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1. ABSTRACT (175 words) 
 

The regulatory mechanisms involved in tendon homeostasis and repair are not fully understood. 
Accumulating data, however, demonstrate that the nervous system, in addition to afferent (sensory) functions, through 
efferent neuronal pathways plays an active role in regulating pain, inflammation, and tissue repair processes. 
Thus, in normal-, healing- and tendinopathic tendons three major neuronal signalling pathways consisting of 
autonomic, sensory and glutamatergic neuromediators have been established. In healthy tendons, these neural elements 
are found in the paratenon, whereas the proper tendon is practically devoid of nerves, reflecting that normal tendon 
homeostasis is regulated by pro- and anti-inflammatory mediators from the tendon surroundings. During tendon repair, 
however, there is extensive nerve ingrowth into the tendon proper and subsequent time-dependent appearance of 
sensory, autonomic and glutamatergic mediators, which amplify and fine-tune inflammation and tendon regeneration. 
In tendinopathy, excessive and protracted sensory and glutamatergic signalling may be involved in inflammatory, 
painful and hypertrophic tissue reactions.  
As our understanding of these processes improves, neuronal mediators may prove to be useful in the development of 
targeted pharmacotherapy and tissue engineering approaches to painful, degenerative and traumatic tendon disorders.  

 
2. INTRODUCTION  
 

Tissue repair after injury is a complex process, and usually depicted as a series of three to four overlapping 
sequences of molecular and cellular events (1, 2). These events are influenced by the site of the injury, age, sex, 
genetics, nutrition, co-morbidities, and a variety of other factors (1-4). The outcome of this coordinated series of events 
we label wound healing is usually tissue repair, not tissue regeneration, a limitation which can compromise the 
functional outcome of the healing process depending on the site of the injury. For instance, insults to internal organs 
such as the heart, lungs, liver, and kidneys can lead to wound healing-like fibrotic processes that can lead to deposition 
of scar-like material with little functional capability (5). While most soft tissues (e.g. skin, ligaments, tendons) heal via 
a repair process, some tissues (such as bone) can regenerate after a fracture, in part due to the nature of the bone 
remodeling process (3, 4). 
 
The goal of most tissue repair in post-natal life is the restoration of the integrity of the tissue even if it is compromised. 
Thus, injury to the skin leads to development of granulation tissue which remodels over time, but in the meantime the 
scar tissue prevents loss of nutrients from the organism, and limits the potential for infection.  Interestingly, tissue 
repair following certain types of injury to specific tissues in utero can lead to outcomes more resembling regeneration 
than the fibrotic repair discussed above. The molecular and cellular basis for these differences between post-natal 
healing and early in utero healing has been the subject of intense investigation (6, 7), and it would appear that at least 
some of the distinction is at the level of differences in the inflammatory response of the organism in the two 
environments (6, 8), with the inflammatory response in utero being somewhat muted and the involvement of specific 
cytokines/growth factors altered compared to the post-natal situation (9, 10). Whether this early in utero response is 
overt or is a consequence of the altered immune status induced by the mammalian fetal-maternal relationship during 
pregnancy is not yet clear. It is clear that later in gestation (e.g. equivalent to the third trimester of a human pregnancy), 
tissue repair following injury becomes more and more similar to post-natal responses (11).  
 
Thus, a muted inflammatory response appears to work in favour of better healing in some circumstances. However, a 
compromised inflammatory response associated with diseases such as diabetes (a prevalent co-morbidity particularly in 
the older population with type 2 diabetes; discussed in Purkayastha and Cai, 2013 (12); Hellman et al., 2012 (13); 
Mirza et al., 2013 (14)), can exert a negative effect on healing, leading to chronic wounds and life-threatening 
complications (15). Oppositely, excessive or unregulated inflammation may result in abnormal healing, with fibrosis or 
disruption of the integrity of the tissue function (16). Thus, in a subset of elbow injuries involving the joint capsule (for 
reasons currently unknown), an abnormal, and apparently exuberant inflammation results in compromised function and 
joint contractures (17). Finally, “inflammation” can be induced via endogenous or exogenous mechanisms, and 
sometimes can be confused with tissue catabolism since some of the same mediators may be involved (18). Therefore, 
the key elements relate to regulation and the “Yin and Yang” of balanced responses to yield effective outcomes without 
loss of tissue integrity after an injurious insult (19). 
 
As indicated in the above discussion, inflammation plays an important role in initiating and regulating tissue repair 
following an injury. With the exogenous inflammatory response into an injury site is an influx of circulation-based 
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inflammatory cells (polymorphonuclear cells, monocytes/macrophages, mast cells) with concomitant expression of a 
cascade of soluble inflammatory mediators, cytokines and growth factors (20). In response to this environment, the 
local fibroblasts and other cells in the site together with recruited exogenous mesenchymal stem cells or progenitor 
cells start to proliferate, migrate and differentiate to synthesize a provisional matrix. This is accompanied by 
neovascularization to provide blood vessels to support the metabolic activity. Subsequently, over time the matrix 
remodels, many of the cells in the wound site disappear or undergo apoptosis, and the neovasculature regresses. 
Ultimately this leaves a somewhat modified matrix compared to the original, and cells populating the matrix that are 
different from those in the site originally. In tissues highly adapted to perform specific mechanical functions, such as a 
ligament or tendon, this modified matrix (or scar) rarely functions as well as the original tissue, a situation that could 
lead to impaired motor performance, or joint dysfunction, including osteoarthritis and/or decreased survival in an 
animal in the wild. 
 
Much of what we know about normal tissue repair/wound healing has come from studies that have focused on skin 
wound healing (1, 2, 21, 22), as well as the healing of other soft tissues such as tendons and ligaments. The emphasis 
has been on what many investigators believe to be the major contributors to outcomes, namely the most prominent cell 
types involved in the inflammatory responses, the quantity and quality of the matrix formed, and the regulation of the 
neovascularization events. Conversely, how these components are altered in compromised healing/repair due to co-
morbidities such as diabetes, associated with chronic wounds in patients who are either aged and/or have compromised 
cardiovascular systems, or in patients taking certain drugs for other conditions, has also been the subject of intense 
investigation due to the impact of loss of tissue repair capabilities on survival, quality of life, and cost to the health care 
system. 
 
Recently, more attention has focused on a system that has not normally been the topic of much research attention as it 
is not prominent in many of these tissues (e.g. skin, ligaments and tendons), and therefore the contribution of neural 
elements to normal tissue function, the response to injury in a variety of circumstances, and compromised tissue repair 
is only now starting to become the subject of more investigation.  The view of the peripheral nervous system as a 
passive “messenger”, conveying information about tissue injury to higher centres, has been superseded by the view that 
neural regulation is actively involved in repair processes, even if the relative contribution based on “cell” number in 
these tissues is small, since a regulatory system by its nature should likely be in such a situation so as not to interfere 
with function. Normally, connective tissues such as ligaments, tendons, menisci, and intervertebral discs are considered 
hyponeural, and tissues such as articular cartilage are aneural, and do not heal or repair well. However, while present at 
low density, neural elements can contribute to tissue regulation and response to injuries (both subclinical and overt) via 
release of potent neuropeptides that can modify the activity of normal fibroblast-like cells in such connective tissues 
(23, 24), and interact with endogenous inflammatory cells such as resident mast cells and macrophages to amplify their 
influence (25-27) and regulate the functioning of the microvasculature present in these tissues or occurring in response 
to  neovascularization stimuli. 
 
An example of such “amplification” of neural impact on normal tissue homeostasis, as well as during normal and 
abnormal healing is what has been termed the “Neural-Mast Cell-Myofibroblast/Fibroblast Axis” (17, 26). This 
postulated axis of influence has been partially characterized during skin wound healing in domestic pigs (28), flexor 
tendon healing in a rabbit model (29), in a rabbit model of joint injury with joint contracture formation (17) (30), and 
possibly in human tendinosis tissue (31). Recent in vivo (32) and in vitro studies have supported the concept using 
tendon cells  or cells from human joint contractures (Hildebrand et al., submitted) in fibroblast-mast cell-neuropeptide 
collagen gel contraction studies. Thus, the neural influence could be amplified via such mechanisms and impact both 
normal and abnormal healing if injured tendons and other connective tissues.   
 
While the neural elements in normal and repairing connective tissues are not present at high density, due to the 
complexity of different types of neural elements and their associated neuropeptides and functions, it is not yet clear 
how the specific contributions of unique components of the neural system are themselves regulated, and how the 
integrity of these components regulate outcomes of the repair process. Therefore, we present the current state-of-the-art 
with regard to neural influences on connective tissue healing, with a focus on tendons. Obviously, there may be site- or 
tissue-specific involvement of the neural system in maintenance and repair of tendons, but there may also be some 
generalizations that will provide clues to how the neural system contributes to normal function and repair in a tissue-
independent manner. 
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One key point that should be emphasized is that neural influences are dynamic across the lifespan. It is known that 
innervation of some tissues declines with age (and may be influenced by genetics) (33, 34). It is also known that 
sex/gender can influence inflammatory pathways and neural impact (35). Thus, this dynamic nature may complicate 
interpretation of findings, but it also offers insights into regulatory points that may lead to new approaches to overcome 
deficits or excessive involvement in healing processes. 
 
3. CENTRAL NEURONAL PATHWAYS  
 
 There are three major neuronal pathways by which the central nervous system regulates the 
inflammatory healing reflex that may be the most critical step in the repair process. The autonomic and sensory 
neuronal regulatory systems in combination with the glutamatergic excitatory system modulate inflammatory and 
trophic cellular response mechanisms through a combined release of classic nerve transmitters and so called 
neuropeptides (Table 1). The presence of contralateral changes in animal models of tendinopathy is highly suggestive 
of a key role of the central nervous system in this process (36, 37). Furthermore, recent studies have also indicated a 
contralateral effect during calcium deposition following injury in a murine Achilles tendon injury model (5). A mis-
tuned inflammatory healing reflex by, for example, inadequate or excessive neuronal signalling can lead to deficient 
repair or even chronic tendon disorders (38, 39). Evidence of central pain sensitization exists in clinical studies of 
patients undergoing shoulder acromioplasty surgery for tendinopathy of the rotator cuff (40).  
 
3.1. Autonomic regulation 
3.1.1. Sympathetic innervation  
The sympathetic nervous system regulates inflammation at local and systemic levels through the release of 
norepinephrine (noradrenaline) together with neuropeptide Y (NPY). Activation of the sympathetic outflow by flight-
or-fight responses or pain can increase local concentrations of adrenaline and noradrenaline, capable of suppressing 
inflammation (38). Adrenergic and Y (NPY) receptors on immune cells allow the immune system to respond to 
neuromediators released from sympathetic nerves and thereby establish a neuro-immune coupling.  
 
3.1.2. Parasympathetic innervation 
The parasympathetic nervous system likewise regulates the inflammatory reflex at local and systemic levels through 
the combined release of acetylcholine (Ach) and the neuropeptide vasoactive intestinal polypeptide (VIP). 
Parasympathetic activation of the vagus nerve is called the ‘cholinergic anti-inflammatory pathway’ because it leads to 
mediator release in multiple organs of the body (38). Ach and VIP then interact respectively with nicotinic (ACh 
receptor) and VIP-receptors on tissue macrophages, which inhibit the release of pro-inflammatory cytokines (eg. TNF, 
IL-1, HMGB1).  
 
3.2. Sensory regulation 
Interestingly the sensory nervous system seems to act principally through release of slowly acting mediators, i.e. 
neuropeptides. Recent research has additionally disclosed the classical transmitter glutamate in sensory nerve fibers 
demonstrating an interaction between neuropeptides and classical transmitters in sensory fibers as well.   
 
3.2.1. Sensory innervation  
The paradoxical “efferent” role of afferent sensory fibers is now widely recognized (41). Sensitization of the primary 
afferent nociceptive nerves gives rise to altered stimulus–response coupling, leading to release of sensory 
neuropeptides eliciting the so-called neurogenic inflammation. The sensory neuropeptides consist of five tachykinin 
peptides: substance P (SP), neurokinin A (NKA), neuropeptide K, neuropeptide-g, and neurokinin B and calcitonin 
gene-related peptide (CGRP), which coexists with and potentiates the effect of SP (42-44). Immune cells that appear 
during the different phases of healing express sensory neuropeptide receptors, allowing them to be regulated (45). SP 
and CGRP exert pro-inflammatory effects such as vasodilation and protein extravasation (46, 47). An interesting 
example of the “efferent” role of afferent sensory fiber stimulation is depicted in a unilateral overuse model for 
Achilles tendinopathy. An increase in SP also in the unexercised control legs of an animal model points towards the 
involvement of descending neuronal pathways in tendinopathy development (37).   
 
3.2.2. Opioid and opioid like signalling 
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The sensory nerve fibers also contain peptides with anti-inflammatory effects counteracting the effects of SP and 
CGRP. Thus, galanin (GAL), somatostatin (SOM) as well as opioid peptides (enkephalins, dynorphins, endomorphins), 
all of them occurring in primary afferents, inhibit inflammation and nociception (48-51). 
 
3.3. Glutamatergic regulation  
Accumulating data support the notion that modulation of glutamate receptors, ionotropic (NMDA, AMPA, Kainate) 
and metabotropic (mGlu), may have potential for targeted therapy in several persistent pain conditions, including 
neuropathic pain resulting from injury and/or disease of central or peripheral nerves and inflammatory or joint-related 
pain (e.g., rheumatoid arthritis, osteoarthritis, tendinopathy). Persistent pain is postulated to depend, at least in part, on 
long-term increases in synaptic efficacy of glutamatergic signalling in central nociceptive pathways, often called 
central sensitization (52). 
 
AMPA receptors are present in both myelinated and unmyelinated sensory nerves of rat (GLUA1) and human skin 
(GLUA2–3). Increased levels of glutamate and the AMPA receptor have been shown in experimental arthritis, suggesting 
that enhanced glutamate release acting on peripheral AMPA receptors may contribute to the initiation of nociceptive 
signalling. Activation of both peripheral and central NMDA receptors as well has been implicated in pain processing 
(53, 54). There also appears to be an interaction between neuropeptides and glutamate. Thus, SP has in the central 
nervous system been demonstrated to remove a magnesium ion from the NMDA receptor, which enables glutamate to 
bind, thereby initiating nociceptive transmission.  
 
Nociceptive afferents are mostly divided into two groups: peptidergic (SP-positive) and non-peptidergic, which 
typically express ATP-activated P2X3 receptors. Kainate receptors immunoreactive to GLUK5 mostly display P2X3- 
compared to SP-immunoreactivity, suggesting a greater role for the kainate receptor (GLUK5) in neuropathic than 
inflammatory pain conditions (52). 
 
Also, the metabotropic receptors (mGlu1 and mGlu5), which are known to potentiate the NMDA receptor excitation, 
are expressed in dorsal root ganglia cell bodies and peripheral terminal endings, suggesting that there are multiple loci 
for modulation of primary afferent sensory transmission. 
 
4. PERIPHERAL NEURONAL PATHWAYS  
 

The same pathways with nerve transmitters and neuropeptides occurring centrally are also found peripherally 
(Table 1). The presence of nerve fibers, including various neuromediators in tendon, has been demonstrated by 
combined quantitative and morphological assessments with an almost identical neuroanatomy of rat and human tendons 
(31, 55-57).  
 
4.1. Autonomic pathways 
4.1.1. Sympathetic innervation  
The occurrence of sympathetic mediators has been demonstrated in tendons of both animals and humans (58-61). 
Noradrenaline (NA) and neuropeptide Y (NPY) were mostly observed as networks around larger blood vessels located 
in the loose connective tissue around the main body of the tendon (Figure 1A-B). These observations would reflect that 
the sympathetic tendon vasoregulation predominantly occurs in the tendon envelope, i.e. the adjacent loose connective 
tissue. 
Adrenergic receptors have been identified on tendon cells, blood vessel walls and on nerve fibers (59, 60, 62). 
Moreover receptors for NPY, the Y1-receptor has been identified on tendon cells and blood vessel walls, whereas the 
Y2-receptor was not identified in the tendon biopsies (63). Adrenergic stimulation of tendons may be involved in cell 
proliferation of fibroblasts, tenocytes, endothelial cells and possibly nerve sprouting, which all are characteristics seen 
in tendinosis. 
 
