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ABSTRACT
Background: Tendinosis is a painful chronic, degenerative condition characterized by
objective changes in the tissue structure of a tendon. Hallmark features in tendinosis
tendons include increased number of cells (hypercellularity), extracellular matrix (ECM)
degradation and disorganized collagen. The progression of these pathological changes
seen in tendinosis is neither well characterized nor fully understood.
Studies have suggested that there are biochemical and mechanical elements involved
in tendinosis. From a biochemical perspective, studies have shown that the tendon
cells, tenocytes, produce a number of neuronal signal substances/neuromodulators,
such as substance P (SP) and acetylcholine (ACh), traditionally thought to be confined
to the nervous system. Furthermore, it has been shown that the expression of these
neuromodulators is elevated in tendinosis tendons as compared to normal healthy
tendons. Interestingly, studies on other tissue types have revealed that both SP and
ACh can induce tissue changes seen in tendinosis, such as hypercellularity and collagen
disorganization. From a mechanical angle, it has been suggested that overload of
tendons, including extensive strain on the primary tendon cells (tenocytes), causes the
degenerative processes associated with tendinosis. In vivo studies have shown that in
overloaded tendons, the presence of neuromodulators is elevated, not least SP, which
also precedes the development of the tissue changes seen in tendinosis. This further
supports the importance of combining biochemical factors and mechanical factors in
the pathogenesis of tendinosis.
Hypotheses: In this thesis project, we hypothesize: 1) that neuromodulators, such as
SP and ACh when stimulating their preferred receptors, the neurokinin 1 (NK‐1 R) and
muscarinic receptors (mAChRs), respectively, can cause increased tenocyte
proliferation; 2) that the effects of SP and ACh on tenocyte proliferation converge
mechanistically via a shared signalling pathway; 3) that mechanical loading of
tenocytes results in increased production of SP by the tenocytes; and 4) that SP
enhances collagen remodelling by tenocytes via NK‐1 R.
Model system: In vitro studies offer insight into the function of healthy tendon matrix
and the etiology of tendinopathy. Using a cell culture model of human primary tendon
cells, highly controlled experiments were performed in this thesis project to study a
subset of biological and mechanical parameters that are implicated in tendinosis. The
FlexCell Tension System was used to study the influence of mechanical loading on
tenocytes. As well, a collagen gel contraction assay was used to examine the intrinsic
ability of tenocytes to reorganise type I collagen matrices under the influence of the
neuromodulator SP.
Results: The studies showed that exogenous administration of SP and ACh results in
increased tenocyte proliferation that is mediated via activation of the ERK1/2
mitogenic pathway when the preferred receptors of SP and ACh, the NK‐1 R and
mAChRs, respectively, are stimulated. Furthermore, the studies resulted in the novel
vi
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finding that SP and ACh both converge mechanistically via transforming growth factor
(TGF)‐1 and that a negative feedback mechanism is present in which TGF‐1
downregulates the expression of mAChRs and NK‐1 R. The studies also showed that SP
can increase collagen remodelling and upregulate expression of genes related to
tendinosis. Finally, it was established that tenocytes are mechanoresponsive by
showing that cyclic mechanical loading increases the expression of SP by human
tenocytes.
Conclusions: This thesis work concludes that stimulation of NK‐1 R and mAChRs results
in proliferation of human tenocytes, which both involve the ERK1/2 signalling pathway.
It also shows that SP and ACh converge mechanistically via TGF‐1 in their contribution
to tenocyte proliferation. The role of hypercellularity in tendinosis tissue is unknown.
Possibly, it has different roles at different stages of the disease. The findings also show
that SP increases collagen remodelling, suggesting that increased SP not only results in
hypercellularity but also contributes to the collagen morphology in tendinosis.
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ABBREVIATIONS
ACh

Acetylcholine

SMA

Alpha smooth muscle actin

ACL

Anterior cruciate ligament

BSA

Bovine serum albumin

cDNA

Complementary DNA

ChAT

Choline acetyltransferase

CTGF

Connective tissue growth factor

ECM

Extracellular matrix

EGFR

Epidermal growth factor receptor

EIA

Enzyme immunoassay

ERK1/2

Extracellular signal-regulated kinases 1 and 2

FBS

Fetal bovine serum

FITC

Fluorescein isothiocyanate

M1-5R

M1-5 receptor (mAChR subtype M1, M2, M3, M4 and M5)

mAChR

Muscarinic acetylcholine receptor

MMP

Matrix metalloproteinase

mRNA

Messenger ribonucleic acid

NK-1 R

Neurokinin-1 receptor

nAChR

Nicotinic acetylcholine receptor

NMDAR

N-methyl-D-aspartate receptor

SP

Substance P

TGF-

Transforming growth factor beta

TIMPs

Tissue inhibitor of metalloproteinase

TRITC

Tetramethylrhodamine isothiocyanate

VEGF

Vascular endothelial growth factor

VAChT

Vesicular acetylcholine transporter
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1. BACKGROUND
1.1 Tendons in general
1.1.1
1.1.1.1

Human tendon anatomy
Human Achilles tendon

The Achilles tendon is the strongest and thickest tendon of the human body and
attaches the triceps surae muscle (soleus and two heads of gastrocnemius) to the
calcaneus (Benjamin et al., 2007). The Achilles tendon specialises in storing and
releasing elastic strain energy and increases the efficiency of plantar flexion movement
in the ankle joint. During normal physiological activity, the Achilles tendon is required
to stretch and recoil under high strain. It has previously been shown that the human
Achilles tendon has recorded strains up to 10.3% with one‐legged hopping (Lichtwark
and Wilson, 2005).

1.1.1.2

Human semitendinosus hamstring tendon

The semitendinosus muscle is one of the muscles that make up the hamstring muscle
complex. The muscle is a long, band‐like muscle connecting the ischium to the
proximal end of the tibia. Proximally, the tendon of the semitendinosus forms the
conjoined tendon with the biceps femoris and attaches the ischial tuberosity along
with the semimembranosus tendon. Distally, the semitendinosus muscle forms a long
tendon and attaches to the tibia (Koulouris and Connell, 2005). This muscle functions
to flex and rotate the leg medially and to extend the hip joint. The semitendinosus
tendon is widely used for anterior cruciate ligament (ACL) reconstruction of the knee.
In recent years, trials have been conducted to use this tendon for repair of Achilles
tendon ruptures (Maffulli et al., 2008; Uchida et al., 2014; Piontek et al., 2016).

1.1.2

Tendon histology

Healthy tendons consist of clearly defined, parallel and slightly wavy collagen bundles.
Between the collagen bundles is a sparse distribution of cells with thin, wavy nuclei
(Khan et al., 1999). In healthy tendons, there is no evidence of fibroblastic or
myofibroblastic proliferation (Khan et al., 1999). The tendon proper is generally devoid
of vessels and nerves (Ackermann et al., 2009).

1.1.3

Tendon cells

The tendon proper itself consists of an array of different cell types. Tenocytes make up
approximately 90‐95% of the cells in this tissue (Kannus, 2000). The remaining 5‐10%
of tendon cells include chondrocytes, synovial cells and vascular cells (Kannus, 2000).
Other cells found in tendon tissue include tendon stem cells (Tan et al., 2013) as well
as inflammatory cells such as T lymphocytes, macrophages and mast cells (Dean et al.,
1
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2016). Tenocytes are critical for the maintenance of healthy tendon as they are
responsible for the synthesis and degradation of all of the macromolecular
components of tendon. In normal tendons, the metabolism of tenocytes reflects a
balance between synthesis and catabolism of matrix macromolecules (Parkinson et al.,
2010). Tenocytes have the capacity to respond to changes in mechanical loading and
initiate repair of extracellular matrix in response to tendon loading (Parkinson et al.,
2010). Tenocytes respond to loading by aligning themselves along the direction of the
collagen fibrils and by extending cellular processes that spread in between collagen
fibres for cell‐cell communication (Magnusson et al., 2016). The intercellular
communication between tenocytes is usually through gap junctions channels, which
are complex protein structures allowing tenocytes to detect and transmit mechanical
signals to adjacent cells through exchange of molecules and ions (Wall et al., 2007a).
The gap junction molecules involved in cellular communication in tendon are connexin
32 and 43 and they have different roles in the synthesis of extracellular matrix by
tenocytes exposed to cyclic mechanical loading (Waggett et al., 2006). Connexin 32 is
arranged between adjacent tenocytes in a row along the line of principle loading and
play a stimulatory role upon loading (Waggett et al., 2006). On the other hand,
connexin 43 links cells in all directions and plays an inhibitory role in response to
loading (Waggett et al., 2006). It has been suggested that tenocytes may have a basal
level of synthesis of ECM, which is maintained by connexin 32, and that this is
enhanced by mechanical stress (Waggett et al., 2006). On the other hand, connexin 43,
which co‐localizes with actin within tenocytes, acts in an inhibitory fashion when it is
active, to ensure that tenocytes do not individually respond to mechanical loading but
rather remain coupled especially during periods of prolonged or intense mechanical
loading to prevent weak points in the tissue being formed (Waggett et al., 2006; Wall
et al., 2007a).

