus in periarticular tissue. Such a difference between tissues may be
assumed to be of importance for blood-flow, and hypothetically for healing capacity,
possibly also for susceptibility to degeneration and injury. Notably, ligaments are more

prone to rupture than tendons [161].

Most vascular nerve fibres contain multiple transmitters. Neuropeptides in contrast to
other transmitters mediate more sustained changes in vascular resistance, possibly by
prolonging the effect of other transmitters. Thus, NPY has been shown to potentiate the
vasoconstrictive effect of NA [95]. The latter was recently reported to reduce blood flow
by more than 75 % in joint capsule and collateral ligament after topical administration
[101]. The high level of NPY now demonstrated in ligaments may be assumed to
contribute to the strong vasoconstrictive effect of NA reported by McDougall et al. [101].
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Considering the low level of VIP, it would seem that the vasoconstrictive capability is

greater than the vasodilatory in periarticular tissue.

The tissue specific levels of vasoconstrictive and vasodilatory neuropeptides observed
presumably represent a homeostatic state, which may be altered in response to external
stress [62]. It has been suggested that impaired blood flow and hypoxic degeneration
could be contributing factors in the genesis of atraumatic tendon ruptures [72]. Increased
release of NPY and NA during stress and overtraining has been reported [87].
Conceivably, a combination of poor vascularisation, increased vasoconstriction and

repetitive mechanical load may lead to ischemia, necrosis and rupture.

4.1.2 Sensory peptides

Among the sensory peptides screened for by RIA, SP and CGRP have nociceptive and
pro-inflammatory effects, whereas GAL is known to modulate these effects. The
investigation disclosed that CGRP and GAL were present in all tissues analysed, whereas
SP could not be demonstrated in ligaments (Fig. 7B). The highest concentrations of SP
and CGRP were found in tendons, whereas GAL essentially exhibited the same levels in
the different tissues. Thus, the most conspicuous difference between the counteracting
sensory neuropeptides was observed in the Achilles tendon. The relative concentrations
observed may reflect a physiological balance between sensory mediators and modulators.
In painful and inflammatory conditions, it may prove that there is an altered balance
between these neuropeptides resulting in enhanced or perpetuated nociceptive and
inflammatory responses. Several studies have demonstrated increased levels of sensory
peptides in rats with experimentally induced arthritis [1, 2] and patients with rheumatoid
arthritis [104] and also that SP and CGRP enhance protein extravasation [52]. The higher
concentrations of SP and CGRP in tendons compared to ligaments could reflect a greater

susceptibility to pain and inflammation.
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Figure 7A-B RIA tissue concentrations (pmol/g) of autonomic (NPY and VIP) (A) and sensory (SP, CGRP and
GAL) (B) neuropeptides in the Achilles tendon, collateral ligaments and joint capsule of rat knee (mean * s.e.m.).
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4.1.3 Opioid peptides

The RIA analysis of opioids comprised two opioid peptides (MEAP, DYN B) and one
opioid like peptide, N/OFQ, which are generated from three different precursors;
proenkephalin, prodynorphin and pronociceptin, respectively. Among these opioid
peptides MEAP and DYN B belong to classical opioid peptide families, whereas N/OFQ
has only lately been discovered and characterized. [37, 105, 123]. Both opioids and the

opioid like peptide have been shown to have anti-nociceptive effects [26, 107].

The analysis disclosed that both MEAP and N/OFQ occurred in all tissues analysed, but
not DYN B. However, the levels were low (Table 4). A significant proportion of samples
with measurable concentrations of MEAP and N/OFQ were obtained from all tissues. As
for N/OFQ, however, only ligamentous tissue displayed a median concentration (0,44
pmol/g) above the detection limit. The most conspicuous finding pertained to the higher
concentrations of both MEAP and N/OFQ in ligaments as compared to tendons and

capsules.

This is the first observation on the occurrence of opioids including nociceptin in
periarticular tissues. The results comply with a recent report demonstrating by RIA the
occurrence of met-enkephalin in bone and joints by Elhassan et al. [44]using the method
of Ahmed et al. (1994, 1995) for extraction and quantification of neuropeptides [1, 3, 4].
In the present investigation of periarticular tissues, only part of the samples provided
measurable levels. There are two plausible reasons for this inconsistency. Apart from a
low content of opioids per se, periartiular tissues have a high content of collagen
sometimes causing difficulties in purifying the samples resulting in loss of peptides. This
problem also pertained to the analysis of autonomic and sensory peptides, although it was
less pronounced. Despite a somewhat high standard deviation, the results clearly
demonstrate the existence of opioid peptides (enkephalin and nociceptin) in the

periarticular tissues.
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Table 4. Concentrations (pmol/g) of MEAP and N/OFQ in the Achilles tendon, collateral ligaments* and joint

capsule* of rat knee.
MEAP N/OFQ
Tendon Ligament  Capsule Tendon Ligament Capsule
1 (4.16)" <<? 0.10 << 0.87 <<
2 0.27 0.78 0.04 << 0.34 <<
3 0.09 0.74 0.08 0.14 0.98 0.06
4 N/D® << 0.06 << 0.59 0.06
5 << << 0.06 << 0.49 <<
6 0.10 1.05 0.07 0.06 0.63 <<
7 << 0.68 0.07 << 0.34 0.08
8 << 0.37 0.05 << << <<
9 0.19 0.78 0.15 0.19 0.6 0.14
10 0.06 0.51 0.10 << << <<
11 << 0.42 0.04 << 0.39 <<
12 0.08 0.48 0.10 0.12 0.39 0.08
Median 0.07 0.50 0.07 << 0.44 <<
Percentage of
specimens with 60% 75% 100% 33% 83% 42%
detectable
levels
95% confidence 23—97%  46—104% 2—65%  59—108%  9—74%

interval

! Out of range value not included in the calculations of descriptive statistics

% No detectable concentration

3 Concentration not determined.

4 Unpublished data

27



Neuropeptides in periarticular tissue

The physiological role of enkephalins can be assumed to be anti-nociceptive [27, 96],
anti-inflammatory [60, 85], vasodilatory [45, 109], immunosuppressive [24] and trophic
[158, 169]. Notably, it has been shown that the release of SP from afferents in the cat
knee joint on sciatic nerve stimuli is inhibited by intra-articular enkephalin-analogue

injections [165].

As for nociceptin, the occurrence in peripheral tissues has not previously been
demonstrated to our knowledge. The physiological role of nociceptin is largely unknown.
In the spinal cord, low levels have been suggested to be anti-nociceptive and high levels
nociceptive [26]. Recently, nociceptin was reported to reduce mechanosensitivity in the
rat knee joint through inhibition of SP release [102, 103] possibly via receptor activation
in the periphery.