Elevated sympathetic activity is also known to act in an anti-inflammatory fashion by inhibiting macrophage activation 
and suppressing synthesis of tumor necrosis factor (TNF) and other cytokines (38). Interestingly NPY has been 
demonstrated as a potent immune mediator with both pro-inflammatory and anti-inflammatory actions (64, 65).  
 
4.1.2. Parasympathetic innervation  
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The parasympathetic mediators acetylcholine and VIP were both identified in tendon (58, 66, 67). Nerve fibers 
displaying immunoreactivity to VIP have been observed as long thin varicose nerve terminals forming a “fence” in the 
paratenon (Figure 1C). The nerve fibers were evenly distributed between vascular structures and free nerve endings.  
 
As opposed to sympathetic (NA/NPY) nerve terminals occurring mostly in larger vessels, VIP has predominantly been 
found around smaller vessels (58, 61, 68). This observation may reflect that NA and NPY (vasoconstrictive) 
predominantly regulate the main blood flow to the tendon proper, whereas VIP (vasodilatory) is responsible for the 
fine-tuning of blood flow at a microlevel (58). 
The non-vascular distribution of VIP would seem to comply with an anti-inflammatory effect in the periphery (Figure 1C) 
(69-71). The strong anti-inflammatory role of VIP has been suggested to act through inhibition of T cell proliferation and 
migration (64, 71-73). 
 
Acetylcholine (Ach) receptors have been identified on tendon cells and blood vessels (66, 67), while VIP receptors 
(VPAC1, VPAC2 and PAC1) have yet to be explored in tendons. Ach receptors located on tissue macrophages may be 
involved in the so called cholinergic anti-inflammatory pathway, inhibiting the release of pro-inflammatory cytokines (38). 
 
Interestingly, the expression of the nicotinic receptor-alpha7, which is an essential regulator of inflammation by 
inhibiting tumor necrosis factor release from macrophages, has in tendon been found during early development and 
hence could be important during embryogenesis (74). Also, nicotinic receptors have been detected at the myotendinous 
junction and are suggested to promote repair by regulating cell fusion (75). The occurrence of nicotinic receptors in 
tendons and their function, however, need further exploration.  
 
Overall, mapping of para-/sympathetic mediators in tendon has opened a link to increased understanding of autonomic 
neuro-immune modulation in tendon homeostasis.  
 
4.2. Sensory pathways   
4.2.1. Sensory innervation  
The occurrence of sensory neuropeptides SP, CGRP and NKA in tendons of both animals and humans has been 
disclosed (Figure 2A)  (Table 1) (61, 76-79). Sensory nerve fibers have been found in the tendon envelope, i.e. the 
paratenon, endotenon and surrounding loose connective tissue, whereas the tendon proper, notably, during normal 
condition is devoid of nerve fibers (Figure 3) (80). This would reflect that the neuronal regulation of tendons highly 
depends on the innervation of the tendon envelope. 
 
Thus, the abundance of vascular sensory nerve fibers detected in the surrounding loose connective tissues may reflect 
an important role in the regulation of blood flow to the tendon structures. Both SP and CGRP, in particular the latter, 
have been reported to be potent vasodilators (81). In addition, they have also been demonstrated to exert pro-
inflammatory effects, for example by enhancing protein extravasation, leukocyte chemotaxis and cytokine production 
(46, 47). The occurrence of sensory free nerve endings unrelated to vessels predominantly seen in the paratenon (Figure 
2A) suggests nociceptive, trophic and immune regulatory roles.  
 
4.2.2. Opioid and opioid like signalling 
The peripheral sensory nervous system exhibits an opioid and opioid-like source of anti-inflammatory and anti-
nociceptive neuropeptides to modulate the sensory system (82-85). However, data on opioids in the peripheral nervous 
system and specifically tendons are quite scarce (Table 1). Notably, the existence of an opioid system in tendons has 
been established in the rat (86). The results clearly demonstrated the occurrence of opioid peptides (enkephalins and 
nociceptin) and opioid-like peptides (GAL, SOM) in the tendon (Figure 2B-C).  
 
Thus, all four enkephalins detected (LE, ME, MEAP, MEAGL), as well as GAL and SOM, predominantly occurred in 
sensory C-fibers localized in the tendon envelope, i.e. the paratenon, loose connective tissue, and musculo-tendinous 
junction, whereas no opioids were found in the proper tendon tissue (Figure 2C). This difference in anatomical 
distribution might suggest that regulation of painful disorders of the tendon mainly occurs in the surrounding tissues, 
which, during normal conditions, also harbour the sensory and autonomic neuropeptides. 
In the loose connective tissue surrounding the tendon, the opioid and opioid-like neuropeptides appear as free nerve 
endings around the walls of both large and small blood vessels, which may reflect involvement in both vasodilatory actions 
(87) and anti-inflammatory responses (Figure 2D) (88, 89). In the paratenon and the musculo-tendinous junction, the 
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opioid and opioid-like peptides mostly occurred in free nerve terminals without any relationship to blood vessels 
suggesting a paracrine or an autocrine function in the regulation of nociception (Figure 2C) (48, 90, 91). Such a regulation 
is probably executed in close interaction with the sensory nervous system. Thus, the release of the sensory neuropeptide SP 
from afferents in the cat knee joint is inhibited by intra-articular enkephalin-analogue injections (92). Whether there is an 
inherent balance between opioid and sensory neuropeptides under normal conditions is unknown. 
 
The existence of an opioid system in tendons consisting of neuronal enkephalins was supported by the identification of 
opioid receptor analyses based on binding assays and immunohistochemistry (56). Of the three opioid receptors (DOR, 
KOR, MOR) studied, however, only DOR could be detected by immunohistochemistry (Figure 2C). Double staining 
disclosed co-existence of each of the enkephalins with DOR in the nerve fibers, in accordance with other studies 
suggesting that enkephalins are the main ligands for DOR (93). 
 
The presence of peripheral opioid receptors was corroborated by receptor binding analysis, showing that tendon tissue 
could bind the competitive opioid receptor agonist, naloxone, in a specific and saturable way. DOR activity has been 
demonstrated to exert a potent inhibitory effect on SP-release (92, 94). Treatment with delta opioid agonists in the 
periphery elicits both anti-inflammatory and anti-nociceptive effects in models of inflammation (95). Thus, peripheral 
acting opioid agonists may prove effective in preventing the symtoms associated with tendinopathy  (96). 
 
Depiction of sensory and opioid pathways in the tendon envelope suggests an intricate homeostatic balance in 
nociception, trophic actions and immune regulation occurring in the tendon surrounding structures. 
 
4.3. Glutamatergic regulation 
Glutamate transmission, which occurs in the central nervous system, has recently also been shown to take place in the 
peripheral nervous system through interaction with its ionotropic (AMPA, NMDA, kainate) and metabotropic receptors 
(mGlu) (97).  
In tendon, both the ligand glutamate and the NMDA- as well as several mGlu receptors have been identified (Table 1). 
Both glutamate and its receptors have been identified in nerve fibers, blood vessels and tendon cells. Likely sources of 
glutamate production may be nerve fibers and, in tendinopathy, the tenocytes themselves (98-100). More information is 
available in the section on neuronal responses to tendinopathy. Peripheral glutamatergic regulation may be involved in 
the maintenance of tendon strength, cell proliferation, differention and in pathological cell transformation (97, 99). 
Moreover, the peripheral glutamate signalling has been implicated in tendon tissue repair (101, 102). 
 
Overall, in tendons there seems to exist similar neuronal pathways consisting of different autonomic, sensory, opioid 
and glutamate neuromediators as observed in other organs of the body. One important conclusion on tendon 
neuroanatomy is that the tendon proper during normal conditions is devoid of nerve fibers, while innervation is found 
in the tendon envelope, i.e. the paratenon, endotenon and surrounding loose connective tissue (Figure 3A-C).  
Another vital feature of the neuronal pathways which appears is the balance between different mediators, i.e. pro- and 
anti-inflammatory peptides. These observations would suggest that homeostatic regulation of healthy tendon tissue is 
highly dependent on balanced neuro-immune-mediator modulation occurring in the tendon envelope. 
 
5. NEURONAL RESPONSE TO TENDON INJURY  
 

There is anatomic evidence of dynamic peripheral neuronal responses to tendon injury in a rat model of 
Achilles tendon rupture. Axonal sprouting and growth and a time dependent expression of neuropeptides have been 
found to occur during healing of Achilles tendon rupture in the rat (Figure 4-6) (80, 103). Similar reactions can be 
observed in other tendons and in human tendon repair as well (29, 102, 104). The study presented was conducted using 
immunohistochemistry including a semi-quantitative assessment focusing on the rupture site of the proper tendinous 
tissue. Neuronal markers for regenerating and mature fibers, ie. growth associated protein 43 (GAP) and protein gene 
product 9.5 (PGP), respectively, were analyzed at different time points (1 to 16 weeks) post-rupture. The temporal 
expressions of sensory and autonomic neuromediators were assessed at the same time points.  
 
5.1. Inflammatory phase 
In the first week post rupture, the increased occurrence of neuronal markers indicates nerve regeneration both in original 
nerve fibers of the tendon envelope, i.e. paratenon and surrounding loose connective tissue, and, notably, in new nerve 
fibers in the proper tendon tissue of the rupture site (Figure 4).  
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In the proper tendinous tissue, normally devoid of nerves, there was a clear GAP-immunoreactivity suggesting new nerve 
fiber ingrowth, which is consistent with reports on GAP levels in dorsal root ganglia after peripheral nerve injury (Figure 
5) (105, 106). GAP may be involved in nerve regeneration by regulating growth cone motility and axon guidance signals 
(107). These observations of early nerve regeneration are in line with observations on bone, ligament and skin healing 
indicating that nerve ingrowth is a fundamental aspect of tissue healing  (22, 108-111).  
 
5.1.1. Autonomic regulation 
At 1 week post injury, there was only weak scanty expression of sympathetic (NPY) and parasympathetic (VIP) mediators. 
These findings suggest suppressed anti-inflammatory effects of the autonomic nervous system during the inflammatory 
phase. 
 
5.1.2. Sensory regulation 
At 1 week, SP and CGRP nerve fibers were predominantly located in blood vessel walls surrounded by inflammatory cells 
in the loose connective tissue (Figure 8A). The findings comply with the nociceptive role of sensory neuropeptides, but 
also with a pro-inflammatory role. Thus, SP release enhances vasopermeability, probably to stimulate recruitment of 
leukocytes and cytokine production (112-115). The opioid like mediator GAL only showed weak expression, reflecting 
low anti-inflammatory actions (Figure 6).  
 
5.1.3. Glutamatergic regulation 
During the first week post tendon injury, microarray- followed by real-time PCR analyses demonstrated an up-
regulation of glutamatergic signalling molecules involved in activation of the metabotropic glutamate receptor type 1 
and the NMDA receptor (116). The localisation of the NMDA receptor on tendon cells was further evidenced by 
immunohistochemical staining.  
It is plausible that the glutamatergic system is used to coordinate some aspects of tendon healing as has been shown in 
development and maintenance of bone tissue (97). An interesting observation was the fact that the expression of 
glutamatergic signalling molecules during tendon repair demonstrated a temporal relationship to genes involved in 
embryonic development (116). 
 
5.2. Proliferative phase 
From 1 to 6 weeks post rupture, there was a striking shift in neuronal occurrence from the surrounding loose connective 
tissue into the proper tendinous tissue. This would seem to reflect the transition of a predominantly inflammatory into a 
proliferative phase. The peak expression of GAP-immunoreactivity at the rupture site occurred between week 2 and 6, 
while that of PGP occurred somewhat later, i.e. between weeks 4 and 6 (Figure 5). The extensive ingrowth of new nerve 
fibers into the rupture site probably represents a neuronal involvement in tendon repair. The observed free nerve endings 
among fibroblasts in the tendinous tissue may reflect a stimulatory role in cell proliferation (Figure 4B) (117). The 
occurrence of free nerve endings around newly formed blood vessels at the rupture site suggests a role in vasoregulation, 
and possibly in angiogenesis (Figure 7) (118). 
 
5.2.1. Autonomic regulation  
During the proliferative phase, the occurrence of the autonomic mediators NPY and VIP was sparse until week 4. 
Subsequently, the expression increased to reach a peak at the end of the regenerative phase, ie. at about week 6, followed 
by a successive decrease.  
The observations of low sympathetic (NPY) innervation would reflect that vasoconstriction is downregulated during tissue 
repair. The balance between the vasoconstrictive actions of NPY and the vasodilatory actions of CGRP is of decisive 
importance for the supply of oxygen and nutrients to the healing area. The high ratio of CGRP to NPY in the proliferative 
phase of healing probably represents highly perfused vessels, a necessity for tissue repair. Similar observations on the ratio 
CGRP to NPY have been made in studies on reinnervation of skin flaps, where CGRP immunoreactivity emerged at 2 
weeks postoperatively and that of NPY 2 weeks later (119, 120). The low levels of NPY observed may also promote 
angiogenesis (121). 
 
The reduced expression of parasympathetic VIP appears surprising considering the need of vasodilation during tissue 
repair. However, the low occurrence of VIP possibly pertains to its inhibitory action on the pro-inflammatory effects of SP 
and CGRP (69). Thus, the observation suggests less inhibition of SP and CGRP, which are presumed to be important 
regulators of early tissue repair.  
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5.2.2. Sensory regulation 
During weeks 1 to 6, the expression of SP and CGRP peaked (Figure 6). Notably, this peak occurred at the rupture site of 
the proper tendon, while the sensory neuropeptide expression in the surrounding loose connective tissue declined. The 
latter would seem to comply with decreased pain 3-4 weeks after injury, which is substantiated by a recent microdialysis 
study demonstrating resolving inflammation after two weeks post tendon rupture (122). The most conspicuous finding, 
however, was the occurrence of SP and CGRP in free sprouting nerve endings among fibroblasts in the healing tendinous 
tissue (Figure 8B). The observation might reflect a stimulatory role of sensory neuropeptides on cell proliferation, as 
demonstrated in cultured fibroblasts (117, 123).  SP and CGRP are also known to stimulate proliferation of endothelial 
cells (124-126). The observation of free sprouting SP- and CGRP fibers around newly formed blood vessels in the rupture 
site would comply with a role in angiogenesis (Figure 7). Recently, SP has also been demonstrated to exert an important 
role in stem cell mobilization during tissue repair (127).   
 
The reduced occurrence of the opioid-like GAL presumably pertains to its inhibitory action on the pro-inflammatory 
effects of SP and CGRP (128-130). 
 
5.2.3. Glutamatergic regulation 
At two weeks post tendon injury, microdialysis followed by quantification demonstrated a 3-times  up-regulation of 
glutamate levels in the paratenon of the healing tendon (102). Of all metabolites assessed during healing glutamate 
exhibited the highest elevation (102). This observation further strengthens the conception that the glutamatergic system is 
involved in regulating some aspects of proliferative tendon healing. Hypothetically, glutamate signalling molecules may be 
involved in regulating cell proliferation and differentiation as has been shown in other tissues (97).   
 
 
5.3. Remodelling phase 
During weeks 6 to 16 post-rupture the nerve fibers appeared to regress from the proper tendon tissue (Figure 5). 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.  
 
5.3.1. Autonomic regulation 
Between week 4 and 6, corresponding to the transition of the proliferative into the remodeling phase, there was a dramatic 
increase in the expression of the autonomic neuropeptides VIP and NPY. The increase in the immunoreactivity for VIP 
and NPY was observed both around vessels and in free nerve endings in a “border zone” enveloping the healing tendon.  
 
The upregulation of parasympathetic VIP may be explained by its inhibitory effect on immune cells expressing pro-
inflammatoy cytokines (131). The increased occurrence of sympathetic NPY during this phase, mostly seen around 
vessels, should probably be attributed to its vasoconstrictive actions. Notably, increased vasoconstriction leads to a relative 
hypoxia, which enhances the tensile strength of the tendon by switching production of collagen from type III to type I 
(132). 
 
5.3.2. Sensory regulation 
Between week 4 and 6, matching the upregulation of autonomic neuropeptides, an increased occurrence of the opiod like 
GAL was observed both around vessels and in free nerve endings enveloping the healing tendon (Figure 6). 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 (49-51, 128). 
 
Subsequent to the elevated expression of GAL and the autonomic neuropeptides, a significantly decreased expression of 
SP and CGRP followed (Figure 6). Thus, the early remodelling phase after tendon injury seems to be characterized by an 
increased expression of GAL, VIP and NPY, all of which are known to modulate the effects of SP and CGRP. It may well 
be that this modulation is required to end the nociceptive, inflammatory and reparative processes, thereby permitting entry 
to and maintenance of the remodelling phase.  
 