1.1.3.1

Tendon cell markers

There is no specific marker available to identify tenocytes histologically. In the absence
of a tenocyte specific marker, a panel of markers is used to identify tenocytes instead.
The commonly used tendon‐related markers include scleraxis, tenomodulin, collagen
type I and collagen type III (Lui, 2015). Scleraxis is a marker for tendon cell
development as well as for adaptation and regeneration of tendon postnatally
(Schweitzer et al., 2001). Tenomodulin, a type II glycoprotein positively regulated by
scleraxis (Shukunami et al., 2006), is an important phenotypic marker as it is essential
for promoting tenocyte proliferation (Docheva et al., 2005). Furthermore, the
transcription of type I collagen which is often used as a marker of tenocytes as it
accounts for up to 90% of the protein content in tendons is also regulated by scleraxis
(Léjard et al., 2007). In addition, low production of collagen type III in relation to
collagen I suggests normal tenocyte phenotype; however, in acute tendon healing
there is increased collagen type III expression (Oakes, 2008).
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1.1.4

Tendon extracellular matrix

The extracellular matrix (ECM) of normal tendons consist of type I collagen fibres
arranged in a parallel fashion with smaller amounts of other collagens, proteoglycans,
hyaluronan and non‐collagenous proteins (Parkinson et al., 2010). While type I
collagen provides tendon its tensile strength, proteoglycans play a role in tissue
hydration and regulate collagen integrity (Parkinson et al., 2010). The ECM enables
tendon to perform its mechanical function of force transfer as well as to foster a
microenvironment that is ideal for tenocytes to function optimally (Screen et al.,
2015). The mechanical and biological functions of the ECM are intrinsically linked and
neither can be considered in isolation (Screen et al., 2015). The interaction between
tendon cells and the ECM is bidirectional as changes to the ECM may be initiated by
tendon cells (Cook et al., 2004; Arnoczky et al., 2007). Conversely, changes of the ECM
may induce tendon cells to undergo proliferation, migration, apoptosis and
morphogenesis (Vu and Werb, 2000).
Type I collagen accounts for 90% of the collagen subtypes (Kannus, 2000) and
contributes to the mechanical strength of the tendon tissue. On the other hand, type
III collagen has an important role in tendon healing but an increase in type III collagen
may cause weakening of the tensile strength of the tissue since it is thinner and more
extensile than type I collagen (Eriksen et al., 2002).
Matrix metalloproteases (MMPs) are a large family of proteases that are essential for
maintaining the ECM. MMPs have the capacity to degrade all tendon matrix
components and have an important role in regulating tendon homeostasis and repair.
There are twenty three identifiable MMPs (Oblander and Somerville, 2003) which are
subdivided into four main groups: collagenases (MMP‐1, ‐8 and ‐13), which cleave
native collagen I, II and III; gelatinases (MMP‐2 and ‐9), which cleave denatured
collagens and type IV collagen; stromelysins (MMP‐3 and ‐10), which degrade
proteoglycans, fibronectin, casein, collagen types III, IV and V; and finally membrane‐
type MMPs (Oblander and Somerville, 2003).
MMPs are inhibited in a reversible, non‐covalent manner in a 1:1 stoichiometric ratio
by tissue inhibitors of metalloproteases (TIMPs). TIMPs are divided into four types:
TIMP1, TIMP2, TIMP3 and TIMP4 (Bramono et al., 2004). Normal tendon remodelling is
reliant on the proper balance of MMPs and TIMPs (Magra and Maffulli, 2005).
Since MMPs play an integral role in regulating tendon homeostasis and repair, it is not
surprising that failure to regulate specific MMP activities in response to repeated
injury or mechanical strain results in active tendon degeneration, which is a cell‐
mediated process (Clegg et al., 2007). Within the MMP family, MMP‐3 is known to play
an essential role in the regulation of tendon ECM degradation and the repair process
of normal and injured tendons (Screen et al., 2005; Birch, 2007; Lavagnino et al., 2009).
MMP‐3 is involved in early response to tendon microdamage (Thorpe et al., 2014) and
its increased expression may be necessary for tissue remodelling and for the
3
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prevention of tendinosis development (Magra and Maffulli, 2005). It has been
speculated by Magra et al that decreased MMP‐3 expression results in tendinosis‐like
changes in tendons (Magra and Maffulli, 2005).

1.2 Tendon pathology
1.2.1

Definition of tendinopathy and tendinosis

Tendinopathy is a clinical diagnosis characterized by pain, localized swelling and
impaired performance of the tendon (Riley, 2008). The histopathological changes in
tendinopathy, as defined by the term tendinosis, is characterised by collagen
disruption, neovascularization, and altered cell numbers and morphology (Khan et al.,
1999). Alterations in the collagen content and composition have also been found in
tendinosis; these alterations include a reduction in total collagen content (Riley et al.,
1994), elevated type III collagen levels (Riley et al., 1994; Ireland et al., 2001), and
increased ratio of type III to type I collagen (Ireland et al., 2001; Eriksen et al., 2002).

1.2.2

Clinical presentation of Achilles tendinopathy

Achilles tendinopathy is a clinical condition characterized by pain, swelling and
impaired performance of the Achilles tendon. Achilles tendinopathy can be divided
into insertional and noninsertional tendinopathy. Insertional tendinopathy is located at
the tendon‐bone junction on the posterior calcaneus while noninsertional
tendinopathy is located 2 to 6 cm proximal to the insertion (Irwin, 2010). Active
individuals are likely to be afflicted by insertional tendinopathy. Approximately 30% of
all runners exhibit Achilles tendinopathy and the annual incidence for developing
tendinopathy is between 7 to 9% (Lysholm and Wiklander, 1987).
On the other hand, sedentary individuals can also be afflicted by tendinopathy as it has
been shown that one of three patients with Achilles tendinopathy are not active in
sports and not exposed to repetitive loading (Ackermann, 2015). A study showed that
31% of 58 patients with Achilles tendinopathy did not have strong history of
participation in sports or vigorous physical activity (Rolf and Movin, 1997). Less active,
older or overweight individuals are more likely to develop non‐insertional
tendinopathy (Irwin, 2010). Amongst the sedentary population, metabolic disorders
including obesity, hypertension, diabetes mellitus and hypercholesterolemia are
common culprits for tendinopathy in the absence of repetitive tendon loading
(Ackermann, 2015).

1.2.3

Clinical presentation of hamstring tendinopathy

Hamstring tendinopathy can be divided into proximal and distal disease with the
former being more common. Proximal hamstring tendinopathy, also referred to as
hamstring syndrome, relates to overuse injury of the proximal hamstring tendons and
is characterized clinically as lower gluteal pain that is exacerbated by repetitive
4
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activities (Lempainen et al., 2009). Distal hamstring tendinopathy is rarely described in
literature but presents clinically as posteromedial knee pain. Out of the hamstring
tendons, the semimembranosus tendon is the most affected by tendinopathy
(Thompson et al., 2016). It is unclear why the semimembranosus tendon is more
affected than the other tendons (Thompson et al., 2016).

1.2.4

Etiology and pathophysiology of tendinosis

As previously mentioned, tendinopathy, and the accompanying histopathological
changes (tendinosis), affects diverse populations ranging from sedentary individuals to
elite athletes. Interestingly, tendinosis can occur in the context of mechanical
overloading or paradoxically in association with medical conditions, drug treatments
and metabolic disorders (Ackermann, 2015). These opposing etiologies related to
repetitive mechanical loading and metabolic disorders may be the result of
convergence to the same pathological pathways.
The etiology of tendinosis is multi‐factorial and the pathophysiologic process triggering
tendinosis remains poorly understood. The following are some factors suggested to be
important in the pathogenesis of tendinosis.

1.2.4.1

Intrinsic tenocyte factors

When considering the pathogenesis of tendinosis, it is important to consider the
central role of tenocytes. Tenocytes function to maintain the tendon proper. It has
been speculated that the intrinsic activation of tenocytes, caused by mechanical
loading or other stimuli, contributes to the development of tendinosis (Thorpe et al.,
2014). The tendon cell response model posits that changes in mechanical strain and/or
biochemical factors can be detected by tenocytes, which in turn leads to an array of
downstream responses including cell activation and changes in collagen types (Cook et
al., 2004). This is supported by histological findings showing the tendon cells to have
marked changes in cell morphology and proliferation in tendinosis (Cook et al., 2004).
As an example, tenocytes in tendinosis tendons appear to have large, rounder nuclei
and are more metaplastic as compared to tenocytes in normal tendons (Fearon et al.,
2014). Therefore, it is worthwhile to study the role of tenocytes in the development of
tendinosis.

1.2.4.2

Mechanical factors

Tenocytes are capable of converting mechanical force into biochemical signals leading
to a variety of downstream pathways that have significant implications for the fate of
the cells (Maeda et al., 2011; Jones et al., 2013; Mousavizadeh et al., 2014). Tendon
cells are thereby mechanoresponsive and can exert various anabolic or catabolic
modifications to their extracellular matrix depending on the applied load (Arnoczky et
al., 2007). Extrinsic parameters include magnitude, frequency, direction and duration
of loading (Screen et al., 2005; Lavagnino et al., 2009; Banes et al., 1995). Tendons are
loaded in all directions and while the main mechanism is tensile overloading,
5
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compression may also play a role in the pathogenesis of tendinosis (Scott et al., 2015).
Failure of tendons to adapt to physiological loading is a harbinger of tendinosis and
frank rupture (Sharma and Maffulli, 2006).
The widely held theory is that in order to maintain tendon homeostasis, tendons are
required to operate within a finite range of physiologic loading parameters; once the
parameters are breached as in the case of acute or prolonged injury, damage to the
tendon can lead to the onset of tendinosis. Overuse of tendons leads to accumulation
of areas of microtrauma and the production of type III collagen, which is structurally
inferior and predisposes the tendon to rupture (Maffulli et al., 2000). One school of
thought is that tendinosis tendons at the end‐stage are considered to be “mechanically
silent” (Cook et al., 2016). End‐stage tendinosis tendons fail to respond to tensile
loading and lack the appropriate collagen matrix structure to support load
transmission that is essential for normal tendon function and homeostasis (Cook et al.,
2016).