Altogether, the present investigation shows that opioids are present in periarticular tissue.
The lower concentrations of MEAP and N/OFQ in tendons and capsules compared to
ligaments could reflect a greater susceptibility to pain and inflammation, in particular
when considering also the high levels of SP found in tendons and capsules. Notably, pain
syndromes of tendons are much more common than those of ligaments. The combined
quantitative data obtained suggest that there is a balance between nociceptive and anti-
nociceptive peptides under normal conditions, which may prove to be altered under

pathological conditions.

4.2 TISSUE DISTRIBUTION

Further exploration of the tissues was performed by immunohistochemistry to assess the
neuronal occurrence of the neuropeptides detected by RIA and also to extend the
investigation to other neuropeptides representing the three main subgroups. Thus, the
investigation included three autonomic (NA, NPY, VIP), five sensory (SP, CGRP, NKA,
GAL, SOM) and six opioid (LE, ME, MEAP, MEAGL, DYN B, N/OFQ) mediators. The
autonomic and sensory peptides were analysed in all periarticular tissues, whereas the
opioid peptides only in the Achilles tendon. As for the latter tissue, also the occurrence of

different opioid receptors (DOR, KOR, MOR), was investigated.
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4.2.1 Autonomic peptides

Nerve fibres immunoreactive to both sympathetic (NPY, NA) and para-sympathetic (VIP)
mediators were identified in the different tissues (Fig. 8). The autonomic fibres were
mostly observed in the loose connective tissue around the proper tendon and ligament
tissues and beneath the intimal lining layer of the synovium (see Appendix for details). In
the Achilles tendon, the fibre density was higher in the proximal musculo-tendinous
junction than in the distal bone insertion; no such difference in distribution could be seen
in ligaments and knee capsules. Over all, the autonomic fibres were predominantly seen
as networks around blood vessels. Among the three neuronal mediators, NPY was the

most abundant and VIP the least.

As for the sympathetic fibres, NPY and NA immunoreactivities were almost exclusively
observed as networks of varicose nerve terminals in the blood vessel walls (Fig. 8). The
vascular NPY-positive fibres were abundant in the paratenon, epiligament and the
sublining layer of the synovium as well as in the loose connective tissue outside these
structures. Only a few weakly stained NPY fibres were found to extend from the
surrounding tissues into the proper structures (tendon/ligament, synovial lining layer).
NA-positive fibres were confined to the surrounding loose connective tissues mostly in
large blood vessel walls, as also demonstrated in a study of human forearm muscle
insertions [92]. Over all, the observations seem to reflect that the regulation of blood flow
to tendons, ligaments and synovia predominantly occur in the adjacent loose connective

tissue.

The parasympathetic VIP-immunoreactive fibres, albeit scarce, were mostly observed as
long thin varicose nerve terminals forming a “fence” in the paratenon, epiligament and
along the lining layer of the synovium (Fig. 8). The fibres appeared to be evenly
distributed between vascular and non-vascular structures. As opposed to NA/NPY mostly
occurring in larger vessels, VIP was predominantly found around smaller vessels, which
is in line with other reports [92, 149]. This observation may reflect that NA and NPY
(vasoconstrictive) predominantly regulate the main blood flow to the tissues, whereas VIP
(vasodilatory) is responsible for the fine-tuning of blood flow at a microlevel. The
vascular and non-vascular distribution of VIP would seem to comply with an anti-
ischemic and an anti-inflammatory effect in the periphery as reported earlier [38, 50].
Notably, previous studies have suggested a strong anti-inflammatory role of VIP [41, 127]
through inhibition of T cell proliferation and migration [118].
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Double-staining experiments disclosed co-existence of NPY and NA, mostly in vascular
fibres, whereas co-existence of NPY and VIP was seen in both vascular and non-vascular
fibres. Occasionally some VIP-
immunoreactivity could be seen co-
localized with NA in nerve fibres of
small blood vessels. The observed
co-existence of the autonomic
mediators ~ presumably reflects
synergistic and/or inhibitory

vasoactive effects in the tissues

analysed. NPY has been shown to

potentiate the vasoconstrictive actions of NA [95]. NA and NPY being co-localized
almost exclusively in fibres around blood vessels supports the latter notion. Conversely,
the co-existence of VIP with NA or NPY would seem to represent a modulatory

mechanism [90].

Figure 8. Immunofluorescence micrographs
of two longitudinal sections through the
Achilles tendon after incubation with antisera
to VIP and NPY. VIP-positive nerves are
arranged as a “fence”, surrounding the proper
tendon, of small varicosities in the paratenon.
The NPY-positive fibres are arranged as
nerve terminals in the vessel walls. t =

tendon tissue. Bar = 50 pm.
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4.2.2 Sensory peptides

Nerve fibres immunoreactive to SP, CGRP, NKA, GAL and SOM were consistently
identified in the Achilles tendon, knee ligaments and capsule. The nerve fibre density and
distribution in the different tissues were quite similar (see Appendix for details). Thus, the
highest fibre density was observed in the surrounding tissues, i.e. the paratenon,
epiligament and beneath the intimal lining layer of the synovium. The ratio of
vascular:non-vascular fibres, was higher in the surrounding loose connective tissue and
sublining layer than in the paratenon/ epiligament/ intimal lining layer, which exhibited a
large number of non-vascular free nerve endings (Fig. 9). Overall, there was no
significant difference in the tissue distribution between the specific neuropeptides.
However, the occurrence of CGRP-positive fibres was clearly higher than that of the other
sensory neuropeptides. The inconsistency between the observations of SP by IHC and
RIA, should be attributed to methodological problems of RIA as discussed previously
(section 4.1.3).

The most conspicuous findings pertained to the abundance of sensory fibres in the
surrounding tissues of the structures analysed, whereas the proper structures themselves,
notably, were almost devoid of nerve fibres (Fig. 9-10). This would seem to reflect that
the neuronal regulation of tendons, ligaments and joint capsules highly depends on the
innervation of the surrounding tissues. Thus, the abundance of immunopositive vascular
fibres in the surrounding loose connective tissues may be assumed to reflect an important
role in the regulation of blood flow to the proper structures. Both SP and CGRP, in
particular the latter, have been reported to be potent vasodilators. [20]. In addition, they
have also been demonstrated to have pro-inflammatory effects, e.g. by enhancing protein
extravasation and leukocyte chemotaxis [20, 98, 111]. The occurrence of sensory free
nerve endings unrelated to vessels predominantly seen in the paratenon, epiligament and

intimal synovial lining suggests a nociceptive role.