5.3.3. Glutamatergic regulation 
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At six weeks post tendon injury, microdialysis followed by quantification demonstrated resolving glutamate levels as 
compared to the proliferative phase in the paratenon of the healing tendon (Ackermann et al. - unpublished data). The 
temporal expression of glutamate signalling during tendon healing seems to correspond to that of the sensory mediators. 
This observation may suggest that the glutamatergic system could interact with sensory mediators in regulating cell 
proliferation and differentiation during proliferative tendon healing.   
 
 
On the whole, the observations during tendon healing clearly demonstrate the capability of the peripheral nervous system 
to adapt and respond to an injury. This plasticity is characterized by nerve fiber ingrowth into the rupture site, and a peak 
nerve fiber expression during the proliferative phase followed by nerve fiber withdrawal. Interestingly, new nerve 
ingrowth provides a delivery route for neuronal mediators that are required for tissue repair. Subsequently, the temporal 
expression of the different neuropeptides studied implies specific actions to regulate the inflammatory, proliferative and 
remodelling healing phases. Thus, the end effect on tissue healing will depend on the nerve fiber localization, temporal 
neuropeptide expression and cellular receptor expression. 
 
6. NEURONAL CONTRIBUTIONS TO TENDINOPATHY 
 

Interestingly, in tendinopathies with chronic pain and a failed healing response, altered neural elements have 
been noted in a variety of tendons from various locations (Table 2). However, the cause-and-effect relationship is 
currently an area under investigation in most instances for the nerve endings and neuropeptides in the pathology.  
 
With that limitation, immunohistochemistry analysis of tissue samples does demonstrate similar patterns of innervation 
in tendinopathy tissue as is seen during the proliferative phase of healing after tendon injury. Thus, chronic painful 
tendons exhibit new ingrowth of sensory nerve fibers (Figure 9) (78, 79, 133), which is also observed during tissue 
proliferation in healing tendons (80). In normal tendon repair, sensory nerve ingrowth is correlated with increased 
nociception (103). This inflammatory phase is followed by peripherally acting autonomic and opioid-like signalling, 
coinciding with decreased nociception (103). Hence, the neuronal dysregulation in tendinopathy, characterized by 
aberrant increase of sensory nerve sprouting and a deficient autonomic and opioid-like modulation, presumably triggers 
pain signalling and possibly also the hyperproliferative/degenerative changes associated with tendinopathy (Figure 10). 
The ongoing morphologic alterations may reflect protracted or failed healing. An important point related to this concept 
is the role of nerves and neuropeptides during an initial response to an insult leading to the first symptoms of 
tendinopathy versus their role during the chronic phases of the condition, phases that can lead to overt degeneration, 
and, in some instances, rupture of the tendon. Some neuropeptides may serve different functions during these different 
“phases”, or different neuropeptides could be involved. It has been postulated that a nerve/neuropeptide-mast cell-
tenocyte axis may play a role in tendinopathies and over-use syndromes (25-27), and recently it has been confirmed 
that higher mast cell numbers are present in human patellar tendinopathy tissue samples of patients with disease of long 
standing as compared to samples from more recent onset (134), and there may be a destruction of a fine equilibrium 
with the alterations to the neural components. Thus, some aspects of tendinopathy may be independent of such an axis, 
while others may involve this axis to amplify the impact on the tendon tissue. 
 
6.1. Autonomic regulation 
6.1.1. Sympathetic innervation 
Chronic painful tendons exhibit a decreased occurrence of sympathetic nerve fibers, immunopositive to noradrenaline. 
Microscopic analysis demonstrated that sympathetic nerves related to blood vessels were distinctively decreased in 
patients with tendinopathy (Figure 11) (58). Computerized image analysis confirmed a 50% drop in vascular nerve 
fibers immunoreactive to noradrenaline in the painful tendons (58). The reduction in vasoregulatory noradrenalin 
suggests a reduced blood flow and a suppressed anti-nociceptive function. A recent study demonstrated that 
noradrenaline release leads to secretion of opioids from leukocytes (90). Similarly, patients with painful rheumatoid 
arthritis exhibit a decrease in vascular innervation expressing noradrenaline (135). To counteract the decreased 
sympathetic innervation, immune cells in the synovia from rheumatoid arthritis patients respond by upregulating 
noradrenaline. Likewise, in tendinopathy patients an upregulated noradrenaline production has been suggested in 
morphologically altered tenocytes (60, 136). 
 
Adrenoreceptors for noradrenaline have also been identified in tendinopathy. Immunoreaction for the alpha1-
adrenoreceptor has been detected in blood vessel walls, nerve fascicles and tenocytes (60, 136). Adrenegic activation of 
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alpha1/2-adrenoreceptors has been demonstrated to stimulate cell proliferation and differentiation (137, 138). Thus, 
upregulated noradrenaline in tendon cells may stimulate the alpha1/2-adrenoreceptors and contribute to tenocyte 
excessive cell proliferation and differentiation. In contrast, decreased vascular innervation expressing noradrenaline 
may be compensated by the observed increased alpha1-adrenoreceptor immunoreactions in blood vessel walls of 
tendinopathic patients (60, 136).  More recently, alpha1-adrenoreceptor expression in tendon cells has been found to be 
associated with NPY expression (139), concluding a strong role of the sympathetic nervous system in peripheral 
tissues. 
 
6.1.2. Parasympathetic innervation  
The cholinergic innervation in tendinopathy appears to be relatively scarce. Neuronal immunoreaction to choline 
acetyltransferase, vesicular acetylcholine transporter and acetylcholinesterase in tendons is reported to be limited 
compared to other tissues investigated. However, whether cholinergic innervation in tendinopathy is significantly lower 
than that of healthy tendons is still unclear (66, 67, 140). 
 
Immunohistochemical studies have identified activated markers of cellular acetylcholine production in human 
tendinopathy, most prominently seen in morphologically altered tenocytes (66, 67, 140).  Immunoreaction to choline 
acetyltransferase and vesicular acetylcholine transporter has recently been detected in normal Achilles tenocytes (141). 
This suggests that resident tenocytes have the capability to produce acetylcholine, which is increased during tendinosis. 
This process implies that acetylcholine either is involved in regulating the tenocyte transformation seen in tendinopathy 
(142), or that acetylcholine synthesis is initiated in tenocytes in response to development of tendinopathy. 
 
Parasympathetic muscarinic acetylcholine receptors (M2) have been identified in human tendinopathy. Thus, M2-
receptors have been identified in tendon cells, blood vessel walls and nerve fibers (66, 67). The difference between 
normal and tendinopathic tendons consisted in an intense M2-immunostaining in morphologically altered tenocytes, 
which was not seen in normal tenocytes. The observations demonstrate an endogenous autocrine and/or paracrine 
acetylcholine and M2-receptor signalling in transformed tenocytes. M2-receptors have also been found to contribute to 
an increase in cell proliferation and hypercellularity, through an autocrine loop, which is replicative of the early stages 
of tendon healing (141). 
 
6.2. Sensory regulation 
6.2.1. Sensory innervation  
Immunohistochemical and semi-quantitative assessments have clearly demonstrated that tendinopathic tendons exhibit 
an increased number of sensory SP-positive nerve fibers (Figure 9) (78, 79, 133). Closer analysis revealed that the 
nerve fibers occurred mainly as thin, varicose, sprouting nerve terminals within the tendon proper. The observation of 
increased ingrowth of sensory nerves into the painful tendon proper, seen as sprouting free nerve endings, possibly 
represents nociceptors responding to mechanical stimuli by initiating pain signalling.  
 
The increase of the sensory neuropeptide SP in tendinopathy may, in addition to its role in nociception, reflect pro-
inflammatory and trophic actions (143). Thus, SP has been found to participate in inflammatory actions such as 
vasodilation, plasma extravasation, and release of cytokines. SP has also been reported to stimulate proliferation of 
fibroblasts (143) and endothelial cells, as well as the production of transforming growth factor beta in fibroblasts. 
Hence, SP may well contribute to the morphologic changes observed in early tendinopathic patients, that is, tenocyte 
transformation, hypercellularity, and presumably neovascularization, in conjunction with mechanical loading (37, 144), 
and may therefore precede tendinosis.  
 
The implications of the above mentioned effects of SP are all plausible with respect to tendon pathology since its 
receptor, NK-1, has been detected in tenocytes, blood vessel walls and in nerve fibers in tendinopathy (145). SP has 
further been shown to directly stimulate nociceptor endings in an autocrine/ paracrine manner. Similar actions could 
presumably occur in tendinopathy since the NK-1 receptor is present. 
 
6.2.2. Opioid and opioid like signalling  
To date there are very few publications on opioid and opioid-like signalling in tendinopathy. In line with a depressed 
opioid and opioid-like signalling in tendinopathy, immunohistochemical analysis detected a low occurrence of galanin 
(unpublished data, Ackermann et al.). However, a recent publication detected increased cellular expression of 
cannabinoid receptors in tendinopathy (146). 
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6.3. Glutamate pathways  
Elevated interstitial levels of glutamate have also been found in tendinopathy by microdialysis (147). Furthermore, the 
specific localization for the increased glutamate levels has just recently been established in tendinopathic patients (100, 
148). Thus, up-regulated glutamate occurrence is observed in morphologically altered tenocytes, in the endothelial and 
adventitial layers of blood vessel walls and in nerve fibers. Injection of glutamate has also been shown to provoke and 
maintain local prolonged tendon pain (149), potentially through both the ionotropic and metabotropic receptors. 
 
One receptor for glutamate, NMDA receptor 1 (NMDAR1) has been identified in tendinopathy. Recently, both 
subjective and quantitative assessments demonstrated a 9-fold increased NMDAR1 occurrence in tendinopathic 
patients (98, 99). This finding was corroborated by a study on rat supraspinatus tendon overuse likewise demonstrating 
NMDAR1 upregulation (116). 
 
Maybe the most intriguing finding regarding glutamatergic signalling is the recent report demonstrating that elevated 
glutamate co-existed with its up-regulated receptor NMDAR1 in nerve fibers, morphologically altered tenocytes and blood 
vessels (98), which may reflect cell-hyperexcitation involved in cell proliferation/differentiation. However, none of the 
controls exhibited neuronal co-existence of glutamate and NMDAR1 in contrast to prominent neuronal occurrence in all 
the painful tendons, which strongly suggests a role in pain regulation (98). 
 
Overall, the neuronal mediator contributions to tendinopathy seem to involve an intricate regulation of cell 
proliferation/survival and differentiation. However, at present it is unclear to what extent this is regulated by a cellular 
origin of neuromediators versus a neuronal origin of neuromediators. Current and emerging data may prove that a balance 
in neuromediator levels is critical for tendon tissue integrity and that dysregulated neurosignalling contributes to the 
morphological features, i.e. cellproliferation and celltransformation, associated with tendinopathy. 
 
7. MOLECULAR RESPONSES TO NEUROPEPTIDES AND NEURONAL INFLUENCES 
 

Denervation impairs the healing of skin, bone, ligament and tendon in a variety of animal models (150-155).  
In the medial collateral ligament, a tissue with many structural and functional similarities to tendon, denervation 
significantly attenuates the response to injury. Scars from denervated ligaments exhibit lower blood flow, diminished 
angiogenesis and decreased mechanical strength when compared to their normally innervated counterparts (155). 
 
7.1. Denervation effects on gene expression in healing ligament in vivo 
In rabbits, denervation induced significant differences in the mRNA levels for many genes of interest in the injured MCL 
at two weeks post-injury (156). 
 
7.1.1. Denervation increases mRNA levels for collagen I and III and TGF- ß1 
In the denervated injury group, mRNA levels for the matrix components collagen I and III were both increased at two-
weeks post-injury, in comparison to the non-denervated animals (p≤0.01). Significant differences were not detected at any 
of the other time points assessed. 
 
Similarly, mRNA levels for the growth factor TGF-ß were increased at two-weeks post-injury, in comparison to non-
denervated (p≤0.01) (Figure 2). VEGF and NGF mRNA levels were not significantly altered at any time points post-injury 
(p>0.01). 
 
7.1.2. Denervation increases mRNA levels for angiogenesis-associated matrix metalloproteinases (MMP-3, MMP-13 
and uPA) 
By two weeks post-injury, the mRNA level for angiogenesis-associated collagenase MMP-13 was increased almost 3-fold 
in the denervated group, in comparison to the non-denervated group (p≤0.01), and was 20 times the level found in normal 
ligaments.  MMP-3 and uPA mRNA levels appeared increased in the denervated injured ligaments at 2 weeks, but these 
apparent differences between the experimental groups did not achieve statistical significance at any time point. 
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7.1.3. Denervation increases mRNA levels for MMP inhibitors (TIMP-1 and TIMP-3) and the angiogenesis 
inhibitor thrombospondin-1 (TSP-1) 
At two weeks post-injury, mRNA levels for the angiogenic inhibitors TIMP-3 and TSP-1 in the denervated injury group 
were significantly increased compared to those in the non-denervated injury group (p≤0.01). Notably, mRNA levels for 
TSP-1 were significantly elevated in the denervated injured group at sixteen weeks post-injury (p≤0.01). Levels of mRNA 
for TIMP-1 were not significantly different between innervated and denervated groups at any time points. 
 
The study demonstrated that, in a denervated MCL, mRNA levels for many angiogenic and repair-associated genes are 
increased during the early stages of healing.  The majority of the significant differences between denervated and 
innervated ligaments were detected at 2 weeks following injury, where levels of six of eleven genes tested were 
significantly altered. Two weeks post-injury corresponds to the proliferative stage of wound healing in this ligament 
injury model. Levels of mRNAs for repair-associated molecules are at their highest 2-3 weeks following injury in the 
rabbit MCL (157). 
 
The denervation-induced increases in mRNA levels for numerous matrix-molecule and angiogenesis-associated genes 
are difficult to reconcile with the previous work in the same model showing that denervated ligaments heal poorly. 
Based on the current findings, several possible explanations exist. Firstly, a loss of neuropeptide stimulation may 
substantially diminish cellular proliferation in the denervated scar, negating the effect of increased mRNA levels. 
Secondly, the increased levels of mRNA for TIMP-1 and TSP-1 in denervated injured ligament could have an 
inhibitory affect on cell function and more specifically, angiogenesis (158). Finally, the timing and regulation of 
expression of various interacting genes are likely very important in the production of an organized, mechanically 
adequate scar, and the data suggested that denervation disrupted the timing and regulation of mRNA changes for many 
molecules important in healing. 
 
7.2. Neuropeptide effects in tissue culture 
Because of the complexity of the wound healing environment, investigators have sought to gains insights from the 
observation of cells or tissue specimens in culture where variables inherent to the in vivo environment (blood flow, 
mechanical loading, etc.) are controlled or eliminated. Cellular responses in the form of mRNA or protein production 
can be assayed in the presence or absence of specific mediators.   
 
Neuropeptide effects on normal and injured ligament in culture 
Recently it was reported that tissue cultured specimens of injured ligament respond to the addition of specific 
neuropeptides to the culture medium (159).  In this study, mRNA levels for numerous healing-associated molecules 
were significantly altered by individual neuropeptides. 
 
7.2.1. Neuropeptides downregulate expression of some growth factors 
TGF-ß1 mRNA levels were significantly depressed in 2 week post-injury ligament specimens cultured with 10-7 M 
CGRP and 10-7 M NPY compared to untreated specimens. SP had no detectable effect on TGF-ß mRNA levels in 
injured ligament.  TGF-ß1 mRNA levels in normal uninjured ligament and in 3 days post-injury ligament explants were 
not significantly affected by any of the neuropeptides employed.  
 
The mRNA levels for bFGF were also responsive to neuropeptide exposure, with significant depression detected at 3 
days post-injury with NPY, and at 2 weeks post-injury with SP and CGRP. 
 
Similarly, the mRNA levels for VEGF were significantly depressed by CGRP and NPY only at two weeks post-injury.  
 
7.2.2. Neuropeptides increase expression of inflammatory mediators 
IL-1 mRNA levels were significantly increased by NPY and SP in the 2 week post-injury specimens.  Similarly, NPY 
increased the mRNA levels for both TNF-α and COX-2 in 2 week post-injury specimens. 
 