1.2.4.3

Inflammation

Prior to the 1990s, tendon pain was referred to as tendinitis as it was presumed that
inflammation was the driver for the pathological process (Rees et al., 2014). However,
the lack of classical inflammatory responses found in the tendon proper histologically
challenged this view and the term tendinosis was born (Maffulli et al., 1998; Khan et
al., 2002). In recent years, studies have shown that tendon degeneration may be an
active process with inflammation‐mediated responses occurring especially in the early
stages (Al‐Sadi et al., 2011; Del Buono et al., 2013; Rees et al., 2014). This is supported
by studies demonstrating the innate ability of tendon cells to produce the
inflammatory mediator prostaglandin E2 (PGE2) in both the in vitro and in vivo setting in
response to repetitive mechanical loading (Khan et al., 2005; Wang et al., 2009).
Furthermore, animal studies have provided insight into the role of inflammation in
tendinosis. A study involving weekly peritendinous injection of rat Achilles tendon with
PGE2, while demonstrating an inflammatory picture of tendinitis initially, eventually
exhibited intra‐tendinous degeneration with scant inflammatory cells present (Sullo et
al., 2001). In another study, injection of rabbit patellar tendons with PGE2 resulted in
focal areas of hypercellularity, loss of tissue architecture, collagen fibrils
disorganization and degeneration reminiscent of changes seen in tendinosis (Khan et
al., 2005). These studies suggest, at the very least, that inflammation is likely an
important initiating factor in the pathogenesis tendinosis.

1.2.4.4

Failure of nerve regression

The tendon proper generally lacks innervation. However, after an inciting event such
as trauma, extensive sprouting of nerve fibres into the tendon takes place to facilitate
the healing process (Ackermann et al., 2003). Following completion of this healing
process, SP positive nerve fibres regress from the tendon and the levels of
neuromodulators return to baseline (Ackermann et al., 2003). In tendinosis, it is
thought that nerves fail to regress and their continued presence have profound effects
6
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on the tendon structure as sustained elevation of SP in the tendon continue to
promote tenocyte proliferation and nociception (Schubert et al., 2005; Andersson et
al., 2011). The failure of nerve fibres to retract from the tendon proper may be
secondary to repeated microtrauma that might maintain the presence of SP positive
fibres (Schubert et al., 2005).

1.3 Pathological cell and tissue characteristics in
tendinosis

Tendinosis is associated with tenocyte activation and proliferation, matrix alterations
(collagen disorganization/disruption), and vessel ingrowth with varying degrees of
severity (Khan et al., 1999). In regions of hypercellularity, the tenocytes exhibit a
rounder appearance and in general have higher metabolic activity (Cook et al., 2004).
The collagen alignment within tendon is not only disrupted but there is also a shift of
collagen production by tenocytes favouring higher production of the reparative type III
collagen relative to type I collagen synthesis (Ireland et al., 2001; Eriksen et al., 2002).
In the chronic stage of tendinosis, it is suggested that there is no inflammation
(Alfredson et al., 1999).
The main hallmarks of tendon pathology in tendinosis are hypercellularity and
alterations in collagen remodelling which will be studied in this thesis.

1.3.1

Tenocyte proliferation

In a study conducted by Rolf et al, it was shown that increased cellularity was observed
in tendinosis tissue but not in healthy tendons; the hypercellularity was associated
with increased tenocyte proliferation as tendinosis tissue displayed significantly
increased proliferative index (Rolf et al., 2001; Jones et al., 2006). Even when these
tendinosis tendons are isolated and established as primary cultures, the cultured
tenocytes continue to exhibit higher proliferation rate compared to the control (Rolf et
al., 2001).
The regulation of tenocyte proliferation is likely mediated via the mitogen‐activated
protein kinase (MAPK) pathway that is well known to play an essential role in
regulating cell proliferation and is implicated in many pathological conditions (Zhang
and Liu, 2002). Particularly, in an in vivo model to replicate rat supraspinatus
tendinosis, it was shown that the proliferation of the tendon cells was correlated with
phosphorylation (activation) of extracellular signal‐regulated kinases 1 and 2 (ERK1/2),
which is one of the best characterized MAPK signalling pathways (Scott et al., 2007).

1.3.2

Collagen remodelling

As detailed above, tendinosis tendons are hypercellular secondary to increased
tenocyte proliferation. As it may be expected, the expansion of the cell population in
tendon may require the disintegration of the collagenous matrix to accommodate the
7
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newly synthesized cells (Rolf et al., 2001). During this process of increased rate of
remodelling, the quality of tendon that is formed is more mechanically unstable and is
more susceptible to damage (Magra and Maffulli, 2005).
The alterations in collagen found in tendinosis include increased type III collagen
(Samiric et al., 2009) and increased ratio of type III to type I collagen (Ireland et al.,
2001). The increased production of type III collagen by tenocytes leads to the tendon
being less resistant to tensile forces which poses increased risk of rupture (Maffulli et
al., 2000).
As mentioned previously, the relationship between ECM and tenocytes are
bidirectional. Not surprisingly, ECM remodelling is an active, cell‐mediated process
that is regulated by homeostasis of MMPs and TIMPs (Magra and Maffulli, 2005).
MMPs have the ability to degrade all ECM components in tendons and are considered
to be one of the main mediators in the pathogenesis of tendinosis (Del Buono et al.,
2013).
The excessive activity of MMPs is likely the result of altered interactions between the
tenocytes and ECM which result in a failed healing response with a positive feedback
loop promoting intratendinous changes causing further injury (Castagna et al., 2013).
Elevations of MMP‐1, ‐3 and ‐13 result in loss of biomechanical tendon properties and
are associated with the degenerative changes in chronic tendinosis (Magra and
Maffulli, 2005). Within the MMP family, MMP‐3 is especially related to the remodelling
and repair process of normal and injured tendons (Magra and Maffulli, 2005). MMP‐3
is involved in early response to microdamage (Thorpe et al., 2014). As well, MMP‐3 has
been shown to be required for tissue remodelling and activation of other MMPs
(Ireland et al., 2001).

1.4 Non-neuronal production of neuromodulators
The biochemical theory of tendinosis began to gain traction when there was increasing
evidence of non‐neuronal production of neuromodulators particularly in tendinosis
tendons (Danielson,2009). These neuromodulators include glutamate, catecholamines,
ACh and SP.
The first of a number of experiments performed about non‐neuronal production of
neuromodulators included a study by Alfredson et al, which showed increased
glutamate in tendinosis tendons compared to normal tendons (Alfredson et al., 1999).
Since then, Schizas et al demonstrated that chronic painful tendon had significant
increase in N‐methyl‐D‐aspartate receptor type 1 (NMDAR1) and glutamate which was
upregulated in morphologically altered tenocytes (Schizas et al., 2010). In a follow up
study by Schizas et al, it was demonstrated that the activated, phosphorylated form of
NMDAR1, phospho‐NMDAR1, was within the tendon proper of tendinopathic biopsies,
specifically on tenocytes, while the control samples did not show any
immunoreactivity for phosph‐NMDAR1 in the tendon proper (Schizas et al., 2012). In
8
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addition, there was an elevated occurrence of SP in the tendinopathy group specifically
noted in the tendon proper (Schizas et al., 2012).
With respect to catecholamines, it has been shown that the catecholamine producing
enzyme tyrosine hydroxylase (Danielson et al., 2007a; Bjur et al., 2008a) and the alpha‐
1‐adrenoreceptor (Danielson et al., 2007a) were expressed by tenocytes and both
were elevated in tendinosis. The non‐neuronal production of ACh and SP has been
shown to be elevated in tendinosis and will be detailed in the sections below.
In summary, the upregulation and activation of neuromodulators and their receptors
seem to correlate with the development of tendinosis. Furthermore, it could be
speculated that these neuromodulators and their receptors play a role in
autocrine/paracrine signalling that may initiate the development of tendinosis.