The present investigation confirmed the well-known co-existence of SP and CGRP.
However, each of these was also found to be co-localized with GAL and SOM. This has
previously been demonstrated in dorsal root ganglia [65] and in colon [43], but not in
peripheral tissues of the locomotor apparatus. The observations of multiple co-existence
strengthen the notion of functional interactions between sensory neuropeptides in the

periphery [65]. Thus, CGRP has been reported to enhance the nociceptive effect of SP,
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whereas GAL and SOM are claimed to modulate nociception and pro-inflammation [27,

36, 56, 142, 164].

Figure 9. Overview micrographs of longitudinal sections through the Achilles tendon built up by putting together
computerized images of smaller micrographs. Immunostained for SP. Arrows denote varicosities and nerve
terminals. The immunoreactivity is seen in the paratenon and surrounding loose connective tissue, whereas the
proper tensinous tissue, notably, is almost devoid of nerve fibres t = tendon tissue; pt = paratenon; v = blood

vessel. Bar =250 pm.
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Figure 10. Schematic drawing of the innervation of a normal Achilles tendon. Symbols denote the relative amount of
different peptides at three locations; paratenon, vascular and non-vascular nerve endings in the loose connective tissue.

A = sensory, B = autonomic and @ = opioid peptides.
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4.2.3 Opioid peptides and receptors

4.2.3.1 Opioid peptides

The analysis showed that all enkephalins tested, LE, ME, MEAP and MEAGL, were
present in peripheral nerve fibres of the Achilles tendon, whereas neither N/OFQ nor
DYN B could be identified. The failure of detecting N/OFQ in immune cells and nerve
fibres by THC, but the fact that measurable concentrations were obtained by RIA should
be attributed to the latter being a more sensitive assay. DYN B, however, was not
identified by IHC or RIA. Its non-existence or presence in low amounts in tendon tissue
under normal physiologic conditions remains to be established. Notably, it has been
shown that peripheral sensory nerves immunostain for dynorphin in inflammation, but not
under normal conditions [55]. LE appeared to be the most abundant opioid compared to
ME, MEAP and MEAGLE in decreasing order, which may be explained by LE being the
only enkephalin processed from both proenkephalin and prodynorphin [42, 88, 170].

Although, the enkephalins differed in amount, their tissue distribution displayed a similar
pattern. Thus, all four enkephalins predominantly occurred in the loose connective tissue,
the paratenon and musculo-tendinous junction, whereas no enkephalins were found in the
proper tendon tissue. Hypothetically, this difference in anatomical distribution might
suggest that regulation of painful disorders of the Achilles tendon mainly occurs in the
surrounding tissues, which during normal condition also harbour the sensory and
autonomic neuropeptides. In pathological conditions, however, it may prove that the
anatomical distribution and amount of sensory and opioid peptides are altered so as to

involve also the proper tendon.

In the loose connective tissue surrounding the tendon, the enkephalin positive fibres
appeared as small varicosities around the walls of both large and small blood vessels,
which may reflect involvement in both vasodilatory actions [109] and anti-inflammatory
responses [60, 85]. In the paratenon (Fig. 11) and the musculo-tendinous junction the
enkephalins mostly occurred as varicosities in free nerve terminals without any
relationship to blood vessels suggesting a paracrine or an autocrine function in the
regulation of nociception [27, 96]. Such a regulation is probably executed in interaction
with the sensory nervous system. Thus, it has been shown that the release of SP from
afferents in the cat knee joint is inhibited by intra-articular enkephalin-analogue injections
[165]. Whether there is an inherent balance between opioid and sensory neuropeptides

under normal conditions is unknown.
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Figure 11. Immunofluorescence micrograph of a longitudinal section through the Achilles tendon showing double
staining with LE- and DOR-antibodies. Arrows denote varicosities. The immunoreactivity displaying co-

existence of LE and DOR is seen as free nerve endings in the paratenon. The LE-antibody is visualized with

CY2™ (green) and the DOR-antibody with C'Y3™ (red). t = tendon tissue; pt = paratenon; lct = loose connective
tissue. Bar = 50 pm.

4.2.3.2 Opioid receptors

The existence of an opioid system in connective tissues as demonstrated by neuronal
immunoreactivity to enkephalins is supported by our opioid receptor analyses based on
binding assays and immunohistochemistry. Of the three opioid receptors studied (DOR,
KOR, MOR), only DOR could be detected by immunohistochemistry. Double staining
disclosed co-existence of each of the enkephalins with DOR in the nerve fibres, which
complies with other studies suggesting that enkephalins are the main ligands for DOR
[40]. Thus, co-localization of enkephalins and DOR in paratenon (Fig. 11), loose
connective tissue and the musculo-tendinous junction was seen in small peripheral nerve
terminals, suggesting C-fibre origin. This is in agreement with other reports
demonstrating that both enkephalin [27] and DOR [33, 154] are localized in unmyelinated
afferent sensory axons in the skin. The major part of the enkephalins and DOR identified
in the nerve fibres were found to be co-localized. The presence of peripheral opioid
receptors was corroborated by the receptor binding analysis showing that tendon tissue
could bind naloxone in a specific and saturable way (Fig 4). DOR activity has been shown
to have a potent inhibitory effect on SP-release [58, 165]. There are several reports
demonstrating that treatment with delta opioid agonists in the periphery elicit both anti-
inflammatory and anti-nociceptive effects in models of inflammation [115, 143, 171]. The
anti-nociceptive effects have been shown to be mediated through DOR localized on

unmyelinated afferent sensory axons [171]. Presumably, the co-existence of enkephalins
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and DOR in vascular nerve fibres reflects inhibition of neurogenic pro-inflammatory
actions, whereas the co-existence in free nerve endings reflects inhibition of nociception.

Endogenous opioids, implicated in mitigating inflammatory pain, have been reported to
be released by immune cells [57, 96]. However, data on the neuronal occurrence in the
periphery are sparse. The present findings suggesting a neuronal source of opioids in the
periphery would seem to reflect an anti-nociceptive system in connective tissues, which

may be exploited in the therapeutical setting by drugs acting selectively in the periphery.
y p p g by arug: g y periphery

Altogether, there seems to exist a complex neuropeptidergic network in periarticular
tissues, where each structure exhibits a specific expression of neuropeptides and a specific
ratio of potentiating and inhibitory mediators. The observations may be assumed to reflect
unique tissue requirements under normal conditions including the susceptibility to stress.
The data obtained on normal tendons, ligaments and joint capsules may be used as a
neuroanatomical basis for studies of pathological conditions of the musculo-skeletal

system.
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5 HEALING OF RUPTURED TENDON

Having established the normal occurrence of neuropeptides in periarticular tissues, further
analysis aimed at studying the expression of neuropeptides during healing of tendinous
tissue. Besides cytokines and growth factors, neuronal mediators in the periphery have

been suggested to participate in tissue repair [19, 54, 117, 129].