7.2.3. Neuropeptides decrease expression of matrix molecules 
Type I Collagen mRNA levels were significantly depressed by SP in normal ligament specimens, by CGRP at 3 days 
post-injury, and by CGRP and NPY at two weeks post-injury. 
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Type III Collagen mRNA levels were significantly depressed by all three neuropeptides in the 2 week post-injury 
specimens. 
 
Biglycan mRNA levels were significantly lowered by CGRP in both the 3 day and 2 week post-injury specimens, and 
by NPY in the 2 week post-injury specimens. Lumican mRNA levels were significantly lowered by NPY in uninjured 
specimens but were not affected by any neuropeptide in any of the injured specimens. 
 
Thus, SP and NPY can induce increased mRNA levels for inflammatory mediators in specimens of injured ligament 
placed in culture at 2 weeks after injury.  In contrast, all three neuropeptides tested induced significantly lower mRNA 
levels for several molecules associated with healing in MCL scar, including growth factors, matrix molecules, 
excluding lumican, and some angiogenesis-associated proteins. These data are consistent with the results of the 
denervation study, and support the idea that the effects of denervation are largely the result of the loss of neuropeptide 
stimulation.  However, the results of both studies seem at odds with the previous in vivo data, showing that denervation 
impaired ligament healing in the rabbit model (155). 
 
A number of possible explanations could account for this apparent paradox. The three neuropeptides tested promote 
increased blood flow and/or angiogenesis (160-164). As angiogenesis is widely accepted to be the key determinant of 
the outcome of wound healing, neuropeptide induced increases in blood flow and accelerated angiogenesis might be 
more important to the outcome of healing than the observed changes in mRNA levels for matrix molecules and growth 
factors (165-170).  
Neuropeptides are also known to increase cellular proliferation (118, 121, 171, 172).  Cells stimulated to proliferate 
would potentially downregulate or stop producing matrix molecules or growth factors until their proliferative phase 
was completed.  Increased cellularity would likely subsequently lead to the formation of a larger, stronger scar in vivo, 
and could account for the superior healing of innervated ligaments. 
 
Importantly, not all potentially important neuropeptides known to be present in articular tissues were tested. Vasoactive 
intestinal polypeptide (VIP), somatostatin (SOM) and met-enkephalin, all present in articular tissues (76, 86, 173, 174), 
are also likely important modulators of cellular metabolism in healing ligament.  Future studies should address the 
influence of these mediators on healing and scar cell behavior, as the neuropeptide milieu in the healing ligament is 
likely very complex.  Furthermore, most of the significant effects on mRNA levels were observed at two weeks post-
injury.  This corresponds to the late inflammatory and early proliferative phase of healing in the rabbit MCL. The way 
cells in the scar respond to neuropeptides appears to be time dependent, with different effects seen at different times 
after injury (175).  Thus, testing specimens retrieved at longer intervals after ligament injury, with a broader variety of 
mediators, might reveal additional differences in response to neuropeptide stimulation. 
 
Only one concentration (10-7 M) of each neuropeptide was tested.  Physiologic levels of neuropeptides in healing 
ligaments or tendons are unknown.  The effects of these agents may be dose-dependent and different effects might be 
seen at lower concentrations.  
 In vivo, neuropeptides are produced in a temporally and spatially regulated manner by nerve fibers in close proximity 
to existing or newly forming vessels (76, 176).  During development, angiogenesis can be highly regulated by neuronal 
factors (177). It is not known whether a similar relationship is found in healing ligament, tendon, or other wounds.  
However, a highly localized down-regulation of matrix production would facilitate angiogenesis, which depends on 
MMP-mediated matrix digestion to produce a channel for proliferating endothelial cells to migrate into. Since all the 
neuropeptides tested to date are associated with increased blood flow and angiogenesis, the results would indicate that 
blood vessels and endothelium are likely the primary targets of these neuropeptides in early ligament healing (161-164, 
170). 
 
7.3 Diversity of Fibroblast Phenotypes 
 
In recent years a number of investigations have revealed that fibroblast behavior and activity is strongly determined by 
genetic and developmental factors, which are retained to a considerable extent in the tissue culture environment.  For 
example, one early study showed that when grown in three dimensional collagen gels, fibroblasts derived from cornea, 
tendon and dermis oriented very differently after 7 days, with corneal fibroblasts orienting into orthogonal sheets, 
tendon fibroblasts forming parallel bundles, and dermal fibroblasts remaining randomly oriented (178). 
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Much of our information about fibroblast behavior in tissue culture, particularly in the context of wound healing, comes 
from studies of dermal fibroblasts. Even within dermis, fibroblasts in derive from different embryonic precursors. 
Evidence continues to accumulate that there is considerable phenotypic diversity between fibroblasts found in different 
locations within a given tissue or organ (179). Thus neuropeptide effects on fibroblast behavior likely are specific to the 
tissue of origin, and this mandates a cautious approach to the interpretation of results derived from tissue culture based 
experiments. 
 
8. HEALING RESPONSE TO ALTERED NEURONAL PATHWAYS 
 
8.1. Inadequate neuronal signalling 

Several investigations have indicated that denervation impairs the mechanical properties of both normal and 
injured ligament. A chemical sympathectomy with continuous systemic administration of guanethidine (40 mg/kg/day) 
leads to degradation of the mechanical properties of the intact medial collateral ligament (MCL) of the knee joint in rats 
after only ten days of treatment (180).  Ligaments from treated animals had a larger cross-sectional area, a higher wet 
weight, a decreased modulus of elasticity and a decreased stress at failure.  Some of these structural changes might be 
explained by the significantly increased mRNA levels for the matrix degrading enzymes MMP-13 and cathepsin K, and 
increased ligament blood flow induced by chemical sympathectomy.  
 
As noted in the previous section, femoral nerve transection impairs healing of the medial collateral ligament in rabbits 
(155).  In that study, blood flow, angiogenesis and mechanical strength of the ligament scar were all significantly 
decreased in denervated limbs compared to normally innervated limbs, 6 weeks after injury.  Similar results have since 
been reported in rats, where surgical sympathectomy or femoral nerve transection each reduced failure loads of healing 
MCLs by 50% compared to normally innervated healing MCLs, at 2 weeks after injury (181). 
 
One study assessed Achilles tendon healing after performing a specific sensory denervation using Spanish pepper 
(capsaicin), which reduced the concentrations of SP by ~60% (182). The study demonstrated that the residual SP levels 
after denervation correlated with the biomechanical tissue properties, i.e. transverse area, ultimate tensile strength, and 
stress at failure (182). Thus, higher residual SP levels after sensory neuropathy are associated with improved tensile 
strength and stress at failure in the healing of Achilles tendon. 
 
Taken together these studies strongly support the idea that neuronal derived factors have a powerful influence on the 
structure, function and healing capacity of dense connective tissues such as ligament and tendon. 
 
8.2. Stimulated neuronal signalling 
Recent work has explored the possibility that the exogenous administration of neuropeptides or neurotrophic factors 
lead to improved tendon and ligament healing. Local injections of SP combined with the neutral endopeptidases 
thiorphan and captopril were used as a treatment for Achilles tendon rupture in rats (183, 184). This resulted in dose 
dependent increases in fibroblast number at the injury site between 1 and 6 weeks after injury. Histological parameters 
of collagen type III occurrence and collagen organization were enhanced in the SP group as compared to the control 
group (184). Moreover, collagen fiber orientation and angiogenesis were also improved by SP treatment (183).  A 
second report, originating from the same laboratory utilizing the same model, showed that treatment with SP also 
increased stress at maximal load and work to maximal load in healing Achilles tendon, although stiffness was not 
improved compared to controls, and actual failure loads were not reported (185).  An interesting observation from one 
of these studies was that the SP treated group exhibited an accelerated withdrawal of sensory nerve fibers from the 
injury site during healing (184). This observation may be interesting in the context of human tendinopathy with 
protracted, pathological sensory nerve fiber ingrowth in the tendon. It may prove that SP injections could promote 
sensory nerve fiber withdrawal. 
 
Another recent study assessed the effect of exogenous neuropeptide administration on the healing of denervated 
ligaments in rats (181).  The aim was to restore or improve the healing responses of the medial collateral ligament in 
joints partially denervated by femoral nerve transection or surgical sympathectomy.  In this study SP, VIP and NPY all 
improved the healing of denervated MCLs.  In the case of SP and VIP treatment, several mechanical properties, 
including failure load and failure stress were reported to be higher than those of intact, uninjured MCL.  Treatment with 
SP, VIP and NPY also significantly improved the histological appearance of healing MCLs. Treated ligaments showed 
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more organized scars and the appearance of increased matrix production. Interestingly, CGRP did not improve any of 
the measured histological or mechanical parameters of MCL healing in this model. 
Another approach to the augmentation of neuronal factors in wound healing has been the use of nerve growth factor 
(NGF).  NGF was initially described and characterized as a trophic factor for specific neuronal populations in the 
peripheral nervous system (186). Subsequent studies have shown that NGF displays an extended spectrum of biological 
functions (138), and promotes skin wound healing in both rodents and humans (187-189).  NGF can promote ligament 
healing in rats (190).  In this study, NGF was continuously administered to the injury site for 7 days via an implanted 
mini-osmotic pump. At 7 days after injury, the fractional area occupied by blood vessels was increased, indicating that 
angiogenesis was promoted by NGF. By 14 days, in addition to increased vascular density, an increase in nerve fiber 
density was noted in the NGF treated specimens, although no differences in the mechanical properties of the ligament 
were detected. By 42 days after injury, nerve fiber and blood vessel densities were progressively increased, and scar 
mechanical properties were also significantly improved in the NGF group.  Thus, early exposure of injured tissues to 
exogenous NGF can lead to improved mechanical outcomes, a critical factor for structurally important tissues such as 
tendons and ligaments. Once optimized, this approach could have broad clinical implications. In this context it is 
interesting to notice that blockage of NGF with humanised monoclonal antibodies, eg. Tanezumab, in stage 3 clinical 
trials provides much more effective pain relief than traditional therapy with NSAIDs (191). However, balancing the 
inhibition of NGF-mediated pain and NGF-mediated regulation of tissue metabolism and repair will be a turning point 
whether NGF-targeted therapies will ever reach the patients in need (192). 
 
Tendon repair is reported to be promoted also by physical activity, which recently was shown to be linked to 
accelerated neuronal plasticity (193, 194). Morover, it has been demonstrated that physical activity and training leads to 
increased levels of various neuromediators, including SP and CGRP, which may be involved in regulating the healing 
response (193, 195). Interestingly, not only the neuromediator ligands are influenced by physical activity, but maybe 
more importantly, so are the neuromediator receptors. Thus, mRNA-levels for the SP- and CGRP-receptors are in 
mobilized tendons significantly increased at 17 days post tendon injury compared to immobilized controls (194). It may 
prove that enhanced tendon repair after physical activity is related to an increased peripheral sensitivity to sensory 
neuropeptide stimulation, implying an up-regulation of sensory neuropeptide receptors. Whether the sensory 
neuropeptide receptors elicit different responses or affect different cell types depending on loading conditions after 
injury has yet to be investigated. 
Other physical means of stimulating tendon repair include intermittent pneumatic compression, which applied 1 hour 
daily for two weeks post tendon injury induced a substantially elevated occurrence of SP by 110% and CGRP by 47% 
and simultaneously increased the fibroblast density by 53% and vessel density by 64% (196). Moreover, it was recently 
demonstrated that intermittent pneumatic compression could promote tendon repair in immobilized condition by 
increasing the biomechanical tissue properties; maximum force increased 65%, energy increased 168% and tendon 
length increased 25% (197). These results demonstrate that the compression treatment may have a substantial clinical 
impact, considering that immobilization is the basic principle in the treatment of ruptured tendons. In fact, clinical 
translation of the preclinical data has demonstrated that adjuvant intermittent pneumatic compression applied at least 6 
hours daily for two weeks post human Achilles tendon rupture upregulated the concentration of local essential 
metabolites in the paratenon of the healing tendon (102). The metabolite exhibiting the largest elevation, 1.5-times, 
after adjuvant compression treatment was glutamate (102). 
 
On the whole, our data indicate several interesting pharmacological and physical strategies of promoting neuronal 
pathways that could be further developed and employed to enhance tendon repair. 
 
9. PERSPECTIVE  
 

From the above discussions, it should be apparent that the neural contributions to normal tissue function, 
repair, and in some instances, pathology, support the contention that these neural regulatory components play essential, 
but as yet incompletely defined roles in mechanically active tissues such as tendons. While not present at high density, 
the neural elements are part of a highly complex integrative system that likely serves multiple roles in such tissues, 
contributing to homeostasis, proprioception and proper functioning of the various tissues in a joint to ensure that it 
works as a smooth machine (e.g. the joint as a mechanical organ concept). It is also likely that there are some aspects in 
common between the repair functions that such neural elements play in different tissues. However, considerable more 
investigation is needed to provide clarity with regard to the dynamic aspects of their role(s), and how neural elements 
are modulated by genetics, aging, and sex and co-morbidities. Some of this complexity likely serves fundamental roles 
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in repair and restoration of function, but it is clear also from the work of Salo et al (33, 34, 198) that innervation of 
normal joint tissues can decline with age in both rats and mice, and thus elevate risk for degenerative joint disease. 
Whether similar changes occur in tendons and ligaments throughout the body during aging and following events such 
as menopause, remains to be delineated. Similarly, how such changes impact the repair process in tendons and 
ligaments, as well as other connective tissues, also remain to be clarified. 
 
In particular, how impaired neural contributions resulting from aging, co-morbidities such as diabetes or genetic 
variables impact tissue repair will be critical to elucidate. Conversely, excessive or aberrant neural involvement in 
healing could also be detrimental to functional outcomes.  Clearly, the key missing piece to the puzzle is “what 
regulates the regulators?” and how does our understanding of the neural responses interface with the other elements of 
the host response to injury.  Hopefully a raised awareness of neural contributions to effective tissue repair will 
stimulate increased research in this area. 
 
From the above discussion, nerves certainly play an essential role in response to injury and healing following an injury. 
This conclusion is reinforced from preclinical animal studies and from patient populations.   The hierarchy of 
influences on healing is most certainly complex, with redundant systems operative to ensure a reasonable outcome even 
if the system as a whole is compromised by disease or aging. Interestingly, neural influences likely rank high in such a 
hierarchy based on what is known regarding connective tissue homeostasis, breakdown and healing in spinal cord 
injured people or preclinical models (199). Thus, spinal cord injured individuals exhibit alterations in these processes 
below the level of the injury, but retain regulatory control above the level of the injury. While likely multifactorial, this 
is evidence for the importance of the neural system in regulation. 
 
While nerves are likely central to regulation, one new area of research could also provide additional insights into 
chronic conditions such as tendinosis or other chronic abnormal “healing” situations where the responder cells (e.g. 
fibroblasts, myofibroblasts, and others) become altered. Thus, understanding the impact of epigenetics on 
responsiveness to regulatory systems such as nerves is currently emerging. Unlike genetics, which is the genome 
everyone inherits, epigenetic processes occur during life and result in modifications to the genome which in turn affect 
regulation of gene expression and function (  ). Thus, in conditions of chronic stress of various sorts (200), conditions 
of chronic exposure to environmental factors (201-203), and due to chronic stimulation, such as in rheumatoid pannus 
(204, 205) as examples, DNA can be modified by methylation or derivatization affecting outcomes. Whether such 
changes can occur with some regularity in tendinosis, or abnormal healing situations in tendons, ligaments and other 
connective tissues, or even be facilitated by neural influences, remains to be determined. However, it is likely that such 
alterations may relate to the neural regulation of tissue responses, and thus be relevant to better understanding both 
normal and “deviant” healing processes. 
 
In summary, considerable progress has been made on several of the “fronts” discussed above, to document the 
involvement and potential involvement of innervation to regulate and modulate repair of tendons and related 
connective tissues. It is also clear that further progress in this area will require a multi- or trans-disciplinary approach, 
bringing together molecular and cell biologists with neuroscientists and neurophysiologists, biomedical engineers, and 
clinician-scientists to advance the field. The field is certainly poised to make significant advances, and such advances 
may well be translated into new interventions to treat specific patient populations via the basic information generated, 
as well as identify those at risk (via genomic and epigenomic screening and other approaches) for loss of neural 
contributions to maintaining connective tissue function and integrity. 
 