1.4.1

Acetylcholine and its receptors

Acetylcholine (ACh) is a classical neurotransmitter traditionally thought to be confined
to the nervous system. However, ample evidence is now available to demonstrate that
non‐neuronal production of ACh occurs in practically all living cells (Wessler and
Kirkpatrick, 2009). ACh is synthesized by the enzyme choline acetyltransferase (ChAT)
from choline and acetyl‐CoA (Wessler and Kirkpatrick, 2009). In neuronal cells, ACh is
stored and released by vesicular acetylcholine transporter (VAChT); non‐neuronal cells
store ACh in either VAChT or organic cation transporters (OCTs) (Beckmann and Lips,
2013).
ACh exerts its effect on muscarinic ACh receptor (mAChR) and nicotinic ACh receptors
(nAChRs). mAChRs are G‐protein coupled receptors subdivided into 5 subtypes (M1‐M5
receptors).
The nicotinic receptors (nAChRs) are pentameric complexes consisting of a large
number of different alpha and beta subunits (Wessler and Kirkpatrick, 2009). As an
ionotropic receptor, nAChRs are directly linked to ion channels and do not require
secondary messengers.
ACh binds to mAChRs extracellularly and subsequently interacts with and activates
GTP‐binding regulatory proteins (G‐proteins) in the intracellular phase (Wessler and
Kirkpatrick, 2009). The M1, M3, and M5 receptors interact with Gq‐type G‐proteins and
M2 and M4 receptors with Gi/G0 type G proteins (Haga, 2013). G proteins set into
motion a number of intracellular signal transduction systems. Upon mAChRs
stimulation with ACh, proliferation of fibroblast‐like cells can occur (Matthiesen et al.,
2006). Furthermore, proliferation of fibroblastic cells can be mediated by the classical
MAPK pathway, particularly the ERK1/2 (Matthiesen et al., 2007). In addition,
epidermal growth factor receptor (EGFR) has also been involved in fibroblastic
proliferation and it is known that phosphorylation (activation) of EGFR subsequently
leads to a cascade of events which activates ERK1/2 (New and Wong, 2007).
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It has been shown that ACh is involved in regulating the mitotic cell cycle of non‐
neuronal cells and that the mitogenic effect of applied ACh can be blocked by
antagonists for the nicotinic and muscarinic receptors (Oben et al., 2003; Matthiesen
et al., 2006). Additional roles of non‐neuronal ACh include regulation of cell‐cell
contact, as it has been suggested that ACh is involved in the regulation of intracellular
filaments as well as maintaining the function of gap and tight junctions which are
associated with the cytoskeleton (Wessler et al., 1998). As well, ACh, via activation of
mAChRs, has been shown to exert stimulatory effects on collagen synthesis (Haag et
al., 2008).

1.4.1.1

Acetylcholine and its receptors in tendinosis

There has been mounting evidence to support that dysregulation of the non‐neuronal
cholinergic system contributes to various pathological processes. More specifically, it
has been suggested that even a minute change in the expression pattern of nicotinic
and muscarinic receptors may result in cellular stress as the subtypes of receptors act
in a synergistic or antagonistic way (Matthiesen et al., 2007). Not surprisingly, in
tendinosis, there is evidently a dysregulation of the non‐neuronal cholinergic system.
In tendinosis tendons, there are higher expressions of ChAT and VAChT in tenocytes
(Danielson et al., 2007b; Bjur et al., 2008b). In addition, M2R, the subtype best
correlated with proliferation of human lung fibroblasts (Matthiesen et al., 2006), was
particularly abundant in tendinosis tendons (Danielson et al., 2007b; Bjur et al.,
2008b). It could be postulated that the presence of high levels of mAChRs, as in the
case of tendinosis and chronic airway disease such as COPD, may be pathological. In
chronic airway disease, in which ACh has been shown to stimulate lung fibroblastic
proliferation, inhibition of this process with tiotropium, a muscarinic antagonist, has
been shown to play a beneficial role in airway remodelling (Pieper et al., 2007).
Further support for ACh playing a role in the pathogenesis of tendinosis includes its
ability to induce proliferation and fibrosis. As an example, it has been shown by Oben
et al, in hepatic stellate cells in vitro, that exogenous ACh resulted in upregulation of ‐
SMA and increased cell proliferation which are prominent features found in tendinosis
tendons (Oben et al., 2003). As in lung fibroblasts, the proliferation is likely secondary
to stimulation of mAChRs which are G‐protein coupled receptors (Matthiesen et al.,
2006).

1.4.2

Substance P and the neurokinin receptors

Substance P (SP) is an 11 amino acid peptide, derived from the preprotachykinin A
gene, belonging to the tachykinin neuropeptide family. The preprotachykinin A gene,
also known as TAC1, gives rise to four precursors (alpha, beta, gamma and delta)
(Severini et al., 2002). All four isoforms are able to produce the active peptide SP, but
also neurokinin A, neuropeptide K, neuropeptide gamma and neurokinin B (Carter et al
1990, Burbach 2010). SP binds to three known neuronkinin receptors (NK‐Rs): NK‐1 R,
NK‐2 R and NK‐3 R (Harrison and Geppetti, 2001). SP preferentially binds to NK‐1 R but
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can also bind to NK‐2 R and NK‐3 R with lower affinity (Regoli et al., 1994). NK‐1R is a
G‐protein coupled receptor which couples to a subgroup of G‐proteins, Gq/ll (Douglas
and Leeman, 2011). The preferred substrates for NK‐2 R and NK‐3 R are neurokinin A
and neurokinin B, respectively (Regoli et al., 1994).

1.4.2.1

Substance P and neurokinin receptors in tendinosis

Similar to ACh, elevated levels of SP have been implicated in tendinosis (Schubert et
al., 2005; Lian et al., 2006). Correspondingly, SP has also been shown to mediate
increased cell proliferation in a number of cell types in vitro (Koon et al., 2004; Opolka
et al., 2012). Not only have studies shown increased levels of SP in tendinosis, it has
also been revealed in an in vivo model that endogenous SP in Achilles tendon increases
with loading and that the increased SP‐production precedes tendinosis (Backman et
al., 2011). While the source of SP following mechanical loading has not yet been
determined, it has been shown histologically that tenocytes express the mRNA for SP
(TAC1) and that NK‐1 R is widely distributed in human tendons; in particular, higher
levels of SP and NK‐1 R were found in tendinosis tendons (Andersson et al., 2008). It
has been hypothesized that SP plays a role in tendinosis development by exacerbating
the inflammation‐repair response (Andersson et al., 2011). Thus, it is highly plausible
that the tendon proper itself should have the ability to produce a local supply of SP
that may serve as a source of SP to drive tendinosis via the NK‐1R on tenocytes and
subsequently cause an autocrine/paracrine effect.

1.5 Cytokine production by tenocytes
1.5.1

Transforming growth factor- (TGF-β) and its
receptors

TGF‐ is a cytokine that exists in three different isoforms in mammals, namely TGF‐1,
TGF‐2, and TGF‐3. These isoforms are structurally similar but different genes encode
them. TGF‐ ligands bind to TGF‐ receptors to bring about effects. The TGF‐
receptors can be subdivided into three classes: type I, type II and type III receptors
(Gilbert et al., 2016). To start the signalling, firstly the TGF‐ ligand binds to TGF‐RII,
which then creates a receptor complex with TGF‐RI, and this formed receptor
complex (TGF‐βRI/II) results in the phosphorylation of TGF‐RI by TGF‐RII, causing its
activation (Gilbert et al., 2016). When activated, the receptor complex initiates an
intracellular cascade involving the TGF‐ specific phosphorylation of SMAD and
formation of SMAD complexes (Goodier et al., 2016). TGF‐ has been shown to
activate EGFR and subsequently ERK1/2 in in vitro studies involving human lung
fibroblasts (Midgley et al., 2013) and a squamous carcinoma cell line (Lee et al., 2010).
TGF‐ and its receptors are significantly upregulated throughout tendon repair (Molloy
et al., 2003).
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1.5.1.1

TGF-1

In acute tendon healing, TGF‐1 is localized to the forming scar tissue and its
expression coincides with a peak in cell proliferation and cellularity (Galatz et al.,
2006). TGF‐1 is intimately involved in wound healing and is the most frequently
investigated effector of fibrosis and regulator of ECM turnover (Goodier et al., 2016).
There is a significant elevation of TGF‐1 expression in parts of the tendon displaying
evidence of tendinosis (Pingel et al., 2012). Even in vitro, tendon cells derived from
tendinosis continue to have sustained expression of TGF‐1 relative to healthy tendons
(Fu et al., 2005). Sustained TGF‐1 can drive tenocytes to constitutively activate TGF‐
1 receptor resulting in tenocytes changing phenotypes from fibroblastic to
myofibroblastic (Dabiri et al., 2006). This is consistent with Khan et al’s histologic
description of increasingly conspicuous presence of cells displaying myofibroblastic
appearance along with focal areas of maximal cellular proliferation and collagen fibres
within tendinosis tendons (Khan et al., 1999).

1.6 ACh and SP signalling pathways can converge
via TGF-1

As hypercellularity is an important feature of tendinosis and as ACh, SP and TGF‐1
have all been implicated in inducing tenocyte proliferation, it is reasonable to ask
whether there are any associations between them. Not surprisingly, it is evident that
there are a number of connections described in the literature. Firstly, it has been
demonstrated in in vitro studies that ACh and SP are connected to TGF‐1 as they can
both induce TGF‐1 expression (Yaraee and Ghazanfari, 2009; Yang et al., 2014).
Carbachol, an ACh analogue, induced expression of mAChRs in lung epithelial cells
(Yang et al., 2014). Furthermore, SP induced TGF‐1 expression in a dose‐dependent
manner has been supported by an in vitro study involving lung epithelial cells (Yaraee
and Ghazanfari, 2009). Conversely, it has been shown that TGF‐1 can regulate the
expression of NK‐1 R in keratocytes (Le Roux et al., 2015). This suggests a negative
feedback mechanism by TGF‐1 on NK‐1 R in response to elevated TGF‐1 levels.
However, it has not yet been shown whether TGF‐1 can regulate expression of
mAChRs in vitro in human tenocytes and this warrants further investigation.
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2. HYPOTHESES AND AIMS
2.1 Hypotheses
The overall hypothesis of our studies is that non‐neuronal production of the
neuromodulators substance P (SP) and acetylcholine (ACh) by tenocytes results in
increased tenocyte proliferation, and that tenocytes respond to mechanical loading by
converting mechanical stimuli into biochemical signals that have significant
implications on downstream pathways, including anabolic or catabolic changes to the
extracellular matrix. In addition, we hypothesize that endogenous SP is upregulated in
response to cyclic mechanical loading of tenocytes, and that SP as well as ACh
converge mechanistically via TGF‐1 to contribute to the tenocyte hypercellularity.