51 NEURONAL PLASTICITY

Nerve regeneration during healing of Achilles tendon rupture in the rat was studied by
immunohistochemistry including a semi-quantitative assessment focusing on the rupture
site of the proper tendinous tissue. Neuronal markers for regenerating and mature fibres,
i.e. growth associated protein 43 (GAP) and protein gene product 9.5 (PGP), respectively,
were analysed at different time points (1-16 weeks) post-rupture. The morphologic
distribution and expression of the neuronal markers over time were analysed in relation to
the three different phases of tissue healing, the inflammatory, the

regenerative/proliferative and the remodeling phase.

5.1.1 New nerve fibre ingrowth

In the first week post rupture, corresponding to the transition from the inflammatory to the
regenerative phase, there was increased neuronal immunoreactivity to PGP and GAP both
in original nerve fibres of the surrounding loose connective tissue and, notably, in new
nerve fibres in the proper tendon tissue of the rupture site (Table 5). In general, PGP
positive fibres were predominantly observed in the surrounding loose connective tissue,
whereas GAP fibres mainly occurred in the rupture site of the proper tendon. While GAP
appeared mostly unrelated to vessels, PGP was predominantly seen around vessels. The
vascular distribution of PGP in the loose connective tissue may be assumed to reflect the
vasoregulatory role of the peripheral nervous system, but possibly also a proinflammatory
role. In the proper tendinous tissue, normally GAP-negative, there was a clear GAP-
immunoreactivity suggesting new nerve fibre ingrowth (Table 5), which is consistent with
reports on GAP levels in dorsal root ganglia after peripheral nerve injury [17, 30, 146].
GAP has been suggested to be involved in nerve regeneration by regulating growth cone
motility and axon guidance signals [46, 47]. Our observations of early nerve ingrowth are
in line with observations on fracture and skin healing [61, 78, 89] indicating that this

process is a fundamental feature of tissue healing.
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Figure 12. Area occupied by nerve fibres (%) immunoreactive to GAP and PGP in relation to total area, in the

mid third of the tendon, over 16 weeks post rupture (meants.e.m.).

Table 5. Areal expression of GAP and PGP in relation to total tissue area (%), in the mid third of the tendon, at
different time-points after rupture. Values represent means * s.e.m. (n=>5, except week 6 where n=3). Differences
between the weeks are calculated with the Mann-Whitney U test.

GAP PGP
Week  Area fraction (%) Weeks P-Value| Area fraction (%) Weeks P-Value
0 0,009 £ 0,004 0,022 £ 0,006
1 0,197 £ 0,059 Ovs.1 0,009 0,186 £ 0,056 Ovs.1 0,009
2 0,643 £ 0,254 0,248 £ 0,063
4 0,886 £ 0,384 2,214 £1,619
6 0,984 £ 0,188 1vs.6 0,025 2,662 £ 0,839 1vs.6 0,025
8 0,478 £0,281 0,680 £ 0,241
12 0,104 £ 0,030 0,357£0,112
16 0,095£0,046 6vs. 16 0,025 0,132£0,038 6vs.16 0,034

39



Healing of ruptured tendon

5.1.2 Nerve fibre peak expression

From one to six weeks post rupture of Achilles tendon, there was a striking shift in
neuronal immunoreactivity from the surrounding loose connective tissue into the proper
tendinous tissue (Fig. 13). This would seem to reflect the transition of a predominantly
inflammatory into a regenerative phase. The peak expression of GAP-immunoreactivity
in the rupture site occurred between weeks two and six, while that of PGP occurred
somewhat later, i.e. between weeks four and six (Fig. 12, Table 5). The earlier peak of
GAP should be explained by its trophic role in regulating growth cone formation.
Analogously, the extensive ingrowth of GAP- and PGP-fibres into the rupture site
probably represents a neuronal involvement in repair of tendon. The observed free nerve
endings among fibroblasts in the tendinous tissue may reflect a stimulatory role in cell
proliferation [100, 114]. The occurrence of free nerve endings around newly formed
blood vessels in the rupture site suggests a role in vasoregulation, possibly also in

angiogenesis [54].

5.1.3 Nerve fibre withdrawal

During week 6 to 16 post rupture (remodeling phase) the expression of the neuronal
markers showed a significant decrease in the rupture site (Fig. 12, Table 5). The nerve
fibres appeared to withdraw from the area. While GAP-immunoreactivity almost
completely disappeared during this phase, that of PGP successively returned to normal in
the paratenon and surrounding loose connective tissue. The process appeared to end

simultaneously with the completion of paratenon repair.

The observations during tendon healing clearly demonstrate the capability of the
peripheral nervous system to respond and adapt to injury. This plasticity is characterized
by nerve fibre ingrowth into the rupture site, a peak nerve fibre expression during the

regenerative phase followed by nerve fibre withdrawal.

The experimental model employed appears to be highly appropriate and relevant for
studies of the role of the peripheral nervous system in tissue repair. To our knowledge, no
similar studies of repair are based on tissues normally devoid of a neuronal supply. The
ingrowth and later withdrawal of nerve fibres in the proper Achilles tendon after rupture
convincingly reflect that a neuronal supply is fundamental in the repair process. Although,
it may be argued that new nerve fibre ingrowth after injury merely represents a secondary

phenomenon to neovascularisation, this is contradicted by the abundant occurrence of free
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Figure 13. Schematic drawing of nerve ingrowth during healing after Achilles tendon rupture.
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sprouting nerve endings unrelated to vessels in the healing area. Presumably, new nerve
ingrowth provides a delivery system for neuronal mediators that are required for tissue

repair.

5.2 NEUROPEPTIDERGIC EXPRESSION

The extensive nerve regeneration and ingrowth observed in tendon rupture prompted an
immunohistological analysis of the specific neuropeptides involved. Thus, the temporal
expression of different neuropeptides presumed to exert trophic actions was examined.
The study included sensory (SP, CGRP), sensory modulating (GAL), and autonomic
(NPY, VIP) mediators.