10. ACKNOWLEDGEMENTs 
Extensive parts of this work were supported by the regional agreement on medical training and clinical research (ALF) 
between Stockholm County Council and Karolinska Institutet (project nr. SLL20100168), the Swedish National Centre 
for Sports Research, a COREF-Sweden grant (Salo/Bray-Ackermann), and an Alberta Innovates Health Solutions OA 
Team Grant (DAH and CH) and the Swedish Research Council (project nr. 2012-3510). 
 
11. REFERENCES  
 
1. G. Broughton, 2nd, J. E. Janis and C. E. Attinger: Wound healing: an overview. Plast Reconstr Surg, 
117(7 Suppl), 1e-S-32e-S (2006)  



 19 

2. G. Broughton, 2nd, J. E. Janis and C. E. Attinger: The basic science of wound healing. Plast 
Reconstr Surg, 117(7 Suppl), 12S-34S (2006)  
3. D. R. Carter, G. S. Beaupre, N. J. Giori and J. A. Helms: Mechanobiology of skeletal regeneration. 
Clin Orthop Relat Res(355 Suppl), S41-55 (1998)  
4. D. M. Nunamaker: Experimental models of fracture repair. Clin Orthop Relat Res(355 Suppl), S56-
65 (1998)  
5. C. E. O'Brien, H. Harden and G. Com: A survey of nutrition practices for patients with cystic 
fibrosis. Nutr Clin Pract, 28(2), 237-41 (2013) doi:10.1177/0884533612466113 
6. T. A. Wilgus: Regenerative healing in fetal skin: a review of the literature. Ostomy Wound Manage, 
53(6), 16-31; quiz 32-3 (2007)  
7. I. V. Yannas, M. D. Kwan and M. T. Longaker: Early fetal healing as a model for adult organ 
regeneration. Tissue Eng, 13(8), 1789-98 (2007)  
8. K. J. Rolfe, J. Richardson, C. Vigor, L. M. Irvine, A. O. Grobbelaar and C. Linge: A role for TGF-
beta1-induced cellular responses during wound healing of the non-scarring early human fetus? J Invest Dermatol, 
127(11), 2656-67 (2007)  
9. T. A. Wilgus, V. K. Bergdall, K. L. Tober, K. J. Hill, S. Mitra, N. A. Flavahan and T. M. Oberyszyn: 
The impact of cyclooxygenase-2 mediated inflammation on scarless fetal wound healing. Am J Pathol, 165(3), 753-61 
(2004)  
10. K. M. Bullard, M. T. Longaker and H. P. Lorenz: Fetal wound healing: current biology. World J 
Surg, 27(1), 54-61 (2003)  
11. W. Chen, X. Fu, S. Ge, T. Sun, G. Zhou, B. Han, H. Li and Z. Sheng: Profiling of genes differentially 
expressed in a rat of early and later gestational ages with high-density oligonucleotide DNA array. Wound Repair 
Regen, 15(1), 147-55 (2007)  
12. S. Purkayastha and D. Cai: Neuroinflammatory basis of metabolic syndrome. Mol Metab, 2(4), 356-
363 (2013) doi:10.1016/j.molmet.2013.09.005 
13. J. Hellmann, Y. Tang and M. Spite: Proresolving lipid mediators and diabetic wound healing. Curr 
Opin Endocrinol Diabetes Obes, 19(2), 104-8 (2012) doi:10.1097/MED.0b013e3283514e00 
14. R. E. Mirza, M. M. Fang, W. J. Ennis and T. J. Koh: Blocking interleukin-1beta induces a healing-
associated wound macrophage phenotype and improves healing in type 2 diabetes. Diabetes, 62(7), 2579-87 (2013) 
doi:10.2337/db12-1450 
15. J. Berlanga-Acosta, G. S. Schultz, E. Lopez-Mola, G. Guillen-Nieto, M. Garcia-Siverio and L. 
Herrera-Martinez: Glucose toxic effects on granulation tissue productive cells: the diabetics' impaired healing. Biomed 
Res Int, 2013, 256043 (2013) doi:10.1155/2013/256043 
16. D. Hart: Treatments for fibrosis development and progression: Lessons learned from preclinical 
models and potential impact on human conditions such as scleroderma, pulmonary fibrosis, hypertrophic scarring and 
tendinopathies J Biomedical Science and Engineering, 6(8A2), 1-9 (2013)  
17. M. J. Monument, D. A. Hart, P. T. Salo, A. D. Befus and K. A. Hildebrand: Posttraumatic elbow 
contractures: targeting neuroinflammatory fibrogenic mechanisms. J Orthop Sci, 18(6), 869-77 (2013) 
doi:10.1007/s00776-013-0447-5 
18. T. Natsu-Ume, T. Majima, C. Reno, N. G. Shrive, C. B. Frank and D. A. Hart: Menisci of the rabbit 
knee require mechanical loading to maintain homeostasis: cyclic hydrostatic compression in vitro prevents derepression 
of catabolic genes. J Orthop Sci, 10(4), 396-405 (2005) doi:10.1007/s00776-005-0912-x 
19. D. A. Hart and A. Scott: Getting the dose right when prescribing exercise for connective tissue 
conditions: the Yin [corrected] and the Yang of tissue homeostasis. Br J Sports Med, 46(10), 696-8 (2012) 
doi:10.1136/bjsports-2011-090083 
20. J. Li, J. Chen and R. Kirsner: Pathophysiology of acute wound healing. Clin Dermatol, 25(1), 9-18 
(2007)  
21. A. J. Singer and R. A. Clark: Cutaneous wound healing. N Engl J Med, 341(10), 738-46 (1999)  
22. P. Martin: Wound healing--aiming for perfect skin regeneration. Science, 276(5309), 75-81 (1997)  
23. P. G. Murphy and D. A. Hart: Plasminogen activators and plasminogen activator inhibitors in 
connective tissues and connective tissue cells:  influence of the neuropeptide substance P on expression. Biochim. 
Biophys. Acta, 1182(2), 205-214 (1993)  
24. D. A. Hart and C. Reno: Pregnancy alters the in vitro responsiveness of the rabbit medial collateral 
ligament to neuropeptides: effect on mRNA levels for growth factors, cytokines, iNOS, COX-2, metalloproteinases and 
TIMPs. Biochim Biophys Acta, 1408(1), 35-43 (1998)  



 20 

25. P. Sciore, C. B. Frank and D. A. Hart: Identification of sex hormone receptors in human and rabbit 
ligaments of the knee by reverse transcription-polymerase chain reaction: evidence that receptors are present in tissue 
from both male and female subjects. J Orthop Res, 16(5), 604-10 (1998)  
26. D. A. Hart, C. Frank and R. C. Bray: Inflammatory processes in repetitive motion and overuse 
syndromes: potential roole of neurogenic mechanisms in tendons and ligament. AAOS, Park Ridge (1995)  
27. D. A. Hart, C. B. Frank, A. Kydd, T. J. Ivie, P. Sciore and C. Reno: Neruogenic, mast cell and gender 
variables in tendon biology. Potential role in chronic tendinopathy. In: Tendinopathy: Basic Science and Clinical 
Management. Ed N. Maffulli, P. Renstrom&W. Leadbetter. Spinger-Verlag, london (2005)  
28. C. L. Gallant-Behm, K. A. Hildebrand and D. A. Hart: The mast cell stabilizer ketotifen prevents 
development of excessive skin wound contraction and fibrosis in red Duroc pigs. Wound Repair Regen, 16(2), 226-33 
(2008) doi:10.1111/j.1524-475X.2008.00363.x 
29. M. E. Berglund, K. A. Hildebrand, M. Zhang, D. A. Hart and M. E. Wiig: Neuropeptide, mast cell, 
and myofibroblast expression after rabbit deep flexor tendon repair. J Hand Surg Am, 35(11), 1842-9  doi:S0363-
5023(10)00781-1 [pii] 
10.1016/j.jhsa.2010.06.031 
30. M. J. Monument, D. A. Hart, A. D. Befus, P. T. Salo, M. Zhang and K. A. Hildebrand: The mast cell 
stabilizer ketotifen fumarate lessens contracture severity and myofibroblast hyperplasia: a study of a rabbit model of 
posttraumatic joint contractures. J Bone Joint Surg Am, 92(6), 1468-77 (2010) doi:10.2106/JBJS.I.00684 
31. A. Scott and R. Bahr: Neuropeptides in tendinopathy. Front Biosci (Landmark Ed), 14, 2203-11 
(2009) doi:3372 [pii] 
32. J. Pingel, J. Wienecke, M. Kongsgaard, H. Behzad, T. Abraham, H. Langberg and A. Scott: 
Increased mast cell numbers in a calcaneal tendon overuse model. Scand J Med Sci Sports, 23(6), e353-60 (2013) 
doi:10.1111/sms.12089 
33. P. T. Salo, R. A. Seeratten, W. M. Erwin and R. C. Bray: Evidence for a neuropathic contribution to 
the development of spontaneous knee osteoarthrosis in a mouse model. Acta Orthop Scand, 73(1), 77-84. (2002)  
34. P. T. Salo and W. G. Tatton: Age-related loss of knee joint afferents in mice. J. Neurosci. Res., 35, 
664-677 (1993)  
35. D. A. Hart, C. B. Frank, A. Kydd, T. J. Ivie, P. Sciore and C. Reno: Neurogenic, mast cell and gender 
variables in tendon biology. Potential role in chronic tendinopathy. In: Tendinopathy: Basic Science and Clinical 
Management. Ed N. Maffulli, P. Renstrom&W. Leadbetter. Spinger-Verlag, london (2005)  
36. G. Andersson, S. Forsgren, A. Scott, J. E. Gaida, J. E. Stjernfeldt, R. Lorentzon, H. Alfredson, C. 
Backman and P. Danielson: Tenocyte hypercellularity and vascular proliferation in a rabbit model of tendinopathy: 
contralateral effects suggest the involvement of central neuronal mechanisms. Br J Sports Med, 45(5), 399-406 (2011) 
doi:bjsm.2009.068122 [pii] 
10.1136/bjsm.2009.068122 
37. L. J. Backman, G. Andersson, G. Wennstig, S. Forsgren and P. Danielson: Endogenous substance P 
production in the Achilles tendon increases with loading in an in vivo model of tendinopathy-peptidergic elevation 
preceding tendinosis-like tissue changes. J Musculoskelet Neuronal Interact, 11(2), 133-40 (2011)  
38. K. J. Tracey: The inflammatory reflex. Nature, 420, 853-859 (2002)  
39. R. H. Straub, J. W. Bijlsma, A. Masi and M. Cutolo: Role of neuroendocrine and neuroimmune 
mechanisms in chronic inflammatory rheumatic diseases-The 10-year update. Semin Arthritis Rheum (2013) 
doi:S0049-0172(13)00064-4 [pii] 
10.1016/j.semarthrit.2013.04.008 
40. S. E. Gwilym, H. C. Oag, I. Tracey and A. J. Carr: Evidence that central sensitisation is present in 
patients with shoulder impingement syndrome and influences the outcome after surgery. J Bone Joint Surg Br, 93(4), 
498-502 (2011) doi:93-B/4/498 [pii] 
10.1302/0301-620X.93B4.25054 
41. W. M. Bayliss: On the origin from the spinal cord of the vaso-dilator fibres of the hind-limb, and on 
the nature of these fibres. J Physiol, 26(3-4), 173-209 (1901)  
42. R. Oku, M. Satoh, N. Fujii, A. Otaka, H. Yajima and H. Takagi: Calcitonin gene-related peptide 
promotes mechanical nociception by potentiating release of substance P from the spinal dorsal horn in rats. Brain Res, 
403(2), 350-4 (1987)  
43. Z. Wiesenfeld-Hallin, T. Hokfelt, J. M. Lundberg, W. G. Forssmann, M. Reinecke, F. A. Tschopp 
and J. A. Fischer: Immunoreactive calcitonin gene-related peptide and substance P coexist in sensory neurons to the 
spinal cord and interact in spinal behavioral responses of the rat. Neurosci Lett, 52(1-2), 199-204 (1984)  



 21 

44. C. Woolf and Z. Wiesenfeld-Hallin: Substance P and calcitonin gene-related peptide synergistically 
modulate the gain of the nociceptive flexor withdrawal reflex in the rat. Neurosci Lett, 66(2), 226-30 (1986)  
45. M. Schaffer, T. Beiter, H. D. Becker and T. K. Hunt: Neuropeptides: mediators of inflammation and 
tissue repair? Arch Surg, 133(10), 1107-16 (1998)  
46. S. D. Brain and T. J. Williams: Inflammatory oedema induced by synergism between calcitonin 
gene-related peptide (CGRP) and mediators of increased vascular permeability. Br J Pharmacol, 86(4), 855-60 (1985)  
47. C. A. Maggi: Tachykinins and calcitonin gene-related peptide (CGRP) as co-transmitters released 
from peripheral endings of sensory nerves. Prog Neurobiol, 45(1), 1-98 (1995)  
48. S. M. Carlton and R. E. Coggeshall: Immunohistochemical localization of enkephalin in peripheral 
sensory axons in the rat. Neurosci Lett, 221(2-3), 121-4 (1997)  
49. R. A. Cridland and J. L. Henry: Effects of intrathecal administration of neuropeptides on a spinal 
nociceptive reflex in the rat: VIP, galanin, CGRP, TRH, somatostatin and angiotensin II. Neuropeptides, 11(1), 23-32 
(1988)  
50. B. Heppelmann, S. Just and M. Pawlak: Galanin influences the mechanosensitivity of sensory 
endings in the rat knee joint. Eur J Neurosci, 12(5), 1567-72 (2000)  
51. X. J. Xu, J. X. Hao, Z. Wiesenfeld-Hallin, R. Hakanson, K. Folkers and T. Hokfelt: Spantide II, a 
novel tachykinin antagonist, and galanin inhibit plasma extravasation induced by antidromic C-fiber stimulation in rat 
hindpaw. Neuroscience, 42(3), 731-7 (1991)  
52. D. Bleakman, A. Alt and E. S. Nisenbaum: Glutamate receptors and pain. Semin Cell Dev Biol, 
17(5), 592-604 (2006)  
53. X. Yan, E. Jiang, M. Gao and H. R. Weng: Endogenous activation of presynaptic NMDA receptors 
enhances glutamate release from the primary afferents in the spinal dorsal horn in a rat model of neuropathic pain. J 
Physiol, 591(Pt 7), 2001-19 (2013) doi:jphysiol.2012.250522 [pii] 
10.1113/jphysiol.2012.250522 
54. P. Gazerani, X. Dong, M. Wang, U. Kumar and B. E. Cairns: Sensitization of rat facial cutaneous 
mechanoreceptors by activation of peripheral N-methyl-d-aspartate receptors. Brain Res, 1319, 70-82 (2010) 
doi:S0006-8993(10)00058-2 [pii] 
10.1016/j.brainres.2010.01.018 
55. P. W. Ackermann: Neuronal regulation of tendon homoeostasis. Int J Exp Pathol, 94(4), 271-86 
(2013) doi:10.1111/iep.12028 
56. P. W. Ackermann, P. T. Salo and D. A. Hart: Neuronal pathways in tendon healing. Front Biosci, 14, 
5165-5187 (2009)  
57. B. J. Dean, S. L. Franklin and A. J. Carr: The peripheral neuronal phenotype is important in the 
pathogenesis of painful human tendinopathy: a systematic review. Clin Orthop Relat Res, 471(9), 3036-46 (2013) 
doi:10.1007/s11999-013-3010-y 
58. P. W. Ackermann, J. Li, A. Finn, M. Ahmed and A. Kreicbergs: Autonomic innervation of tendons, 
ligaments and joint capsules. A morphologic and quantitative study in the rat. J Orthop Res, 19(3), 372-8 (2001)  
59. P. Danielson, H. Alfredson and S. Forsgren: In situ hybridization studies confirming recent findings 
of the existence of a local nonneuronal catecholamine production in human patellar tendinosis. Microsc Res Tech, 
70(10), 908-11 (2007)  
60. P. Danielson, H. Alfredson and S. Forsgren: Studies on the importance of sympathetic innervation, 
adrenergic receptors, and a possible local catecholamine production in the development of patellar tendinopathy 
(tendinosis) in man. Microsc Res Tech, 70(4), 310-24 (2007)  
61. B. O. Ljung, S. Forsgren and J. Friden: Sympathetic and sensory innervations are heterogeneously 
distributed in relation to the blood vessels at the extensor carpi radialis brevis muscle origin of man. Cells Tissues 
Organs, 165(1), 45-54 (1999)  
62. M. E. Wall, J. E. Faber, X. Yang, M. Tsuzaki and A. J. Banes: Norepinephrine-induced calcium 
signaling and expression of adrenoceptors in avian tendon cells. Am J Physiol Cell Physiol, 287(4), C912-8 (2004)  
63. D. Bjur, H. Alfredson and S. Forsgren: Presence of the neuropeptide Y1 receptor in tenocytes and 
blood vessel walls in the human Achilles tendon. Br J Sports Med, 43(14), 1136-42 (2009) doi:bjsm.2008.055780 [pii] 
10.1136/bjsm.2008.055780 
64. B. Chandrasekharan, B. G. Nezami and S. Srinivasan: Emerging neuropeptide targets in 
inflammation: NPY and VIP. Am J Physiol Gastrointest Liver Physiol, 304(11), G949-57 (2013) doi:ajpgi.00493.2012 
[pii] 
10.1152/ajpgi.00493.2012 