2.2 Aims
The specific aims of this thesis is to demonstrate the following:
1.

Stimulation of muscarinic acetylcholine and NK‐1 receptors in human
tenocytes contributes to hypercellularity (proliferation) – Paper I & II

2.

Stimulation of NK‐1 receptors in human tenocytes contributes to
extracellular matrix/collagen production/remodelling – Paper III

3.

Cyclic mechanical loading of human tenocytes leads to upregulation
of SP – Paper II

4.

ACh and SP converge mechanistically via TGF‐1 in tenocyte
proliferation – Paper IV
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3. MATERIAL AND METHODS
3.1 Primary human tendon cell culture model
3.1.1

Human tendon biopsies

Achilles tendon biopsies from healthy donors (Umeå, Sweden) and hamstring tendons
from patients undergoing anterior cruciate ligament (ACL) reconstruction (Vancouver,
Canada) were used to establish primary tendon cell cultures.
Achilles tendon biopsies were derived from the mid‐portion of healthy human donors.
Healthy donors were defined as individuals with no history of Achilles tendon pain as
well as Doppler ultrasound results demonstrating normal findings.
Hamstring (semitendinosus) tendon from healthy donors were derived from patients
undergoing ACL reconstruction where the excess tendon material would otherwise
have been discarded.

3.1.2

Ethical considerations

Ethics approval was obtained from the Regional Ethical Review Board in Umeå,
Sweden (04‐157M) and the UBC Clinical Research Ethics Board at the University of
British Columbia, Canada (H10‐00220).

3.1.3

Isolation of human tendon and cell culturing

Achilles tendon and hamstring tendon biopsies were transported on ice to the
laboratory. To establish the primary cell cultures, the tendons were first rinsed with
Hank’s Balanced Salt Solution (HBSS; Invitrogen, code 14170) under sterile conditions.
Extraneous tissue components including muscle and fat that were not part of the
tendon tissue proper were carefully dissected with scalpels and forceps to ensure the
purest tendon cell cultures were obtained. The biopsies were enzymatically digested in
2 mg/ml collagenase (Clostridopeptidase A, Sigma, C‐0130) for 120 minutes. Following
digestion, the tenocytes were cultured in DMEM supplemented with 10% fetal bovine
serum, 1% penicillin streptomycin and 0.2% L‐glutamine at 37°C in 5% CO2 to allow for
cell attachment. Following 72 hours, the culture media was replaced and non‐viable
and non‐adherent cells were removed. For subsequent passages, medium was
replaced every three days and cells were passaged in 1:3 ratio using 0.05% trypsin and
EDTA at approximately 80‐90% confluence.

3.1.3.1

Two-dimensional primary tenocyte culture with 2D strain

Two‐dimensional strain was applied to tenocytes cultured on Bioflex culture plate
membranes pre‐treated with collagen I (Bioflex, BF‐3001C). Strain was applied
equibiaxially (radial and circumferential) to cells via vacuum deformation of the
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membrane across a 25‐mm diameter cylindrical loading post using the FlexCell unit
FX‐4000 (FlexCell International Corporation, Hillsborough, NC, USA). The strain
protocol was 10% strain with a frequency of 1Hz for 120 minutes per day for 3
consecutive days. The protocol was based on previous studies performed by Scott et al
(Scott et al., 2011). The equibiaxial strain of 10% applied to the BioFlex plates is
equivalent to approximately 3‐5% strain experienced by the cells (Wall et al., 2007b).

3.1.3.2

Three-dimensional primary tenocyte culture

Tenocytes were seeded into collagen gel matrices to establish a three‐dimensional
tenocyte culture. Tenocytes were seeded into liquefied collagen solution consisting of
70% 3.0 mg/ml PureCol collagen (Advanced BioMatrix, cat: 500: B), 20x DMEM
(Invitrogen; cat: 12100‐046) and 10% FBS (HyClone; SH30071.03) pipetted into
individual wells of 24‐well tissue culture plates to set in gel form prior to treatment.
Tendon cells from passage 3 to 6 were used. Following 12 hours of initial culture and
treatment, the gels were detached from the walls and bottom of the tissue culture
wells. Following detachment, the rates of gel contraction were recorded by
photographing the gels at 0, 6, 12, 24, 30 and 48 h post‐release using a digital scanner.
The areas of the contracted gels were assessed using an image analysis software
(Image J, National Institute of Health, Bethesda, MD). The average contraction rates
were calculated using the following formula: % gel contraction = (initial area at 0 h –
area at specified time point) / (initial area at 0 h) x 100% for each specified time point.

3.2 Substances for in vitro experiments
3.2.1
3.2.1.1

Determination of substance concentrations
SP and NK-1 R

The concentrations for SP at 10‐7 M and NK‐1 R antagonist at 10‐6 M were used in
Papers II, III and IV. The concentration of SP at 10‐7 M was optimised by colleague
Backman who showed the effect of 10‐7 M had a significantly superior effect as
compared to 10‐8 M SP and 10‐9 M SP on tenocyte proliferation. 10‐7 M SP was also used
by Koon et al involving human colonocyte proliferation (Koon et al., 2004). As well,
Yaraee et al demonstrated that maximal response of inducing TGF‐1 was obtained at
10‐7 M SP where it reaches the plateau for maximal induction (Yaraee and Ghazanfari,
2009).

3.2.1.2

ACh and atropine

ACh and atropine were used at a concentration of 10‐6 M and 10‐5 M respectively for
Papers I and IV. The concentration of ACh at 10‐6 M was based on titrating
concentrations of 10‐6 M, 10‐7 M and 10‐8 M of ACh to determine the concentration
that would produce the most significant effect on tenocyte proliferation. The
concentration of atropine was performed by testing concentrations of 10‐4 M, 10‐5 M
and 10‐6 M. It was established that 10‐5 M was the most effective concentration at
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blocking the effects of ACh induced tenocyte proliferation without causing toxic effects
to the tenocytes such as with a concentration of 10‐4 M.

3.2.1.3

TGF-1 and TGF-RI/II kinase inhibitor

The concentration of TGF‐1 used in Paper IV was modified from Le Roux et al’s study
involving human keratocytes which used 10 ng/ml of TGF‐1 (Le Roux et al., 2015). A
dose study was performed to determine the effects of TGF‐1 on NK‐1 R and M2R
levels. It was determined that there was no significant decrease between using 10
ng/ml compared to 1ng/ml of TGF‐1. On the other hand, there was a significant
difference in expression of NK‐1 R and M2R between 1ng/ml compared to 0.1ng/ml.
Therefore, the concentration of 1ng/ml of TGF‐1 was chosen for the experiments.
The concentration of TGFRI/II kinase inhibitor LY2109761 at 2 mol/l was based on
Xu et al’s study. (Xu et al., 2008)

3.2.2

Substances and concentrations used

Substance

Code

Source

Concentration

Paper

ACh

A2661

Sigma

10-6 M

I, IV

Atropine

A0132

Sigma

10 M

I, IV

GM6001 (metalloproteinase inhibitor)

364206

Calbiochem

8 μM

I

AG1478 (EGFR inhibitor)

658548

Calbiochem

0.8 μM

I

SP

85965

Sigma

10-7 M

II,III

NK-1 R antagonist

s3144

Sigma

10-6 M

II,III

-5

TGF-1

240-B-002

R&D Systems

1 ng/ml

IV

LY2109761 (TGFRI/II kinase inhibitor )

sc-396262

Santa Cruz

2 mol/l

IV

SP

05-23-0600

Calbiochem

-7

10 M

IV

NK-1 R receptor antagonist

1145

Tocris

10-6 M

IV

3.3 Immunocytochemistry
Antibodies directed towards various antigens of interest as shown in the table below
were used. 1.5x104 cells were seeded per well in an 8 well chamber slide (BD Falcon:
code no. 354118) and allowed to adhere overnight before fixation for 5 min in
paraformaldehyde and subsequently washed four times in phosphate‐buffered saline
(PBS) prior to normal serum blocking for 15 min. This was followed by incubation with
the primary antibody for 60 min at 37C in a heated incubator. After four washes with
PBS, an additional blocking step was performed before incubation with secondary
antibody. Following the final wash step, cells were mounted with Vectashield Hard Set
Medium with 4,6‐diamidino‐2‐phenylindoline (DAPI; Vector Laboratories: code no. H‐
1400). A microscope equipped with epifluoresence and a digital camera was used to
capture images.
16