The analysis including semi-quantification demonstrated an early (week 1) expression of
SP and CGRP positive fibres both in the loose connective and the rupture site of the
proper tendon (see appendix Table 7). The expression peaked during the regenerative
phase. In contrast, GAL, NPY and VIP positive fibres first emerged at the end of the
regenerative phase, weeks 4-6 (Table 7), most evident in the border zone between loose

connective tissue and proper tendon.

5.2.1 Inflammatory phase

One week post-rupture, corresponding to the end of the inflammatory phase, SP and
CGRP fibres were predominantly located in blood vessel walls surrounded by
inflammatory cells in the loose connective tissue. Only a weak and scanty expression of
GAL, NPY and VIP was observed. The findings comply with the nociceptive role of
sensory neuropeptides, but also with a pro-inflammatory role. Thus, SP release has been
shown to enhance vasopermeability [128] and to stimulate recruitment of leukocytes [18,
29, 122].

5.2.2 Regenerative phase

During weeks one to six, the expression of SP and CGRP peaked (Fig. 15). Notably, this
peak occurred in the rupture site of proper tendon, while the neuronal immunoreactivity in
the surrounding loose connective tissue declined. The latter would seem to comply with
decreased pain 3-4 weeks after injury. The most conspicuous finding, however, was the
occurrence of SP and CGRP in free sprouting nerve endings among fibroblasts in the

healing tendinous tissue (Fig. 14). The observation might reflect a stimulatory role of
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sensory neuropeptides on proliferation as has been demonstrated in cultured fibroblasts
[114, 168]. SP and CGRP are also known to stimulate proliferation of endothelial cells
[54, 114, 172]. The observation of free sprouting SP- and CGRP fibres around newly

formed blood vessels in the rupture site would seem to comply with a role in angiogenesis

(Fig. 14).

Figure 14. Immunofluorescence micrograph of longitudinal sections through healing Achilles tendon 2 weeks post
rupture after immunostaining for CGRP. Nerve fibres immunoreactive to CGRP are seen in the healing tendinous tissue

around newly formed vessels and as free nerve endings. t = tendon tissue; v = blood vessel. Bar = 50 pm.

During the regenerative phase the occurrence of NPY, VIP and GAL positive fibres was
sparse till week four. Subsequently, the expression increased to reach a peak at the end of
the regenerative phase, i.e., around week six, followed by a successive decrease (Fig. 15).
This pattern in temporal expression was assessed morphologically and semi-quantitatively
for GAL (Table 7), whereas the assessment of NPY and VIP was confined to subjective
morphology. Over all, the occurrence of NPY, VIP and GAL was clearly lower than that
of the sensory neuropeptides during the first weeks, in particular at the rupture site of the

proper tendon

As for NPY, the observations would seem to reflect that vasoconstriction is down
regulated during tissue repair. Notably, low levels of NPY have also been suggested to

promote angiogenesis [173]. The low expression of VIP appears surprising considering
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the need of vasodilation during tissue repair. Given the predominant occurrence of VIP
around small sized vessels under normal conditions, where, hypothetically, it regulates the
fine-tuning of vasoactivity, the demand of this function is probably low in the early phase
of tissue repair. Another explanation for the low occurrence of VIP pertains to its
inhibitory action on the pro-inflammatory effects of SP and CGRP as demonstrated by
Delgado et al. [38, 39]. Thus, the observation may represent less inhibition of SP and
CGRP, which are presumed to be important regulators of early tissue repair [48, 76, 79,
151, 155].

As for blood flow during tissue repair, it may be assumed that the balance between the
vasodilatory actions of CGRP and the vasoconstrictory actions of NPY is of decisive
importance for the supply of oxygen and nutrients. The high ratio of CGRP to NPY
during the regenerative phase of healing probably represents highly perfused vessels, a
necessity for tissue regeneration. Similar observations on the ratio CGRP to NPY have
been made in studies on reinnervation of skin flaps, where CGRP immunoreactivity

emerged at two weeks postoperatively and that of NPY two weeks later [75].

5.2.3 Remodeling phase

Between weeks four and six, corresponding to the transition of the regenerative into the
remodeling phase, there was a dramatic increase in the expression of GAL, VIP and NPY,
followed by decreased expression of SP and CGRP (Fig. 15). The increase in the
immunoreactivity of GAL, VIP and NPY was observed both around vessels and in free
nerve endings in a “border zone” enveloping the healing tendon. The emergence of GAL,
known to modulate the effect of sensory neuropeptides, would seem to comply with
inhibition of the early inflammatory and nociceptive response to injury. Thus, GAL has
been demonstrated to mitigate the proinflammatory and nociceptive effects of SP [36, 56,
68, 164]. Similarly, the increased occurrence of VIP may be explained by its inhibitory
effect on immune cells expressing pro-inflammatoy cytokines [38]. The increased
occurrence of NPY during this phase mostly seen around vessels should probably be
attributed to its well-known vasoconstrictive actions, while its low occurrence in the early
regenerative phase may prove to reflect an angiogenic role [173]. Notably, increased
vasoconstriction leads to a relative hypoxia, which is known to enhance the tensile

strength of the tendon by switching production of collagen from type I to type I [138].
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Over all, it seems that the early remodeling phase after tendon injury is characterised by
an increased expression of GAL, VIP and NPY, all of which are known to modulate the
effects of SP and CGRP. It may prove that this modulation is required to end the
nociceptive, inflammatory and regenerative processes, thereby permitting entry to and
maintenance of the remodeling phase. On the whole, it seems that the temporal expression
of the different neuropeptides studied complies with specific actions in injury, pain and
regeneration. Whether neuropeptides mainly act directly on the target tissues or indirectly
by regulating the release of cytokines, growth factors and chemokines from immune cells
is unclear. Given the latter mechanisms it still remains to clarify whether the effects on

these cells pertain to chemotaxis, differentiation and/or function.

5.2.4 Bilateral response

Analysis of the intact contra-lateral tendons (controls), failed to demonstrate
immunoreactivity to the neuropeptides within the proper tendon tissue at any time point.
However, the surrounding paratenon and loose connective tissue exhibited a clear
immunoreactivity to all neuropeptides tested, which notably changed over time. The
temporal changes in immunoreactivity on the intact side appeared similar to those seen on
the injured side, although less pronounced. This may reflect that neuronal responses to
injury are mediated partly by central pathways. This observation is supported by previous
studies [14, 15] on contralateral neuropeptidergic and nociceptive responses to injury. As
early as 1974 Hirsch, in a thesis on tensile properties during tendon healing, noted that
during healing also the contralateral tendon to the injured side exhibited increased tensile
strength [59]. This notion may be assumed to reflect trophic effects of a bilateral neuronal

response to injury, possibly mediated through central pathways.