 22 

65. B. Chandrasekharan, B. G. Nezami and S. Srinivasan: Emerging neuropeptide targets in 
inflammation: NPY and VIP. Am J Physiol Gastrointest Liver Physiol, 304(11), G949-57  doi:ajpgi.00493.2012 [pii] 
10.1152/ajpgi.00493.2012 
66. P. Danielson, H. Alfredson and S. Forsgren: Immunohistochemical and histochemical findings 
favoring the occurrence of autocrine/paracrine as well as nerve-related cholinergic effects in chronic painful patellar 
tendon tendinosis. Microsc Res Tech, 69(10), 808-19 (2006)  
67. P. Danielson, G. Andersson, H. Alfredson and S. Forsgren: Extensive expression of markers for 
acetylcholine synthesis and of M2 receptors in tenocytes in therapy-resistant chronic painful patellar tendon tendinosis 
- a pilot study. Life Sci, 80(24-25), 2235-8 (2007)  
68. M. von During, B. Fricke and A. Dahlmann: Topography and distribution of nerve fibers in the 
posterior longitudinal ligament of the rat: an immunocytochemical and electron-microscopical study. Cell Tissue Res, 
281(2), 325-38 (1995)  
69. M. Delgado, C. Abad, C. Martinez, J. Leceta and R. P. Gomariz: Vasoactive intestinal peptide 
prevents experimental arthritis by downregulating both autoimmune and inflammatory components of the disease. Nat 
Med, 7(5), 563-8 (2001)  
70. M. Delgado and D. Ganea: Inhibition of endotoxin-induced macrophage chemokine production by 
vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide in vitro and in vivo. J Immunol, 
167(2), 966-75 (2001)  
71. E. Gonzalez-Rey, N. Varela, A. Chorny and M. Delgado: Therapeutical approaches of vasoactive 
intestinal peptide as a pleiotropic immunomodulator. Curr Pharm Des, 13(11), 1113-39 (2007)  
72. C. A. Ottaway: In vitro alteration of receptors for vasoactive intestinal peptide changes the in vivo 
localization of mouse T cells. J Exp Med, 160(4), 1054-69 (1984)  
73. C. A. Ottaway and G. R. Greenberg: Interaction of vasoactive intestinal peptide with mouse 
lymphocytes: specific binding and the modulation of mitogen responses. J Immunol, 132(1), 417-23 (1984)  
74. S. J. Romano, R. A. Corriveau, R. I. Schwarz and D. K. Berg: Expression of the nicotinic receptor 
alpha 7 gene in tendon and periosteum during early development. J Neurochem, 68(2), 640-8 (1997)  
75. L. Bernheim, M. Hamann, J. H. Liu, J. Fischer-Lougheed and C. R. Bader: Role of nicotinic 
acetylcholine receptors at the vertebrate myotendinous junction: a hypothesis. Neuromuscul Disord, 6(3), 211-4 (1996)  
76. P. W. Ackermann, A. Finn and M. Ahmed: Sensory neuropeptidergic pattern in tendon, ligament and 
joint capsule. A study in the rat. Neuroreport, 10(10), 2055-60 (1999)  
77. M. Gotoh, K. Hamada, H. Yamakawa, A. Inoue and H. Fukuda: Increased substance P in 
subacromial bursa and shoulder pain in rotator cuff diseases. J Orthop Res, 16(5), 618-21 (1998)  
78. T. E. Schubert, C. Weidler, K. Lerch, F. Hofstadter and R. H. Straub: Achilles tendinosis is 
associated with sprouting of substance P positive nerve fibres. Ann Rheum Dis, 64(7), 1083-6 (2005)  
79. O. Lian, J. Dahl, P. W. Ackermann, F. Frihagen, L. Engebretsen and R. Bahr: Pronociceptive and 
antinociceptive neuromediators in patellar tendinopathy. Am J Sports Med, 34(11), 1801-8 (2006)  
80. P. W. Ackermann, M. Ahmed and A. Kreicbergs: Early nerve regeneration after achilles tendon 
rupture--a prerequisite for healing? A study in the rat. J Orthop Res, 20(4), 849-56 (2002)  
81. S. D. Brain, T. J. Williams, J. R. Tippins, H. R. Morris and I. MacIntyre: Calcitonin gene-related 
peptide is a potent vasodilator. Nature, 313(5997), 54-6 (1985)  
82. R. E. Coggeshall, S. Zhou and S. M. Carlton: Opioid receptors on peripheral sensory axons. Brain 
Res, 764(1-2), 126-32 (1997)  
83. C. Stein, A. H. Hassan, K. Lehrberger, J. Giefing and A. Yassouridis: Local analgesic effect of 
endogenous opioid peptides. Lancet, 342(8867), 321-4 (1993)  
84. C. Zollner and C. Stein: Opioids. Handb Exp Pharmacol(177), 31-63 (2007)  
85. M. Spetea: Opioid Receptors and Their Ligands in the Musculoskeletal System and Relevance for 
Pain Control. Curr Pharm Des (2013) doi:CPD-EPUB-20130220-3 [pii] 
86. P. W. Ackermann, M. Spetea, I. Nylander, K. Ploj, M. Ahmed and A. Kreicbergs: An opioid system 
in connective tissue: a study of achilles tendon in the rat. J Histochem Cytochem, 49(11), 1387-95 (2001)  
87. R. H. Moore, 3rd and D. A. Dowling: Effects of enkephalins on perfusion pressure in isolated 
hindlimb preparations. Life Sci, 31(15), 1559-66 (1982)  
88. F. Lembeck, J. Donnerer and L. Bartho: Inhibition of neurogenic vasodilation and plasma 
extravasation by substance P antagonists, somatostatin and [D-Met2, Pro5]enkephalinamide. Eur J Pharmacol, 85(2), 
171-6 (1982)  



 23 

89. Y. Hong and F. V. Abbott: Peripheral opioid modulation of pain and inflammation in the formalin 
test. Eur J Pharmacol, 277(1), 21-8 (1995)  
90. H. Machelska and C. Stein: Leukocyte-derived opioid peptides and inhibition of pain. J 
Neuroimmune Pharmacol, 1(1), 90-7 (2006)  
91. C. Stein, M. Schafer and H. Machelska: Attacking pain at its source: new perspectives on opioids. 
Nat Med, 9(8), 1003-8 (2003)  
92. T. L. Yaksh, S. R. Michener, J. E. Bailey, G. J. Harty, D. L. Lucas, D. K. Nelson, D. R. Roddy and 
V. L. Go: Survey of distribution of substance P, vasoactive intestinal polypeptide, cholecystokinin, neurotensin, Met-
enkephalin, bombesin and PHI in the spinal cord of cat, dog, sloth and monkey. Peptides, 9(2), 357-72 (1988)  
93. B. N. Dhawan, F. Cesselin, R. Raghubir, T. Reisine, P. B. Bradley, P. S. Portoghese and M. Hamon: 
International Union of Pharmacology. XII. Classification of opioid receptors. Pharmacol Rev, 48(4), 567-92 (1996)  
94. N. Hirota, Y. Kuraishi, Y. Hino, Y. Sato, M. Satoh and H. Takagi: Met-enkephalin and morphine but 
not dynorphin inhibit noxious stimuli-induced release of substance P from rabbit dorsal horn in situ. 
Neuropharmacology, 24(6), 567-70 (1985)  
95. L. Zhou, Q. Zhang, C. Stein and M. Schafer: Contribution of opioid receptors on primary afferent 
versus sympathetic neurons to peripheral opioid analgesia. J Pharmacol Exp Ther, 286(2), 1000-6 (1998)  
96. N. Vadivelu, S. Mitra and R. L. Hines: Peripheral opioid receptor agonists for analgesia: a 
comprehensive review. J Opioid Manag, 7(1), 55-68 (2011)  
97. M. Julio-Pieper, P. J. Flor, T. G. Dinan and J. F. Cryan: Exciting times beyond the brain: 
metabotropic glutamate receptors in peripheral and non-neural tissues. Pharmacol Rev, 63(1), 35-58 (2011) 
doi:pr.110.004036 [pii] 
10.1124/pr.110.004036 
98. N. Schizas, O. Lian, F. Frihagen, L. Engebretsen, R. Bahr and P. W. Ackermann: Coexistence of up-
regulated NMDA receptor 1 and glutamate on nerves, vessels and transformed tenocytes in tendinopathy. Scand J Med 
Sci Sports, 20(2), 208-15 (2010) doi:SMS913 [pii] 
10.1111/j.1600-0838.2009.00913.x 
99. N. Schizas, R. Weiss, O. Lian, F. Frihagen, R. Bahr and P. W. Ackermann: Glutamate receptors in 
tendinopathic patients. J Orthop Res, 30(9), 1447-52 (2012) doi:10.1002/jor.22094 
100. A. Scott, H. Alfredson and S. Forsgren: VGluT2 expression in painful Achilles and patellar 
tendinosis: Evidence of local glutamate release by tenocytes. J Orthop Res (2007)  
101. T. M. Skerry and P. G. Genever: Glutamate signalling in non-neuronal tissues. Trends Pharmacol 
Sci, 22(4), 174-81 (2001)  
102. K. Greve, E. Domeij-Arverud, F. Labruto, G. Edman, D. Bring, G. Nilsson and P. W. Ackermann: 
Metabolic activity in early tendon repair can be enhanced by intermittent pneumatic compression. Scand J Med Sci 
Sports, 22(4), e55-63 (2012) doi:10.1111/j.1600-0838.2012.01475.x 
103. P. W. Ackermann, J. Li, T. Lundeberg and A. Kreicbergs: Neuronal plasticity in relation to 
nociception and healing of rat achilles tendon. J Orthop Res, 21(3), 432-41 (2003)  
104. P. P. Lui, L. S. Chan, S. C. Fu and K. M. Chan: Expression of sensory neuropeptides in tendon is 
associated with failed healing and activity-related tendon pain in collagenase-induced tendon injury. Am J Sports Med, 
38(4), 757-64  doi:0363546509355402 [pii] 
10.1177/0363546509355402 
105. D. A. Bolden, C. Sternini and L. Kruger: GAP-43 mRNA and calcitonin gene-related peptide mRNA 
expression in sensory neurons are increased following sympathectomy. Brain Res Bull, 42(1), 39-50 (1997)  
106. M. S. Chong, M. L. Reynolds, N. Irwin, R. E. Coggeshall, P. C. Emson, L. I. Benowitz and C. J. 
Woolf: GAP-43 expression in primary sensory neurons following central axotomy. J Neurosci, 14(7), 4375-84 (1994)  
107. V. Gagliardini, I. Dusart and C. Fankhauser: Absence of GAP-43 can protect neurons from death. 
Mol Cell Neurosci, 16(1), 27-33 (2000)  
108. M. Hukkanen, Y. T. Konttinen, S. Santavirta, P. Paavolainen, X. H. Gu, G. Terenghi and J. M. Polak: 
Rapid proliferation of calcitonin gene-related peptide-immunoreactive nerves during healing of rat tibial fracture 
suggests neural involvement in bone growth and remodelling. Neuroscience, 54(4), 969-79 (1993)  
109. J. Li, T. Ahmad, M. Spetea, M. Ahmed and A. Kreicbergs: Bone reinnervation after fracture: a study 
in the rat. J Bone Miner Res, 16(8), 1505-10 (2001)  
110. S. Kishimoto: The regeneration of substance P-containing nerve fibers in the process of burn wound 
healing in the guinea pig skin. J Invest Dermatol, 83(3), 219-23 (1984)  



 24 

111. P. T. Salo, J. A. Beye, R. A. Seerattan, C. A. Leonard, T. J. Ivie and R. C. Bray: Plasticity of 
peptidergic innervation in healing rabbit medial collateral ligament. Can J Surg, 51(3), 167-72 (2008)  
112. A. Saria: Substance P in sensory nerve fibres contributes to the development of oedema in the rat 
hind paw after thermal injury. Br J Pharmacol, 82(1), 217-22 (1984)  
113. J. J. Bowden, A. M. Garland, P. Baluk, P. Lefevre, E. F. Grady, S. R. Vigna, N. W. Bunnett and D. 
M. McDonald: Direct observation of substance P-induced internalization of neurokinin 1 (NK1) receptors at sites of 
inflammation. Proc Natl Acad Sci U S A, 91(19), 8964-8 (1994)  
114. K. L. Quinlan, I. S. Song, N. W. Bunnett, E. Letran, M. Steinhoff, B. Harten, J. E. Olerud, C. A. 
Armstrong, S. Wright Caughman and J. C. Ansel: Neuropeptide regulation of human dermal microvascular endothelial 
cell ICAM-1 expression and function. Am J Physiol, 275(6 Pt 1), C1580-90 (1998)  
115. E. J. Carolan and T. B. Casale: Effects of neuropeptides on neutrophil migration through noncellular 
and endothelial barriers. J Allergy Clin Immunol, 92(4), 589-98 (1993)  
116. T. J. Molloy, Y. Wang, A. Horner, T. M. Skerry and G. A. Murrell: Microarray analysis of healing 
rat Achilles tendon: evidence for glutamate signaling mechanisms and embryonic gene expression in healing tendon 
tissue. J Orthop Res, 24(4), 842-55 (2006)  
117. J. Nilsson, A. M. von Euler and C. J. Dalsgaard: Stimulation of connective tissue cell growth by 
substance P and substance K. Nature, 315(6014), 61-3 (1985)  
118. A. Haegerstrand, C. J. Dalsgaard, B. Jonzon, O. Larsson and J. Nilsson: Calcitonin gene-related 
peptide stimulates proliferation of human endothelial cells. Proc Natl Acad Sci U S A, 87(9), 3299-303 (1990)  
119. S. S. Karanth, S. Dhital, D. R. Springall and J. M. Polak: Reinnervation and neuropeptides in mouse 
skin flaps. J Auton Nerv Syst, 31(2), 127-34 (1990)  
120. S. S. Karanth, D. R. Springall, S. Francavilla, D. J. Mirrlees and J. M. Polak: Early increase in 
CGRP- and VIP-immunoreactive nerves in the skin of streptozotocin-induced diabetic rats. Histochemistry, 94(6), 659-
66 (1990)  
121. Z. Zukowska-Grojec, E. Karwatowska-Prokopczuk, W. Rose, J. Rone, S. Movafagh, H. Ji, Y. Yeh, 
W. T. Chen, H. K. Kleinman, E. Grouzmann and D. S. Grant: Neuropeptide Y: a novel angiogenic factor from the 
sympathetic nerves and endothelium. Circ Res, 83(2), 187-95 (1998)  
122. P. W. Ackermann, E. Domeij-Arverud, P. Leclerc, P. Amoudrouz and G. A. Nader: Anti-
inflammatory cytokine profile in early human tendon repair. Knee Surg Sports Traumatol Arthrosc, 21(8), 1801-6 
(2012) doi:10.1007/s00167-012-2197-x 
123. K. A. Yule and S. R. White: Migration of 3T3 and lung fibroblasts in response to calcitonin gene-
related peptide and bombesin. Exp Lung Res, 25(3), 261-73 (1999)  
124. M. Ziche, L. Morbidelli, M. Pacini, P. Geppetti, G. Alessandri and C. A. Maggi: Substance P 
stimulates neovascularization in vivo and proliferation of cultured endothelial cells. Microvasc Res, 40(2), 264-78 
(1990)  
125. J. Nilsson, M. Sjolund, L. Palmberg, A. M. Von Euler, B. Jonzon and J. Thyberg: The calcium 
antagonist nifedipine inhibits arterial smooth muscle cell proliferation. Atherosclerosis, 58(1-3), 109-22 (1985)  
126. A. Haegerstrand, C. J. Dalsgaard, B. Jonzon, O. Larsson and J. Nilsson: Calcitonin gene-related 
peptide stimulates proliferation of human endothelial cells. Proc Natl Acad Sci U S A, 87(9), 3299-303. (1990)  
127. H. S. Hong, J. Lee, E. Lee, Y. S. Kwon, W. Ahn, M. H. Jiang, J. C. Kim and Y. Son: A new role of 
substance P as an injury-inducible messenger for mobilization of CD29(+) stromal-like cells. Nat Med, 15(4), 425-35 
(2009) doi:nm.1909 [pii] 
10.1038/nm.1909 
128. G. Jancso, P. Santha, V. Horvath and F. Pierau: Inhibitory neurogenic modulation of histamine-
induced cutaneous plasma extravasation in the pigeon. Regul Pept, 95(1-3), 75-80 (2000)  
129. U. Wagner, H. C. Fehmann, D. Bredenbroker, F. Yu, P. J. Barth and P. von Wichert: Galanin and 
somatostatin inhibition of substance P-induced airway mucus secretion in the rat. Neuropeptides, 28(1), 59-64 (1995)  
130. Z. Wiesenfeld-Hallin, X. J. Xu, U. Langel, K. Bedecs, T. Hokfelt and T. Bartfai: Galanin-mediated 
control of pain: enhanced role after nerve injury. Proc Natl Acad Sci U S A, 89(8), 3334-7 (1992)  
131. M. Delgado and D. Ganea: Vasoactive intestinal peptide and pituitary adenylate cyclase-activating 
polypeptide inhibit expression of Fas ligand in activated T lymphocytes by regulating c-Myc, NF-kappa B, NF-AT, and 
early growth factors 2/3. J Immunol, 166(2), 1028-40 (2001)  
132. D. S. Steinbrech, M. T. Longaker, B. J. Mehrara, P. B. Saadeh, G. S. Chin, R. P. Gerrets, D. C. Chau, 
N. M. Rowe and G. K. Gittes: Fibroblast response to hypoxia: the relationship between angiogenesis and matrix 
regulation. J Surg Res, 84(2), 127-33 (1999)  