Neuromodulators and mechanical loading in tendinosis

3.3.1

Primary antibodies for immunocytochemistry

Antigen

Code

Source

Type

Dilution

Paper

ChAT

AB144P

EMD Millipore

Goat polyclonal IgG

1:50

I

M2 R

AB5166

EMD Millipore

Rabbit monoclonal IgG

1:100

I

M3 R

NLS525

Novus Biologicals

Rabbit polyclonal IgG

1:50

I

M4 R

NLS220

Novus Biologicals

Rabbit polyclonal IgG

1:50

I

M5 R

NLS11334

Novus Biologicals

Rabbit polyclonal IgG

1:50

I

VAChT

sc-7716

Santa Cruz

Goat polyclonal IgG

1:25

I

Tenomodulin

sc-49325

Santa Cruz

Goat polyclonal IgG

1:100

I

Vimentin

M0725

Dako

Mouse monoclonal IgG

1:100

I, II

Collagen I

ab34710

Abcam

Rabbit polyclonal IgG

1:100

I

Collagen III

ab7778

Abcam

Rabbit polyclonal IgG

1:100

I

Scleraxis

ab58655

Abcam

Rabbit polyclonal IgG

1:25

I

-SMA

ab5694

Abcam

Rabbit polyclonal IgG

1:100

I

Connexin 43

sc-59949

Santa Cruz

Mouse monoclonal IgM

1:25

I

SP

8450-0004

Serotec

Rabbit polyclonal IgG

1:100

II

NK-1 R

sc-5220

Santa Cruz

Goat polyclonal IgG

1:100

II

TGF-RI

155258

Abcam

Rabbit polyclonal IgG

1:100

IV

TGF-RII

78419

Abcam

Mouse monoclonal IgG

1:50

IV

3.3.2

Normal sera

Serum

Code

Source

Dilution

Paper

Donkey

017-000-121

Jackson ImmunoResearch

1:20

I, II

Rabbit

X0902

Dako

1:20

I, II, IV

Swine

014-000-121

Jackson ImmunoResearch

1:20

I, II, IV

3.3.3

Secondary antibodies for immunocytochemistry

Serum

Code

Source

Dilution

Paper

TRITC-conjugated rabbit anti-mouse

R0270

Dako

1:40

I, II, IV

TRITC-conjugated swine anti-rabbit

R0156/Z0259

Dako

1:40

I, II, IV

FITC-conjugated donkey anti-goat

705-095-147

Jackson

1:40

I, II

ImmunoResearch

17

Gloria Fong, 2017

3.4 Western blot
Cell lysates were obtained by lysing cells with lysis buffer supplemented with a
protease inhibitor cocktail. After centrifugation to remove cell debris, protein
quantification was performed using the Protein Assay Dye Reagent (Bio‐Rad, code:
500‐0006) with bovine serum albumin (BSA, Sigma, code: A9647) as a standard. Total
protein from each sample was diluted in Laemmli Sample Buffer (Bio‐Rad, code: 161‐
0737), supplemented with beta‐mercaptoethanol, and denaturated at 95°C for 5 min
before loading and separation on a SDS‐polyacrylamide gel. The proteins were then
transferred to a polyvinylidene difluoride membrane (PVDF; Sancta Cruz, code: sc‐
3723). Ponceau S staining (0.1% Ponceau red, 1% acetic acid diluted in Milli‐Q water)
was used to confirm successful transfer of proteins onto the membranes prior washing
and subsequent blocking in low fat milk or 5% BSA at room temperature for 1 h. The
primary antibody was added as the next step and the membranes were incubated
overnight at 4°C with gentle agitation. The membranes were subsequently washed and
incubated with secondary antibody for 1 h at room temperature. Band detection was
performed using a chemiluminescent HRP substrate for 5 min prior to visualization
using an imaging system. To ensure equal protein loading, the primary and secondary
antibodies on the membranes were removed with stripping buffer (Thermo Scientific,
code: 21059) and standardized to a house‐keeping gene. Densitometry was performed
with an image analysis software (Image J, National Institute of Health, Bethesda, MD)

3.4.1

Primary antibodies used for Western blot

Antigen

Code

Source

Type

Dilution

Paper

Phospho-ERK1/2
Phospho-EGFR

4370

Cell Signal

Rabbit monoclonal IgG

1:2000

I, II

3777

Cell Signal

Rabbit monoclonal IgG

1:1000

I

M2 R

AB5166

Chemicon

Rabbit polyclonal IgG

1:1000

I

M4 R

9109

Santa Cruz

Rabbit polyclonal IgG

1:500

I

Scleraxis

ab58655

Abcam

Rabbit polyclonal IgG

1:1000

I

-actin

4967

Cell Signal

Rabbit polyclonal IgG

1:2000

I, II, IV

NK-1 R

s8305

Sigma-Aldrich

Rabbit polyclonal IgG

1:4000

II, IV

MMP-3

17873-1-AP

Proteintech

Rabbit polyclonal IgG

1:2000

III

Vinculin

ab207440

Abcam

Rabbit monoclonal IgG

1:2000

III

TGF-1

ab9758

Abcam

Rabbit polyclonal IgG

1:200

IV

3.4.2

Secondary antibodies used for Western blot

Secondary antibody

Code

Source

Dilution

Paper

HRP-conjugated goat anti-rabbit

7074

Cell Signal

1:2000

I, II, III, IV
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3.5 Enzyme immunoassay
3.5.1

Human SP immunoassay

Cells were mechanically detached and centrifuged to obtain a cell pellet. The cell pellet
was lysed in lysis buffer supplemented with a protease inhibitor cocktail. After
dissolving the cell pellet in the lysis buffer, the lysate was incubated on ice for 30
minutes. Finally, the lysates were centrifuged at 13,000 rcf at 4C for 15 minutes to
remove cell debris. The supernatant was collected and stored at ‐80C until analysis.
The concentration of SP was analysed using a commercially available enzyme
immunoassay kit (EK‐061‐05 Phoenix Pharmaceuticals, CA, USA). The detection range
of this assay is 0 to 25 ng/ml of SP. The absorbance was read at 450 nm.

3.5.2

Human TGF-1 immunoassay

Cells were frozen at ‐80C at the designated time points until the ELISAs were
performed. Cell lysates were obtained as described above (section 3.5.1). The
extracted protein was activated by 1 N hydrochloric acid, followed by neutralization
with 1.2 N sodium hydroxide/0.5 M HEPES. The concentration of TGF‐1 was analysed
using a commercially available enzyme immunoassay according to the manufacturer’s
protocol (R&D, code: DB100B). The detection range for the assay is 31.2 – 2,000 pg/ml.
Following the assay procedure, the optical density of each reaction was measured at
450 nm using a microplate reader and corrected against absorption at 570 nm.

3.6 Analysis of proliferation and metabolic activity
3.6.1

Bromodeoxyuridine (BrdU)

BrdU is a synthetic nucleotide that substitutes thymidine with uridine in the DNA at
the phase of the cell cycle where DNA replication takes place, the s‐phase. An antibody
specific for BrdU can then be used to detect the incorporated BrdU. BrdU
incorporation was measured either by manual cell counting or by ELISA.

3.6.1.1

BrdU incorporation cell counting

Cells were seeded into chamber slides and left to adhere in 10% media before serum‐
starvation in 1% serum overnight before treatment. BrdU labelling reagent was added
into all chamber wells for re‐incubation in the humidified incubator at 37°C in 5% CO2
environment for 120 minutes to allow for the BrdU to be incorporated into dividing
cells. The cells were subsequently fixed in fixative solution (50 mM glycine, 100 mL
ethanol, pH2.0) for 20 minutes at ‐20C. Following three washes with washing buffer,
the anti‐BrdU monoclonal antibody was added and incubated for 30 minutes at 37C.
Cells were washed three times with washing buffer and anti‐mouse‐Ig‐AP was added
for 30 minutes at 37C. After further washing, the substrate solution (4.3 mM NBT, 3.3
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mM BCIP) diluted in substrate solution buffer (100 mM Tris HCI, 100 mM NaCl, 50 mM
MgCl2, pH 9.5) was added and incubated for 20 minutes at room temperature in the
absence of light for the coloured reaction to take place. A final wash was performed
prior to mounting the cells using Vectashield hard set with DAPI (Vector Laboratories;
code: H‐1500). Proliferative cells were quantified and expressed as a ratio (percentage)
of BrdU positive cells against all cells (DAPI stained). For each chamber well, three
randomized photographs were taken at 10x magnification and the average ratio of
BrdU and DAPI positive cells was used for statistical analysis.

3.6.1.2

BrdU incorporation ELISA

Cells were seeded into 96 well culture plates and left to adhere in 10% media prior to
serum‐starvation in 1% serum overnight before treatment. Following treatment, the
cells were labelled with BrdU and incubated for 2 hours at 37°C, 5% CO2. Cells were
subsequently fixed and anti‐BrdU‐POD was added for 1 hour to allow BrdU
incorporation with the newly synthesized DNA. A substrate solution was subsequently
added for 20 min before absorbance at 370 nm (reference wavelength: 492nm) with a
micro‐plate reader was measured.

3.6.2

Crystal violet

The crystal violet assay is used to indirectly assess cell number as it is a general DNA
and protein stain. The premise for using this assay is based on the assumption that
each cell, on average, contains the same amount of protein and DNA; therefore, the
intensity of crystal violet dye staining will correlate with the number of cells present.
As well, the crystal violet assay is a good indirect test for assessing apoptosis as cells
that are non‐viable will be non‐adherent and become lost during the procedure.
Cells were initially seeded in 6‐well plates and allowed to adhere overnight before
serum starvation prior to treatment. Cells were then washed in PBS to remove non‐
adherent cell followed by fixation with 1% glutaraldehyde. After additional washes in
PBS, adherent cells were stained with 0.1% crystal violet (Sigma, code C3886), washed
in water and air‐dried and then permeabilized in 30% methanol and 10% acetic acid.
150 l of the permeabilizing solution was transferred to a 96 well plate and the
absorbance was read at 590 nm.