The involvement of both peripheral and central mechanisms in response to peripheral
injury has been reported from studies of peripheral nerve lesions showing a similar pattern
of neuropeptidergic change peripherally and centrally [66]. However, these reports
focusing on changes in the spinal cord concluded that there was a decrease in SP and
CGRP expression in the first four weeks after peripheral nerve lesion and, notably, an
increase in GAL at week one [70, 126, 148]. Comparison to data from the present study
on tendon rupture disclosed that the opposite seemed to have occurred at each time point,
although it is questionable whether meaningful conclusions about neuronal mechanisms
after injury can be drawn by comparing a peripheral nerve lesion with a tendon rupture.

Nonetheless, assuming that comparisons can be made, the increase in SP and CGRP at the
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rupture site of the tendons during the first weeks as well as the decrease in GAL seem to
indicate that there is an inverse relationship between the neuropeptidergic expression
centrally and peripherally. Hypothetically, the observations may reflect that there is a

synchronised expression of neuropeptides centrally and peripherally in response to

peripheral injury.
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Figure 15. Area occupied by nerve fibres (%) immunoreactive to SP, CGRP and GAL in relation to total area, in
the mid third of the tendon, over 16 weeks post rupture (meants.e.m.).
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5.3 NOCICEPTION

After injury, pain and early tissue repair seem to be closely linked to each other
suggesting a synchronized regulation. However, little is known about the expression of
specific neuronal mediators in relation to nociception during tissue repair. In the present
investigation of ruptured Achilles tendons, sensory neuropeptides and nociception were
analysed in two separate experimental groups. In one group, the occurrence of SP, CGRP
and GAL at different time points during tendon healing was assessed by semi-quantitative
immunohistochemistry (Table 7). In the other group, nociception was analysed by
measuring the hindpaw withdrawal latencies (HWL) to thermal and mechanical stimuli
(Fig. 16). The results from the injured leg were compared to those of the same leg before
rupture (baseline). Decreased HWL is referred to as increased thermal / mechanical
sensitivity (more pain) and increased HWL is referred to as decreased thermal /

mechanical sensitivity (less pain).

56.3.1 Thermal stimulation

Increased expression of SP/CGRP during weeks 1-2 coincided with increased thermal
sensitivity on the injured side (Fig. 15-16). Conversely, increased GAL expression during
weeks 4-6 coincided with decreased thermal sensitivity (Fig. 15-16). Subsequently,
during weeks 6-8, the expression of all three mediators decreased to almost normal levels,
which was accompanied by a decrease in thermal sensitivity to baseline values. Although
the analysis of neuropeptides and nociception was based on two separate groups of rats,
the results appear to support a nociceptive role of SP and CGRP and an anti-nociceptive
role of GAL. Thus, nociception to thermal stimulus was related over time to the

peripheral expression of these partly counteracting neuropeptides.

56.3.2 Mechanical stimulation

No relationship between the expression of SP/CGRP and mechanical sensitivity could be
demonstrated. However, the observed increase in GAL expression during weeks 4-6 was
found to coincide with increased mechanical sensitivity, which is in contrast to the
decreased thermal sensitivity observed during the same period (Fig. 15-16). The results
suggest that SP and CGRP do not regulate mechanosensitivity in the periphery [81]. This,
however, does not preclude an involvement of these mediators centrally. Whether the
increased mechanical sensitivity observed between week four to six should be attributed
to the increased expression of GAL in the periphery or a decreased expression centrally

has yet to be determined. The latter explanation is supported by reports on decreased
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GAL expression in the spinal cord six weeks after peripheral nerve lesion [148], which is
known to increase mechanical nociception [163]. However, it is questionable whether
meaningful conclusions about neuronal mechanisms after injury can be drawn by

comparing a peripheral nerve lesion with a tendon rupture.

5.3.3 Rate of change in neuropeptide expression

The relationship observed between neuropeptide expression and nociception over time
became even more evident when considering the rates of change (slope) in expression
instead of the absolute values (Fig. 17). Thus, thermal sensitivity was closely related to
the rate of change in SP and CGRP expression during weeks 1-4 and inversely related to
the rate of change in GAL expression from week four to eight (Fig. 17). As for
mechanical sensitivity, there was no relationship to the rate of change in SP-CGRP
expression, but clearly so when considering the rate of change in GAL up to week six
(Fig. 15). At week eight, the rate of change in GAL expression decreased without a
concomitant decrease in mechanical sensitivity. The results suggest that the rate of change
in peripheral GAL expression is related to both thermal (inversely) and mechanical
(directly) sensitivity, whereas that of SP and CGRP only to thermal sensitivity.
Admittedly, the relationship for each of the three neuropeptides was confined to certain
time intervals of the whole experimental period. Most importantly, the analysis of
individual neuropeptides does not elucidate the significance of their interactions in
producing a net nociceptive effect at each time point. Therefore a combined approach was
applied to obtain an estimate of the net nociceptive effect over the whole experimental

period.

Given the well-known fact that CGRP potentiates the nociceptive effect of SP, the rates of
change in expression of the two neuropeptides were added into one rate. This was
considered to provide a more relevant variable to be related to nociception than each of
the rates. Subsequently, the rate of change in GAL expression representing anti-
nociception was calculated and subtracted from that of SP plus CGRP. The resultant
variable obtained by combining the three rates (SP+CGRP-GAL) was then related to the
results of nociceptive tests. As can be seen in (Fig. 17B) the combined rate of change in
neuropeptide expression was strongly related to thermal nociception over time. However,
no such relationship could be demonstrated for mechanical nociception. Reports showing
that CGRP potentiates [157, 162] and GAL inhibits the nociceptive effect of SP [16, 36,

164] seem to comply with our findings. Altogether, the results seem to indicate that the
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nociceptive response after injury is determined by the combined effect of several
mediators representing potentiating and inhibitory mechanisms. Moreover, the absolute

tissue levels of neuropeptides are probably of less importance than the rate of change over

time.