 25 

133. V. Sanchis-Alfonso, E. Rosello-Sastre and A. Subias-Lopez: Neuroanatomic basis for pain in patellar 
tendinosis ("jumper's knee"): a neuroimmunohistochemical study. Am J Knee Surg, 14(3), 174-7 (2001)  
134. A. Scott, O. Lian, R. Bahr, D. A. Hart, V. Duronio and K. M. Khan: Increased mast cell numbers in 
human patellar tendinosis: correlation with symptom duration and vascular hyperplasia. Br J Sports Med, 42(9), 753-7 
(2008) doi:bjsm.2007.040212 [pii] 
10.1136/bjsm.2007.040212 
135. R. H. Straub and P. Harle: [Stress, hormones, and neuronal signals in the pathophysiology of 
rheumatoid arthritis. The negative impact on chronic inflammation]. Med Klin (Munich), 100(12), 794-803 (2005)  
136. D. Bjur, P. Danielson, H. Alfredson and S. Forsgren: Immunohistochemical and in situ hybridization 
observations favor a local catecholamine production in the human Achilles tendon. Histol Histopathol, 23(2), 197-208 
(2008)  
137. H. Zhang and J. E. Faber: Trophic effect of norepinephrine on arterial intima-media and adventitia is 
augmented by injury and mediated by different alpha1-adrenoceptor subtypes. Circ Res, 89(9), 815-22 (2001)  
138. L. J. Backman, G. Andersson, G. Fong, H. Alfredson, A. Scott and P. Danielson: Alpha-2 adrenergic 
stimulation triggers Achilles tenocyte hypercellularity: Comparison between two model systems. Scand J Med Sci 
Sports (2012) doi:10.1111/j.1600-0838.2011.01442.x 
139. T. Tosounidis, C. Hadjileontis, C. Triantafyllou, V. Sidiropoulou, A. Kafanas and G. Kontakis: 
Evidence of sympathetic innervation and alpha1-adrenergic receptors of the long head of the biceps brachii tendon. J 
Orthop Sci, 18(2), 238-44 (2013) doi:10.1007/s00776-012-0346-1 
140. D. Bjur, P. Danielson, H. Alfredson and S. Forsgren: Presence of a non-neuronal cholinergic system 
and occurrence of up- and down-regulation in expression of M2 muscarinic acetylcholine receptors: new aspects of 
importance regarding Achilles tendon tendinosis (tendinopathy). Cell Tissue Res (2007)  
141. G. Fong, L. J. Backman, G. Andersson, A. Scott and P. Danielson: Human tenocytes are stimulated 
to proliferate by acetylcholine through an EGFR signalling pathway. Cell Tissue Res, 351(3), 465-75 (2013) 
doi:10.1007/s00441-012-1530-5 
142. C. Spang, H. Alfredson, M. Ferguson, B. Roos, J. Bagge and S. Forsgren: The plantaris tendon in 
association with mid-portion Achilles tendinosis - tendinosis-like morphological features and presence of a non-
neuronal cholinergic system. Histol Histopathol, 28(5), 623-32 (2013) doi:HH-11-262 [pii] 
143. G. Andersson, L. J. Backman, A. Scott, R. Lorentzon, S. Forsgren and P. Danielson: Substance P 
accelerates hypercellularity and angiogenesis in tendon tissue and enhances paratendinitis in response to Achilles 
tendon overuse in a tendinopathy model. Br J Sports Med, 45(13), 1017-22 (2011) doi:bjsm.2010.082750 [pii] 
10.1136/bjsm.2010.082750 
144. L. J. Backman, G. Fong, G. Andersson, A. Scott and P. Danielson: Substance P is a 
mechanoresponsive, autocrine regulator of human tenocyte proliferation. PLoS One, 6(11), e27209 (2011) 
doi:10.1371/journal.pone.0027209 
PONE-D-11-17005 [pii] 
145. S. Forsgren, P. Danielson and H. Alfredson: Vascular NK-1 receptor occurrence in normal and 
chronic painful Achilles and patellar tendons: studies on chemically unfixed as well as fixed specimens. Regul Pept, 
126(3), 173-81 (2005)  
146. E. Bjorklund, S. Forsgren, H. Alfredson and C. J. Fowler: Increased expression of cannabinoid CB(1) 
receptors in Achilles tendinosis. PLoS One, 6(9), e24731 (2011) doi:10.1371/journal.pone.0024731 
PONE-D-11-09519 [pii] 
147. H. Alfredson, S. Forsgren, K. Thorsen and R. Lorentzon: In vivo microdialysis and 
immunohistochemical analyses of tendon tissue demonstrated high amounts of free glutamate and glutamate NMDAR1 
receptors, but no signs of inflammation, in Jumper's knee. J Orthop Res, 19(5), 881-6 (2001)  
148. N. Schizas, O. Lian, F. Frihagen, L. Engebretsen, R. Bahr and P. W. Ackermann: Increased 
glutamate and NMDA receptor 1 in chronic painful tendinosis. Transactions of Orthopedic Research Society (2008)  
149. W. Gibson, L. Arendt-Nielsen, B. J. Sessle and T. Graven-Nielsen: Glutamate and capsaicin-induced 
pain, hyperalgesia and modulatory interactions in human tendon tissue. Exp Brain Res, 194(2), 173-82 (2009) 
doi:10.1007/s00221-008-1683-3 
150. L. R. Kim, K. Whelpdale, M. Zurowski and B. Pomeranz: Sympathetic denervation impairs 
epidermal healing in cutaneous wounds. Wound Repair Regen, 6(3), 194-201 (1998)  
151. P. G. Smith and M. Liu: Impaired cutaneous wound healing after sensory denervation in developing 
rats: effects on cell proliferation and apoptosis. Cell Tissue Res, 307(3), 281-91 (2002)  



 26 

152. E. J. Stelnicki, V. Doolabh, S. Lee, C. Levis, F. G. Baumann, M. T. Longaker and S. Mackinnon: 
Nerve dependency in scarless fetal wound healing. Plast Reconstr Surg, 105(1), 140-7 (2000)  
153. A. M. Richards, D. C. Floyd, G. Terenghi and D. A. McGrouther: Cellular changes in denervated 
tissue during wound healing in a rat model. Br J Dermatol, 140(6), 1093-9 (1999)  
154. J. E. Madsen, M. Hukkanen, A. K. Aune, I. Basran, J. F. Moller, J. M. Polak and L. Nordsletten: 
Fracture healing and callus innervation after peripheral nerve resection in rats. Clin Orthop(351), 230-40 (1998)  
155. T. J. Ivie, R. C. Bray and P. T. Salo: Denervation impairs healing of the rabbit medial collateral 
ligament. J Orthop Res, 20(5), 990-5 (2002)  
156. J. A. Beye, D. A. Hart, R. C. Bray, R. A. Seerattan, J. J. McDougall, C. A. Leonard, C. R. Reno and 
P. T. Salo: Denervation alters mRNA levels of repair-associated genes in a rabbit medial collateral ligament injury 
model. J Orthop Res, 24(9), 1824-1853 (2006)  
157. R. Boykiw, P. Sciore, C. Reno, L. Marchuk, C. B. Frank and D. A. Hart: Altered levels of 
extracellular matrix molecule mRNA in healing rabbit ligaments. Matrix Biol, 17(5), 371-8 (1998)  
158. M. Streit, P. Velasco, L. Riccardi, L. Spencer, L. F. Brown, L. Janes, B. Lange-Asschenfeldt, K. 
Yano, T. Hawighorst, L. Iruela-Arispe and M. Detmar: Thrombospondin-1 suppresses wound healing and granulation 
tissue formation in the skin of transgenic mice. Embo J, 19(13), 3272-82 (2000)  
159. P. T. Salo, R. C. Bray, R. A. Seerattan, C. Reno, J. J. MacDougall and D. A. Hart: Neuropeptides 
regulate expression of matrix molecule and growth factor mRNA in explants of normal and healing medial collateral 
ligament. Regul Pept, 142, 1-6 (2007)  
160. W. R. Ferrell, J. J. McDougall and R. C. Bray: Spatial heterogeneity of the effects of calcitonin gene-
related peptide (CGRP) on the microvasculature of ligaments in the rabbit knee joint. Br. J. Pharmacol., 121(7), 1397-
1405 (1997)  
161. D. S. Grant and Z. Zukowska: Revascularization of ischemic tissues with SIKVAV and neuropeptide 
Y (NPY). Adv Exp Med Biol, 476, 139-54 (2000)  
162. L. Pelletier, R. Angonin, J. Regnard, D. Fellmann and P. Charbord: Human bone marrow 
angiogenesis: in vitro modulation by substance P and neurokinin A. Br J Haematol, 119(4), 1083-9 (2002)  
163. A. J. Ekstrand, R. Cao, M. Bjorndahl, S. Nystrom, A. C. Jonsson-Rylander, H. Hassani, B. Hallberg, 
M. Nordlander and Y. Cao: Deletion of neuropeptide Y (NPY) 2 receptor in mice results in blockage of NPY-induced 
angiogenesis and delayed wound healing. Proc Natl Acad Sci U S A, 100(10), 6033-8 (2003)  
164. E. W. Lee, D. S. Grant, S. Movafagh and Z. Zukowska: Impaired angiogenesis in neuropeptide Y 
(NPY)-Y2 receptor knockout mice. Peptides, 24(1), 99-106 (2003)  
165. M. S. Neal: Angiogenesis: is it the key to controlling the healing process? J Wound Care, 10(7), 281-
7 (2001)  
166. J. Li, Y. P. Zhang and R. S. Kirsner: Angiogenesis in wound repair: angiogenic growth factors and 
the extracellular matrix. Microsc Res Tech, 60(1), 107-14 (2003)  
167. R. C. Bray, C. A. Leonard and P. T. Salo: Correlation of healing capacity with vascular response in 
the anterior cruciate and medial collateral ligaments of the rabbit. J Orthop Res, 21(6), 1118-23 (2003)  
168. G. Pettet, M. A. Chaplain, D. L. McElwain and H. M. Byrne: On the role of angiogenesis in wound 
healing. Proc Biol Sci, 263(1376), 1487-93 (1996)  
169. W. W. Li, K. E. Talcott, A. W. Zhai, E. A. Kruger and V. W. Li: The role of therapeutic angiogenesis 
in tissue repair and regeneration. Adv Skin Wound Care, 18(9), 491-500; quiz 501-2 (2005)  
170. J. J. McDougall, G. Yeung, C. A. Leonard and R. C. Bray: A role for calcitonin gene-related peptide 
in rabbit knee joint ligament healing. Can J Physiol Pharmacol, 78, 535-540 (2000)  
171. I. Katayama and K. Nishioka: Substance P augments fibrogenic cytokine-induced fibroblast 
proliferation: possible involvement of neuropeptide in tissue fibrosis. J Dermatol Sci, 15(3), 201-6 (1997)  
172. N. K. Harrison, K. E. Dawes, O. J. Kwon, P. J. Barnes, G. J. Laurent and K. F. Chung: Effects of 
neuropeptides on human lung fibroblast proliferation and chemotaxis. Am. J. Physiol., 268(2), 278-283 (1995)  
173. J. J. McDougall, L. Watkins and Z. Li: Vasoactive intestinal peptide (VIP) is a modulator of joint 
pain in a rat model of osteoarthritis. Pain, 123(1-2), 98-105 (2006)  
174. N. Schuelert and J. J. McDougall: Electrophysiological evidence that the vasoactive intestinal peptide 
receptor antagonist VIP(6-28) reduces nociception in an animal model of osteoarthritis. Osteoarthritis Cartilage (2006)  
175. D. Miller, K. Forrester, C. Leonard, P. Salo and R. C. Bray: ACL deficiency impairs the 
vasoconstrictive efficacy of neuropeptide Y and phenylephrine in articular tissues: a laser speckle perfusion imaging 
study. J Appl Physiol, 98(1), 329-33 (2005)  