3.6.3

MTS assay

The MTS assay is a colorimetric assay used to assess cell viability. The assay involves a
tetrazolium compound and an electron coupling reagent (phenazine methosulfate)
which is bioreduced by cells to form formazan, a colored product. The catalytic
reaction can only occur in viable cells. Following treatment, MTS reagent (CellTiter 96®
AQueous One Solution Cell Proliferation Assay System, Promega, code: G3582) was
added to each well and incubated at 37°C and 5% CO2 for 1 hour. The resultant
formazan product was measured with a spectrophotometer at 490 nm. Cell viability is
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expressed as a value of absorbance by adjusting the difference in absorbance between
the cells and medium minus the medium alone.

3.7 Real-time quantitative polymerase chain
reaction (RT-qPCR)

3.7.1

RT-qPCR of 2D Cell Cultures

RNA isolation was performed using the Qiagen RNeasy kit (Qiagen, code: 74106).
Extracted RNA was reversed transcribed into cDNA using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, code: 4368813). A sample volume of
14.2 l containing RNA and RNase free water was added to 2l 10 x RT buffer, 0.8 l
25x dNTP, 2l 10 x RT random primers and 1 l 20x multiscribe RTase for a total
volume of 20 l. cDNA conversion from RNA was performed in a thermal cycler
according to the manufacturer’s recommendations: 10 min at 25°C followed by 120
min at 37°C, 5 min at 85°C and finally 60 min at 4°C. Quantitative PCR was performed
using the TaqMan Fast Universal PCR Master Mix (Applied Biosystems, code: 4352042)
by dividing the starting volume of 25 l into two 10 l volumes for each reaction to
obtain technical duplicates. The levels of each gene was determined relative to a
housekeeping gene.

3.7.1.1

Probes used for RT-qPCR

Probe name

Code

Source

Paper

Scleraxis

Hs03054634

Applied Biosystems

I

1

Hs00912795

Applied Biosystems

I, IV

CHRM22

Hs00265208

Applied Biosystems

I, IV

3

Hs00265216

Applied Biosystems

I, IV

CHRM44

Hs00265219

Applied Biosystems

I, IV

CHRM55

Hs00255278

Applied Biosystems

I, IV

TAC16

Hs00243225

Applied Biosystems

II, IV

TACR17

Hs00185530

Applied Biosystems

II, IV

MMP3

Hs0096830_m1

Applied Biosystems

III

18s

4308329

Applied Biosystems

II, III

β-actin

4333762F

Applied Biosystems

I, IV

TGF-1

Hs00998133

Applied Biosystems

IV

TGF-RI

Hs00610320

Applied Biosystems

IV

TGF-RII

Hs00234253

Applied Biosystems

IV

TGF-RIII

Hs00234257

Applied Biosystems

IV

CHRM1
CHRM3

1.

Detects mRNA coding for M1R

5.

Detects mRNA coding for M5R

2.

Detects mRNA coding for M2R

6.

Detects mRNA coding for SP

3.

Detects mRNA coding for M3R

7.

Detects mRNA coding for NK-1 R

4.

Detects mRNA coding for M4R

21

Gloria Fong, 2017

3.7.2

RT-qPCR of 3D Cell Cultures

RNA isolation from the three‐dimensional hamstring tenocyte cultures were
performed as detailed by Reno et al (Reno et al., 1997). Following treatment at various
time points, collagen gels were harvested and placed in Trizol (Invitrogen) and snap
frozen in liquid nitrogen. RNA was subsequently extracted using the TriSpin method.
RNA was detected using the SybrGreen fluorescence system and reverse transcribed
using the Qiagen Omniscript kit (Qiagen). PCR was performed using primers as detailed
in the table below. Each PCR reaction contained 0.75 μl aliquots of each forward and
reverse primer, 3.5 μl molecular grade water and 12.5 μl Bio‐Rad iQ SYBR Green
Supermix (Bio‐Rad, USA). Each reaction was performed in technical triplicates.
Amplification and detection were normalized to 18s rRNA. The iCycler iQ Optical
System Software Bio‐Rad) was used to analyze relative quantification.

3.7.2.1

Primers used for RT-qPCR (Paper IIII)

Gene

Base

Primary sequence

pairs
-SMA

83
450
80
150
131
212
360
341

Metallopeptidase inhibitor 1

NM_002203

5’ -CTGCTGCTGCTGTTCTGG-3’

NM_002421

5’ -GTAGAAGGCACAATATGG-3’

NM_002422

5’ -TGGTCGCTCGCTCCTCTCC-3’

X03205

5’ -CCCCCTCCCCAGCCACAAAGA-3’

NM_000088

5’ -TCTTGGTCGGTGGGTGACTCT-3’

Collagen, type I, alpha 1
TIMP1

5’-GC AAACTTCAACAAGCATTCC-3’

5’ -CGCCTGCTGCCTTCCTTGG-3’

Ribosomal RNA
COL1A1

NM_153292

5’-ACTCTATGTGACAAGGTG-3

Matrix metalloproteinase 3
18S

5’-GCAGGACGAGAAGCGGAGAC-3’

5’-ACTTGCCTCCCATCATTCTTC-3’

Matrix metalloproteinase 1
MMP-3

NM_000963

5’-CCCGTTGTGTAATACTGATTCC-3’

2 integrin
MMP-1

5’-GCAACACTTGAGTGGCTATC-3’

5’-GCATACAGGCAAAGAGCAC AGC-3’

Inducible nitric oxide synthase
ITGA2

NM_001613

5’-TCGATGTCACCATAGAGTGC-3’

Cyclooxygenase 2
NOS2A

reference
5’-CAGCAAACAGGAATACGATGAAG-3’
5’-AGACAGAGAGGAGCAGGAAAG-3’

Alpha-smooth muscle actin
PTGS2

Sequence

404

5’ -AATTCCGACCTCGTCATCAGG3’

NM_003254

5’-ACTGGAAGCCCTTTTTCAGAGC-3’

3.8 Statistics
All statistical calculations were performed using computer software PASW statistics
(18.0.0; SPSS) or GraphPad Prism (version 5 & 6). Statistical significance was
predetermined at p<0.05. The results are presented as means and the distribution of
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data is indicated with either standard error of the mean, which is an estimate of how
close sample means are to the population mean, used in paper II, or standard
deviation, which is the degree to which data within the sample differ from the sample
mean, used in paper I, II, III and IV. All experimental procedures were performed in at
least triplicates.

3.8.1

Independent samples t-test

This test was applied to determine if there was a statistically significant difference
between the mean of two independent samples. This test was applied when only two
samples were compared.

3.8.2

One-way ANOVA with Bonferroni post hoc test

The one‐way ANOVA test was used to compare the means of three or more samples,
and was complemented with Bonferroni post hoc test to identify differences between
sample pairs as well as to adjust for multiple comparisons.

3.8.3

Two-way ANOVA with Bonferroni post hoc test

The two‐way ANOVA test with Bonferroni post hoc test was used to determine the
influence of two different independent variables on one dependent variable. This
method of analysis is used to assess the main effect of each independent variable as
well as to test if there is any interaction between the independent variables.
Compensation for multiple testing was not performed as the study is exploratory.
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4. RESULTS
4.1 Phenotyping of tenocytes in culture
Phenotyping of Achilles tendon cells were performed. Within the cultures, the vast
majority of cells were immunopositive for scleraxis (Fig I: 1a) and tenomodulin (Fig I: b)
The presence of scleraxis mRNA and protein were assessed by qPCR and Western blot
(Fig I: 1a, inset) respectively. Tenocytes were immunopositive for type I collagen (Fig I:
2a) while exhibiting extremely low level of immunostaining for type III collagen (Fig I:
2b) which is to be expected for normal tenocytes. All cultured cells expressed low
levels of alpha‐smooth muscle actin (Fig I: 2d) which excluded the myofibroblastic
phenotype that should be absent in normal tendon. As well, the tendon cells were
positive for connexin 43 (Fig I: 2c), which is one of the main gap junction proteins
found in tendons (Waggett et al., 2006).
The expression profile of semitendinosus hamstring tenocytes was characterized by
colleague Mousavizadeh (Mousavizadeh et al., 2014). The cultured cells continued to
express type I collagen, scleraxis and tenomodulin mRNA, as assessed by qPCR
(Mousavizadeh et al., 2014).
In summary, the continued expression of type I collagen, tenomodulin and scleraxis in
both Achilles and semitendinosus hamstring tendon cell cultures were important
prerequisites for the cells to be considered as tenocytes.