“THERE ARE NO GAINS WITHOUT PAINS”

Stevenson 1952
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Figure 16. Time course of tendon rupture induced thermal (A) and mechanical (B) hyperalgesia measured by
hindpaw withdrawal latencies (HWL). Each symbol represents the mean + S.E.M. (n=12). The difference
between groups was determined by two-way analysis of variance (ANOVA). Asterisks represent significant
differences between the ruptured and contralateral side (* P<0.05; ** P<0.01; *** P<0.001).
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Figure 17. The individual rate of change in expression of SP, CGRP and GAL (A). The combined rate of change
in expression of all three neuropeptides, according to SP plus CGRP minus GAL, shown together with thermal
nociception (B) over 8 weeks post rupture.
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6 SUMMARY AND CONCLUSIONS

The aim of the present thesis was to explore the occurrence and distribution of
neuropeptides in periarticular tissues in the rat and to assess their expression during
healing of tendon rupture. Hypothetically, the peripheral nervous system in the musculo-
skeletal tissues plays an important role in the regulation of pain, inflammation,

vasoactivity, and also tissue repair.

The normal occurrence of neuropeptides in tendons, ligaments and joint capsules was
studied both quantitatively (RIA) and morphologically (IHC). RIA was applied to screen
for and quantify three main classes of neuropeptides: autonomic, sensory and opioid
mediators. The analysis disclosed that autonomic (NPY, VIP), sensory (SP, CGRP,
GAL), opioid (MEAP) and opioidlike (N/OFQ) peptides were present in all tissues
analysed, except for DYN B and, notably, SP in ligaments. The concentration of the
sympathetic peptide NPY compared to the parasympathetic peptide VIP was 8-times
higher in ligaments and than in tendons and capsules. The differences noted may reflect a
higher sympathetic tonus, which may be of importance for blood-flow, and, presumably,
also for healing capacity. The concentrations of the sensory peptides SP and CGRP were
highest in tendons and lowest in ligaments, whereas the sensory modulatory peptide GAL
essentially exhibited the same levels in the different tissues. The higher concentration of
SP and CGRP in tendons and capsules compared to ligaments under normal conditions
may reflect a greater susceptibility to pain and inflammation. This may explain why pain
syndromes of tendons and capsules are more common than those of ligaments. Notably,
both MEAP and N/OFQ exhibited lower concentrations in tendons and capsules than in
ligaments. These findings would seem to comply with tendons and capsules being

clinically more prone to painful disorders.

Altogether, the analysis of periarticular tissues clearly demonstrates the occurrence of
autonomic, sensory and opioid peptides presumed to be involved in nociception,
inflammation and vasoactivity. The relative levels in the different tissues may be assumed
to represent the homeostasis of different functions and, possibly the susceptibility to

external stress.

Further exploration of the tissues was performed by IHC to assess the neuronal

occurrence of the neuropeptides detected by RIA and also to extend the investigation to
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the other known neuropeptides representing sensory, autonomic and opioid mediators.
The autonomic and sensory peptides were analysed in all three periarticular tissues.
Additionally, opioid peptides and receptors were analyzed in the Achilles tendon. The
[HC analysis essentially confirmed the RIA results. It disclosed the neuronal occurrence
of autonomic (NA, NPY, VIP), sensory (SP, CGRP, NKA, GAL, SOM) and opioid (LE,
ME, MEAP, MEAGL) mediators. In tendon, the delta opioid receptor was identified, but
not receptors of kappa and mu type. The most conspicuous finding was the abundance of
peptidergic nerve fibres in the surrounding tissues, i.e. the paratenon, epiligament and
beneath the lining layer of the synovium as opposed to the proper structures, which,
notably, were almost devoid of nerve fibres. This would seem to reflect that the neuronal
regulation of tendons, ligaments and joint capsules depends on the innervation of the

surrounding tissues.

The autonomic fibres were predominantly seen as networks around blood-vessels, while
the sensory and opioid positive fibres including the opioid receptors were observed both
around vessels and as free nerve endings. The vascular distribution of autonomic and
sensory fibres supports a role in vasoregulation, possibly also inflammation. The
occurrence of sensory peptides in free nerve endings suggests a role in nociception,
whereas that of opioid peptides including their receptors presumably reflects an anti-

nociceptive role.

Having established the normal occurrence and distribution of neuropeptides in
periarticular tissues, further investigations aimed at analysing nerve regeneration and
neuropeptide expression during healing of experimental Achilles tendon rupture. Tendon
rupture in the mid-portion between musculo-tendinous junction and bony insertion was
achieved by tearing with a blunt instrument. Tendon samples were retrieved at different
time points (1-16 weeks) post-rupture. Nerve regeneration and nerve distribution was
analysed by IHC including semi-quantification of neuronal markers for new and mature
fibres; growth associated protein 43 (GAP) and protein gene product 9.5 (PGP),
respectively. The semi-quantitative analysis focused on the rupture site of the proper

tendinous tissue.

In the first week post rupture, corresponding to the inflammatory phase, there was
increased neuronal immunoreactivity to PGP and GAP in the surrounding loose

connective tissue. From one to six weeks post rupture (the regenerative phase), there was
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a striking shift in neuronal immunoreactivity from the surrounding loose connective tissue
to the proper tendinous tissue, notably, normally devoid of nerve fibres. The peak
expression of GAP-immunoreactivity in the rupture site occurred between weeks two and
six, while that of PGP was seen somewhat later, between weeks four and six. During
weeks 8 to 16 post rupture (remodeling phase), the expression of the neuronal markers
showed a significant decrease in the rupture site. The nerve fibres appeared to withdraw
from the area. While GAP-immunoreactivity almost completely disappeared during this
phase, that of PGP successively returned to normal in the paratenon and surrounding
loose connective tissue. The observations during tendon healing clearly demonstrate the
capability of the peripheral nervous system to respond and adapt to injury. This plasticity
is characterized by nerve fibre ingrowth into the rupture site, a peak nerve fibre
expression during the regenerative phase followed by nerve fibre withdrawal during the

remodeling phase.

The experimental model employed appears to be highly appropriate and relevant for
studies of the role of the peripheral nervous system in tissue repair. To our knowledge, no
similar studies of repair are based on tissues normally devoid of a neuronal supply. The
ingrowth and later withdrawal of nerve fibres in the proper Achilles tendon after rupture
convincingly reflect that a neuronal supply is fundamental for tissue healing. Presumably,
new nerve ingrowth is a prerequisite for delivery of neuronal mediators required for tissue

repair.