 27 

176. M. Gronblad, O. Korkala and Y. T. Konttinen: Immunoreactive neuropeptides in nerves in 
ligamentous tissue. Clin Orthop, 12, 333-337 (1991)  
177. Y. S. Mukouyama, D. Shin, S. Britsch, M. Taniguchi and D. J. Anderson: Sensory nerves determine 
the pattern of arterial differentiation and blood vessel branching in the skin. Cell, 109(6), 693-705 (2002)  
178. K. J. Doane and D. E. Birk: Fibroblasts retain their tissue phenotype when grown in three-
dimensional collagen gels. Exp Cell Res, 195(2), 432-42 (1991)  
179. J. M. Sorrell and A. I. Caplan: Fibroblasts-a diverse population at the center of it all. Int Rev Cell Mol 
Biol, 276, 161-214 (2009) doi:10.1016/S1937-6448(09)76004-6 
180. K. W. Dwyer, P. P. Provenzano, P. Muir, W. B. Valhmu and R. Vanderby, Jr.: Blockade of the 
sympathetic nervous system degrades ligament in a rat MCL model. J Appl Physiol, 96(2), 711-8 (2004)  
181. K. W. Grorud, K. T. Jensen, P. P. Provenzano and R. Vanderby, Jr.: Adjuvant neuropeptides can 
improve neuropathic ligament healing in a rat model. J Orthop Res, 25(6), 703-12 (2007)  
182. D. K. Bring, K. Paulson, P. Renstrom, P. Salo, D. A. Hart and P. W. Ackermann: Residual substance 
P levels after capsaicin treatment correlate with tendon repair. Wound Repair Regen, 20(1), 50-60 (2012) 
doi:10.1111/j.1524-475X.2011.00755.x 
183. P. Burssens, A. Steyaert, R. Forsyth, E. J. van Ovost, Y. De Paepe and R. Verdonk: Exogenously 
administered substance P and neutral endopeptidase inhibitors stimulate fibroblast proliferation, angiogenesis and 
collagen organization during Achilles tendon healing. Foot Ankle Int, 26(10), 832-9 (2005)  
184. O. Carlsson, N. Schizas, J. Li and P. W. Ackermann: Substance P injections enhance tissue 
proliferation and regulate sensory nerve ingrowth in rat tendon repair. Scand J Med Sci Sports, 21(4), 562-9 (2011) 
doi:SMS1080 [pii] 
10.1111/j.1600-0838.2009.01080.x 
185. A. E. Steyaert, P. J. Burssens, C. W. Vercruysse, G. G. Vanderstraeten and R. M. Verbeeck: The 
effects of substance P on the biomechanic properties of ruptured rat Achilles' tendon. Arch Phys Med Rehabil, 87(2), 
254-8 (2006)  
186. R. Levi-Montalcini, R. Dal Toso, F. della Valle, S. D. Skaper and A. Leon: Update of the NGF saga. 
J Neurol Sci, 130(2), 119-27 (1995)  
187. R. Bernabei, F. Landi, S. Bonini, G. Onder, A. Lambiase, R. Pola and L. Aloe: Effect of topical 
application of nerve-growth factor on pressure ulcers. Lancet, 354(9175), 307. (1999)  
188. H. Matsuda, H. Koyama, H. Sato, J. Sawada, A. Itakura, A. Tanaka, M. Matsumoto, K. Konno, H. 
Ushio and K. Matsuda: Role of nerve growth factor in cutaneous wound healing: accelerating effects in normal and 
healing-impaired diabetic mice. J Exp Med, 187(3), 297-306 (1998)  
189. M. Tuveri, S. Generini, M. Matucci-Cerinic and L. Aloe: NGF, a useful tool in the treatment of 
chronic vasculitic ulcers in rheumatoid arthritis. Lancet, 356(9243), 1739-40. (2000)  
190. T. Mammoto, R. A. Seerattan, K. Paulson, C. A. Leonard, R. C. Bray and P. T. Salo: Nerve growth 
factor improves ligament healing. J Orthop Res, 26, 957-64. (2008)  doi: 10.1002/jor.20615  
191. J. N. Wood: Nerve growth factor and pain. N Engl J Med, 363(16), 1572-3 (2010) 
doi:10.1056/NEJMe1004416 
192. P. W. Ackermann: Katz et al., efficacy and safety of tanezumab in the treatment of chronic low back 
pain [Pain 2011;152:2248-2258] and Hill, blocking the effects of NGF as a route to safe and effective pain relief - fact 
or fancy? [Pain 2011;152:2200-2201]. Pain, 153(5), 1128-9; author reply 1129-31 (2012) doi:S0304-3959(12)00127-3 
[pii] 
10.1016/j.pain.2012.02.032 
193. D. K. Bring, A. Kreicbergs, P. A. Renstrom and P. W. Ackermann: Physical activity modulates nerve 
plasticity and stimulates repair after Achilles tendon rupture. J Orthop Res, 25(2), 164-72 (2007)  
194. D. K. Bring, C. Reno, P. Renstrom, P. Salo, D. Hart and P. W. Ackermann: Joint Immobilization 
Reduces the Expression of Sensory Neuropeptide Receptors and Impairs Healing after Achilles Tendon Rupture in a 
Rat Model. . J Orthop Res,  27, 274-80 (2009)  doi: 10.1002/jor.20657  
195. S. Jonhagen, P. Ackermann, T. Saartok and P. A. Renstrom: Calcitonin gene related peptide and 
neuropeptide Y in skeletal muscle after eccentric exercise: a microdialysis study. Br J Sports Med, 40(3), 264-7; 
discussion 264-7 (2006)  
196. J. Dahl, J. Li, D. K. Bring, P. Renstrom and P. W. Ackermann: Intermittent pneumatic compression 
enhances neurovascular ingrowth and tissue proliferation during connective tissue healing: a study in the rat. J Orthop 
Res, 25(9), 1185-92 (2007)  



 28 

197. N. Schizas, J. Li, T. Andersson, A. Fahlgren, P. Aspenberg, M. Ahmed and P. W. Ackermann: 
Compression therapy promotes proliferative repair during rat Achilles tendon immobilization. J Orthop Res, 28(7):852-
58 (2010) doi:10.1002/jor.21066 
198. P. T. Salo, T. Hogervorst, R. A. Seerattan, D. Rucker and R. C. Bray: Selective joint denervation 
promotes knee osteoarthritis in the aging rat. J Orthop Res, 20(6), 1256-64 (2002)  
199. L. M. Rappl: Physiological changes in tissues denervated by spinal cord injury tissues and possible 
effects on wound healing. Int Wound J, 5(3), 435-44 (2008) doi:10.1111/j.1742-481X.2007.00360.x 
200. M. Szyf: The early life environment and the epigenome. Biochim Biophys Acta, 1790(9), 878-85 
(2009) doi:10.1016/j.bbagen.2009.01.009 
201. M. Kim, M. Bae, H. Na and M. Yang: Environmental toxicants--induced epigenetic alterations and 
their reversers. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev, 30(4), 323-67 (2012) 
doi:10.1080/10590501.2012.731959 
202. K. E. Latham, C. Sapienza and N. Engel: The epigenetic lorax: gene-environment interactions in 
human health. Epigenomics, 4(4), 383-402 (2012) doi:10.2217/epi.12.31 
203. B. Portha, A. Fournier, M. D. Ah Kioon, V. Mezger and J. Movassat: Early environmental factors, 
alteration of epigenetic marks and metabolic disease susceptibility. Biochimie (2013) doi:10.1016/j.biochi.2013.10.003 
204. E. Karouzakis, R. E. Gay, S. Gay and M. Neidhart: Epigenetic deregulation in rheumatoid arthritis. 
Adv Exp Med Biol, 711, 137-49 (2011)  
205. K. Nakano, J. W. Whitaker, D. L. Boyle, W. Wang and G. S. Firestein: DNA methylome signature in 
rheumatoid arthritis. Ann Rheum Dis, 72(1), 110-7 (2013) doi:10.1136/annrheumdis-2012-201526 
 
Key Words: Neurotransmitters, Neuropeptides, Glutamate, Opioids, Tendon, Healing, Pain, Tendinopathy, Review 
 
Send correspondence to: Paul Ackermann, Orthopedic Department, Karolinska University Hospital, 171 76  
Stockholm, Sweden, Tel: 468-517-717-34, Fax: 468-517-761-03, E-mail: paul.ackermann@karolinska.se 
 
Figure legends 
 
Figure 1.  A-C. Immunofluorescence micrographs of longitudinal sections through the Achilles tendon after incubation 
with antisera to Noradrenaline (NA) (A), NPY (B) and VIP (C). NA-positive fibers are mainly found as nerve terminals 
in outer layers of the blood vessel walls. The NPY-positive fibers are arranged as nerve terminals in the vessel walls. 
VIP-positive nerves are arranged as a “fence”, surrounding the proper tendon, of small varicosities in the paratenon. t = 
tendon tissue; Pt = paratenon; Bar = 50 µm. Reproduced with permission from (58). 
 
Figure 2. A-D. Immunofluorescence micrographs of longitudinal sections through the Achilles tendon after double 
staining (co-localization) with antisera to SP and CGRP (A), SP and GAL (B) LE and DOR (C) and incubation with 
antisera to ME (D). A co-existence of SP and CGRP is seen in nerve fibers localised in the paratenon (A), indicating 
possible pro-inflammatory actions. Moreover, SP is also co-localised with GAL (B), which may reflect anti-
inflammatory actions. The immunoreactivity displaying co-existence of LE and DOR is seen as free nerve endings in 
the paratenon (C), which indicates a potential peripheral anti-nociceptive system. ME immunoreaction is localised in a 
vessel wall (D). t = tendon tissue; Pt = paratenon; Bar = 50 µm. Reproduced with permission from (76, 86). 
 
Figure. 3. A-C. Overview micrographs of longitudinal sections through the Achilles tendon built up by putting together 
computerized images of smaller micrographs. Incubation with antisera to general nerve marker PGP. Micrographs 
depict the proximal half of the Achilles tendon at increasing magnification in figures (A-C). Arrows denote varicosities 
and nerve terminals. The typical vascular localization of NPY is depicted in (B), whereas the free nerve endings are 
typical localization of SP (C). The immunoreactivity is seen in the paratenon and surrounding loose connective tissue, 
whereas the proper tendinous tissue, notably, is almost devoid of nerve fibers pt = paratenon. Reproduced with 
permission from (80). 
 
Figure 4. A-B. Overview micrographs of longitudinal sections through the Achilles tendon two weeks post rupture 
built up by putting together computerized images of smaller micrographs. Incubation with antisera to a nerve growth 
marker, GAP-43. Micrographs depict the proximal half of the Achilles tendon at increasing magnification in figures 
(A-B). Arrows denote varicosities and nerve terminals. The GAP-positive fibers, indicating new nerve fiber ingrowth, 
are abundantly observed in the healing proper tendon tissue. Reproduced with permission from (80). 
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Figure 5. Area occupied by nerve fibers (%) immunoreactive to GAP and PGP in relation to total area, in the mid third 
of the tendon, over 16 weeks post rupture (mean±s.e.m.). Reproduced with permission from (80). 
 
Figure 6. Area occupied by nerve fibers (%) immunoreactive to SP, CGRP and GAL in relation to total area, in the mid 
third of the tendon, over 16 weeks post rupture (mean±s.e.m.). Reproduced with permission from (103). 
 
Figure 7. A-H. Photomontage of typical high power images of immunohistochemically stained nerve fibers (arrows) at 
different time points after medial collateral ligament injury in the rabbit.  Scale bar = 20 microns At two weeks CGRP 
fibers appear very fine in the early scar. At 6 weeks there is the appearance of CGRP-immunoreactive growth cone like 
structures (large arrow head) and sprouting as well as a predominantly perivascular distribution of fibers. Fourteen 
weeks post-injury there are fewer CGRP-immunoreactive fibres in the scar with most found again in the epiligament. 
All SP positive profiles were found to be perivascular at 2 weeks after injury. Similar to the appearance at 2 weeks, SP 
positive profiles were only found associated with proliferating vessels within the scar at later time points. The letter v 
indicates a vessel lumen.  Scale bar at bottom right = 20 microns and applies to the entire montage. Typical image of 
NPY containing fibres associated with small arterial vessels in a 6 week post-injury scar.  The letter v indicates a vessel 
lumen. Six weeks post-injury, staining for the marker PGP 9.5, which stains all nerve fibres, revealed a pattern that 
combined aspects of the other markers, with most fibres in a perivascular location, and some free in the scar matrix. 
Reproduced with permission from (78). 
 
Figure 8. A-B. Immunofluorescence micrograph of longitudinal sections through healing Achilles tendon 1- (A) and 2- 
(B) weeks post rupture after incubation with antisera to CGRP. Nerve fibers immunoreactive to CGRP at week 1 are 
seen as vascular and free nerve endings in the loose connective tissue (A). At week 2, CGRP- immunoreactivity occurs 
mainly in the healing tendinous tissue as sprouting free nerve fibers (B). v = blood vessel; lct = loose connective tissue; 
t = proper tendon tissue; Bar = 50 µm. Reproduced with permission from (103). 
 
Figure 9. A-B. Immunofluorescence micrographs of longitudinal sections of healthy Achilles tendon (A) and 
tendinosis tissue (B) after immunostaining for SP. Arrows denote varicosities and nerve terminals. The micrograph 
illustrates SP-positive nerve fibres in close vicinity to a proliferated vessel (B). v = blood vessel. Bar = 50 µm. 
Reproduced with permission from (79). 
 
Figure 10. A-B. Hematoxylin and eosin micrographs of longitudinal sections through the patellar tendon of healthy 
control (A) and painful tendinopathy (B). Arrows denote tenocytes. The healthy tendon is homogeneous, with 
organized parallel collagen structure and thin, elongated tenocytes (A). The tendinopathy, on the other hand, is marked 
by collagen disorganization, increased cell count, activated tenocytes, and vascular ingrowth in the tendon proper (B). 
V = blood vessel.  Bar = 50 µm. Reproduced with permission from (79). 
 
Figure 11. A-B. Immunofluorescence micrographs of longitudinal sections through the patellar tendon of healthy 
control (A) and painful tendinopathy (B) stained for TH (a marker for noradrenaline). Arrows denotes nerve fibers. In 
the healthy tendon, a strong relation is seen between blood vessels and TH positive nerves (A). In painful tendinopathy, 
a decreased number of TH positive nerves, which are blood vessel related is seen. V = blood vessel. Bar = 50 µm. 
Reproduced with permission from (79). 
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Table 1.  Neuronal pathways in tendons 
 
PATHWAY SIGNALLING MEDIATOR RECEPTOR ACTIONS 

Autonomic 

Sympathetic 

Noradrenaline alpha-,beta- 
adrenoceptors  

Pro-(anti)-
inflammatory 

Neuropeptide Y Y1, Y21,Y32 

Parasympathetic 

Acetylcholine  Nicotinic, muscarinic   

Anti-
inflammatory VIP VPAC1-22, PAC12 

Sensory 
 

Sensory 
 

Substance P Neurokinin 1 

Pro-
inflammatory 

CGRP  CRLR, RAMP-1 

Neurokinin A Neurokinin 22 

NKB*, NPK*, NPG* Neurokinin 32 

Opioid  

Enkephalins: LE, ME, 
MEAP 

delta-opiod receptor 

Anti-
inflammatory 

Dynorphins: DYN B1 kappa-opiod receptor1 

Endomorphins1 mu-opiod receptor1 

Nociceptin1 N/OFQ receptor2 

Opioid like: Galanin  Galanin receptor 1-32  

Opioid like: Somatostatin Somatostatin receptor 1-
52 

Excitatory  Glutamatergic  Glutamate 

NMDA  

Cell-proliferative 
mGluR11, mGluR5-7  

AMPA2 

Kainate2 
1 Not detected in tendon 2 Not yet assessed in tendon, VIP = vasoactive intestinal polypeptide, VPAC = Vasoactive 
intestinal peptide receptor, PAC1 = Pituitary adenylate cyclase-activating polypeptide type I receptor, CGRP = 
calcitonin gene-related peptide, CRLR = calcitonin receptor-like receptor,RAMP-1 = receptor activity-modifying 
protein 1, NKB = neurokinin B, NPK = neuropeptide K, NPG =neuropeptide-g, LE = leucine enkephalin, ME = 
Methionine-enkephalin, MEAP = methionine-enkephalin-arginine-phenylalanine N/OFQ = Nociceptin/orphanin 
FQ peptide,  NMDA = N-methyl-D-aspartate receptor, mGluR = metabotropic glutamate receptors, AMPA =  alfa-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor. 
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Table 2.  Neuronal alterations in tendinopathy 
 
 
PATHWAY SIGNALLING MEDIATOR RECEPTOR ACTIONS 

Autonomic 

Sympathetic 
Noradrenaline ê 

alpha-,beta- 
adrenoceptors é 

Cell proliferation / 
differentiation 

Neuropeptide Y2  Y1  é Cell proliferation / 
differentiation 

Parasympathetic 

Acetylcholine  é Nicotinic2,muscarinic é Cell proliferation / 
differentiation  

VIP2   VPAC1-22, PAC12 Cell proliferation / 
differentiation 

Sensory 
 

Sensory 
 

Substance P   é Neurokinin 1   é 
 

Tenocyte / endothelial cell 
proliferation, MMP-3  é 

CGRP2 CRLR2, RAMP-12 

Neurokinin A2 Neurokinin 22 

Opioid  

Enkephalins2 delta-opiod receptor2  
 
Cell proliferation / 
differentiation 

Cannabinoids Cannabinoid receptor 1 é 

Galanin2 Galanin receptor 1-32  

Somatostatin2 Somatostatin receptor 1-52 

Excitatory  Glutamatergic  Glutamate    é 

NMDA                      é 

Cell proliferation / 
differentiation   

Phosfo-NMDA1            é 

mGluR5           é 

mGluR6-7     è 
2 Not yet assessed in tendinopathy, VIP = vasoactive intestinal polypeptide, VPAC = Vasoactive intestinal peptide 
receptor, PAC1 = Pituitary adenylate cyclase-activating polypeptide type I receptor, CGRP = calcitonin gene-
related peptide, CRLR = calcitonin receptor-like receptor,RAMP-1 = receptor activity-modifying protein 1, NKB 
= neurokinin B, NPK = neuropeptide K, NPG =neuropeptide-g, LE = leucine enkephalin, ME = Methionine-
enkephalin, MEAP = methionine-enkephalin-arginine-phenylalanine N/OFQ = Nociceptin/orphanin FQ peptide, 
 NMDA = N-methyl-D-aspartate receptor, mGluR = metabotropic glutamate receptors, AMPA =  alfa-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor. 
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