The extensive nerve ingrowth observed during tendon healing prompted an investigation
of the temporal expression of specific neuropeptides. This entailed morphological and
semi-quantitative analyses of sensory (SP, CGRP), sensory modulating (GAL), and
autonomic (NPY, VIP) neuropeptides by IHC. One week post-rupture (inflammatory
phase), SP and CGRP fibres were predominantly located in blood vessel walls surrounded
by inflammatory cells in the loose connective tissue. During week two to six (regenerative
phase), the expression of SP and CGRP peaked. Notably, this peak occurred in the rupture
site of proper tendon, seen as free sprouting nerve endings among fibroblasts in the
healing tendinous tissue. Up to week four the occurrence of GAL, NPY and VIP was
sparse. Subsequently, the expression increased to reach a peak at the end of the
regenerative phase, around week six, followed by a successive decrease, also of SP and
CGRP till the end of the experiment (week 16). The early appearance of SP and CGRP in

tissues surrounding the tendon would seem to comply with a nociceptive and pro-
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inflammatory role, whereas the later occurrence in the rupture site may prove to reflect a
role in cell proliferation. The emergence of GAL, VIP and NPY, in the early remodeling
phase, besides regulation of vasoactivity, may represent modulatory effects on SP and
CGRP. It may prove that this modulation is required to switch from the nociceptive,

inflammatory and regenerative processes to the remodeling phase.

The expression of sensory neuropeptides observed during tissue repair called for an
investigation of the nociceptive response after injury. The investigation was based on two
separate experimental groups analysed for sensory neuropeptides and hindpaw
withdrawal latencies (HWL), respectively. The latter entailed both thermal and
mechanical sensitivity at different time points during tendon healing, which were related

to the temporal expression of SP, CGRP and GAL as assessed by semi-quantitative [HC.

Increased expression of SP/CGRP during weeks 1-2 coincided with increased thermal
sensitivity on the injured side, whereas no relationship between the expression of
SP/CGRP and mechanical sensitivity could be demonstrated. The observed increase in
GAL expression during weeks 4-6, however, was found to coincide with increased
mechanical sensitivity and notably, with decreased thermal sensitivity during the same
period. Whether the increased mechanical sensitivity observed should be attributed to
increased expression of GAL peripherally or decreased expression centrally has yet to be
determined. The relationship between neuropeptide expression and nociception over time
became even more evident when considering the rates of change (slope) in neuropeptide
expression instead of the absolute values. However, the best relationship to nociception
(thermal sensitivity) was found by combining the rates of change of the three
neuropeptides, SP + CGRP — GAL. This was based on the assumption that CGRP
potentiates the effect of SP, whereas GAL acts inhibitory. The finding indicates that
nociception is regulated by the speed by which the expression of potentiating and

inhibitory neuropeptides is altered, rather than the absolute tissue levels.

The relevance of the present study pertains to the possibility of intervening in different
efferent mechanisms of the peripheral nervous system, which presumably are implicated
in a wide variety of functions such as vasoactivity, nociception, inflammatory responses
and regeneration. Specific neuronal intervention, however, presupposes that the
innervation of the musculo-skeletal system according to specific mediators is clarified.

From the present study, it seems obvious that periarticular tissues are supplied with a
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complex peptidergic network, which presumably takes part in maintaining tissue
homeostasis, but also by its plasticity, i.e. nerve ingrowth and temporal alteration in
neuropeptide expression, is capable of responding to injury. Interestingly, ingrowth of

new nerves seems to be a fundamental feature of tissue repair.

Whether neuronal mediators could be utilised in tissue engineering has so far not been
explored. As for pharmacotherapy, it may prove that this can be targeted to specific
neuronal mediators to enhance or inhibit their effects in painful and inflammatory

conditions of the musculo-skeletal system.
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Appendix

9 APPENDIX

Table 6. Morphological assessment of neuropeptide occurrence in the Achilles tendon, medial collateral ligament

and synovium of the knee joint 4 = abundant; 3 = frequent; 2 = moderate; 1= sporadic; 0 = absent; F = mostly

free nerve fibres; VA = mostly perivascular nerve fibres; N/D = not determined; T = tendon proper; PT =

Paratenon = paratenon; LCT = loose connective tissue; L = ligament proper; EL = epiligament; IL = intimal

lining; SL = sublining

TENDON LIGAMENT SYNOVIUM
Peptides T PT LCT L EL IL SL
Sensory
SP 1 3 3 1 2 2 2
F F VA F F F VA
CGRP 1 4 4 1 3 3 3
F F VA F F F VA
NKA 1 2 2 1 1 1 2
F F VA F F F VA
GAL 0 2 2 0 2 1 2
F VA F F VA
SOM 0 2 2 0 2 1 2
F VA F F VA
Autonomic
NPY 1 2 4 1 3 1 3
F VA VA F VA F VA
VIP 1 3 2 1 3 1 2
F F VA F F F VA
TH 0 1 3 0 1 0 3
VA VA VA VA
Opioid
LE 0 2 2 N/D N/D N/D N/D
F VA
ME 0 2 2 N/D N/D N/D N/D
F VA
MEAP 0 1 2 N/D N/D N/D N/D
F VA
MEAGLE 0 1 2 N/D N/D N/D N/D
F VA
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Appendix

Table 7. Significance of differences between levels of CGRP, above the diagonal, SP below the diagonal, and
GAL in the table below, from week 0 (baseline) to week 16, as analysed by two-tailed Mann-Whitney’s U-test.

All differences are calculated as the earlier week minus the later, i.e. an increase in the level is represented by a

minus sign. *p<.05, ** p<.01

SP \ CGRP Week Week Week Week Week Week Week Week
0' 1 2! 4 6 8! 122 16*
Week 0 -6l el 245% 0 gogx gl 45% 245%
Week 1 2.6 - 219% 245 194 =052 123 -0.49
Week 2 2.61%  -0.10 - 000 045  -2.19%  -1.96*  -1.96*
Week 4 261% 157  -1.78 - =177 245%  231% 2.02%
Week 6 224%  -104  -164 045 - 224% 2.12% -1.06
Week 8 261% 052 010  219%*  -194 - 049 049
Week 12 261% 136 -1.57  -240%  224*% -] 98* - =058
Week 16 L64 164 164 -224%  -196%  -134  -0.75 -
\ GAL Week Week Week Week Week Week Week Week
0! 1! 2! 4! 6 8! 12! 16*
Week 0 - w031 094 261% 224% 2610 240% <147
Week 1 - 073 219% 224%  240% -1,57  -0,98
Week 2 - 094  -224* 052  -0,10  -049
Week 4 - 134 052 -157% -1,96%
Week 6 - 224% 224% 212%
Week 8 - 136 221%
Week 12 - -1,23
Week 16 -

" n= 5 for GAL, CGRP and SP.
2 1= 4 for CGRP and n= 5 for substance P.
3n= 3 for GAL, CGRP and SP.
4

n= 4 for GAL, CGRP and n= 3 for substance P.
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