4.2 Expression of neuromodulators and cytokines
and their receptors in tenocytes

4.2.1

Tenocytes possess essential components of the
cholinergic system to produce and respond to ACh

Studies of human patellar and Achilles tendons have shown that tenocytes have the
capacity to produce ACh and express mAChRs through which ACh can exert its effects.
In our study, cultured human tenocytes continued to possess the ability to have this
capacity as was shown that most of the cultured tenocytes expressed clear
immunoreactivity for ChAT (Fig I: 3,4a) and VAChT, the synthesising enzyme for ACh
and the transporter, respectively. In addition, all muscarinic receptors examined (M2R ‐
M5R) were expressed at the protein level, as seen with immunocytochemistry.
Furthermore, M1R ‐ M5R mRNA were detected with qPCR (Fig I: 6). Given earlier results
reporting increased M2R expression in tenocytes, particularly in tendinosis (Danielson
et al., 2006; Bjur et al., 2008b), and that M4R was the subtype with the highest
expression in tendon cell culture based on our qPCR results (Fig I: 6), Western blot was
performed to confirm the presence of M2R (Fig I: 5a) and M4R (Fig I: 5b) muscarinic
receptors at the protein level.
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Interestingly, using immunocytochemistry, it was shown in many cases that the same
tenocytes express both ChAT, the synthesizing enzyme for ACh, as well as the mAChRs
(Fig I:4).

4.2.2

Tenocytes produce SP and express NK-1 R

In the Achilles primary tendon cell cultures, SP and NK‐1 R were detected at the
protein and mRNA levels. Immunocytochemistry showed the presence of SP (Fig III:
4b). SP production was also detected with EIA and the mean concentration of SP was
170 pg/2x106 cells (paper II). In addition, Western blot confirmed the presence of NK‐1
R in the cultured cells (Fig III: 6) showing evidence of two bands, likely to represent the
full‐length glycosylated (80 kDa) and the truncated unglycosylated (37kDa) forms of
the receptor respectively. As well, SP and NK‐1 R were detected at the mRNA level
using qPCR (Fig III: 7a,b).
Semitendinosus tendons in culture, as shown by colleague Mousavizadeh, continue to
express SP and NK‐1 R (Mousavizadeh et al., 2015).

4.2.3

Tenocytes produce TGF-1 and express TGF-Rs

The primary tendon cells expressed TGF‐1 mRNA by qPCR (Fig IV: 1a). TGF‐1 was
found in the cells by ELISA (Fig IV: 1b) and Western blot (Fig IV: 1c). The TGF‐
receptors TGF‐RI and TGF‐RII were also detected in the tenocytes as determined at
the mRNA and protein levels by qPCR and immunocytochemistry respectively
(unpublished data).
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4.2.4

Summary – expression profile of tenocytes

As detailed above, tenocytes in culture continue to express the following (Figure 1):
1.
2.
3.

ACh* and mAChRs.
SP and NK‐1 R
TGF‐1 and TGF‐Rs

*ACh is likely synthesized by tenocytes due to presence of ChAT and VAChT

Figure 1 The tenocytes in culture express SP, NK‐1R, ACh*, mAChRs, TGF‐1 and TGF‐
receptors (TGF‐R).
*ACh is likely synthesized by tenocytes due to presence of ChAT and VAChT.

4.3 Effects of exogenous ACh and SP on tenocytes
in vitro

4.3.1

Effects of ACh on tendon cell viability, proliferation
and ERK1/2 activation via mAChRs

Exogenous ACh resulted in a significant increase in viable tendon cells as compared to
the control as determined by the crystal violet assay, and this increase was blocked by
simultaneous incubation with the muscarinic ACh receptor antagonist atropine. (Fig I:
7) The percentage of proliferating cells, as determined by the BrdU assay, was
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significantly increased following exposure to ACh relative to the control (Fig I:8). This
proliferative effect of ACh was reduced when the blockers of mAChRs and EGFR,
atropine and AG1478 respectively, were used (Fig I: 8). Western blot analysis showed
that administration of ACh resulted in the phosphorylation (activation) of both EGFR
and ERK1/2 in cultured tenocytes; the activation of EGFR peaked at 20‐30 min while
ERK1/2 peaked at 30‐45 min (Fig I: 9a). The ERK1/2 phosphorylation induced by
incubation with ACh was blocked by the muscarinic receptor antagonist atropine (Fig I:
9b). In addition, inhibition of either EGFR or MMP with their specific inhibitors,
AG1478 and GM6001 respectively, decreased the ACh induced phosphorylation of
ERK1/2 as shown by Western blot (Fig I: 9b).

Figure 2 ACh stimulated tenocyte proliferation in culture.
Taking into consideration the above results, the suggested proliferative pathway for
ACh induced tenocyte proliferation is as follow: 1. ACh stimulation of muscarinic
receptors (mAChRs), 2. mAChR activation of MMPs, 3. MMP cleavage of cell surface‐
associated EGFR ligand and finally 4. EGFR ligand binding to EGFR to increase
proliferation via phosphorylation of ERK1/2. (Fig I: 10)

4.3.2

Effects of SP on tenocyte metabolic activity,
viability, proliferation and ERK1/2 activation
via NK-1 R

The MTS‐assay showed that the metabolic activity of tenocytes was significantly
increased with SP exposure in serum free media as compared to serum free media or
PBS alone; the effects of SP, however was not as potent as compared to media
supplemented with 10% FBS or growth factor containing serum free media (Fig II: 9).
The number of viable cells as shown by the crystal violet assay was increased with SP
incubation while the effect was close to being completely blocked in the presence of
NK‐1 R blocker (Fig II: 10). As well, the number of proliferating cells as shown by the
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BrdU assay was significantly higher with SP administration and once again, the effect
of SP was abolished with the NK‐1 R blocker (Fig II: 12).

Figure 3 SP stimulated tenocyte proliferation in culture.
Exogenous SP resulted in the activation of mitogen‐activated protein kinases ERK1/2 in
a biphasic manner, first at 5 minutes and then at 15 minutes of incubation as shown by
Western blot (Fig II: 13). The phosphorylation of ERK1/2 by SP was effectively blocked
by the NK‐1 R inhibitor (Fig II: 13).

4.4 Involvement of TGF-1 in SP and ACh signalling
4.4.1

Effects of ACh and SP on the expression of TGF-1

Exogenous administration of SP and ACh independently led to significant upregulation
in TGF‐1 mRNA and protein expression as compared to control (Fig IV: 1a,b). The
effect of SP and ACh were blocked by inhibition of NK‐1 R and atropine respectively
(Fig IV: 1a,b). There was, however, no additive increase in TGF‐1 expression when
tenocytes were exposed to both SP and ACh simultaneously (Fig IV: 1c,d).

4.4.2

Effects of exogenous TGF-1 in vitro

Exogenous TGF‐1 resulted in a significant increase in viable tendon cells as compared
to the control as revealed by the MTS and crystal violet assays. Tenocyte metabolism,
as shown by the MTS assay showed a 1.8‐fold increase in tenocyte metabolism in the
treated group compared to the control following exposure to TGF‐1 (Fig IV: 2a). In the
presence of TGF‐RI/II kinase inhibition, the increased cell metabolism was reversed
(Fig IV:2a). There was also a significant increase in the number of viable cells as
determined by the crystal violet assay with TGF‐1 exposure as compared to control
(Fig IV: 2b).
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Figure 4 TGF‐1 stimulated tenocyte proliferation in culture.

4.4.3

Effects of ACh and SP converge mechanistically via
TGF-1

The effects of SP and ACh on tenocyte proliferation as measured by the BrdU assay
were inhibited in the presence of TGF‐RI/II kinase inhibition. While both ACh and SP
independently resulted in enhanced tenocyte proliferation, pre‐treatment with TGF‐
RI/II kinase inhibitor reduced the proliferative effect (Fig IV: 3a,b). These results
support that the proliferative effects of SP and ACh are both mediated downstream by
activation of TGF‐RI/II (Fig IV: 3a,b).

4.4.4

Effects of TGF-1on mAChRs and NK-1R expression

Exogenous administration of TGF‐1 resulted in downregulation of the expression of
mRNA for all mAChRs (M1R – M5R) (Fig IV: 4a‐e). In addition, exogenous
administration of TGF‐1 caused downregulation of the NK‐1 R at the mRNA (Fig IV:
5a) and protein (Fig IV: 5b) level. The effect of TGF‐1 induced downregulation of NK‐1
R was partially reversed with simultaneous administration of the TGF‐RI/II kinase
inhibitor (Fig IV: 5a,b).

4.4.5

Summary: neuromodulators and proliferation

Based on the results highlighted above, it is proposed that TGF‐1 is the intermediary
player through which the actions of both SP and ACh converge mechanistically to
stimulate tenocyte proliferation (Figure 5). This is based on the following results in this
thesis work: i) Exposure of tenocytes to SP and ACh results in upregulation of TGF‐1.
ii) TGF‐1 stimulates tenocyte proliferation through TGF‐βRI/II. iii) The proliferative
effect of SP and ACh is blocked in the presence of TGF‐RI/II kinase inhibition. iv) TGF‐
1 exerts negative feedback on the expression of NK‐1 R and mAChRs.
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Figure 5 Proposed pathway, based on the results of this thesis (papers I, II and IV),
showing ACh and SP converging mechanistically via TGF‐1 to cause tenocyte
proliferation, and the negative feedback TGF‐1 exerts on mAChRs and NK‐1 R. The
results show that SP (II) and ACh (I) both increase the proliferation of human tenocytes
(dotted lines). Paper IV shows that this effect is reduced when inhibiting TGF‐RI/II. In
line with this, the results (IV) further show that both SP and ACh increase the
expression of TGF‐1 (1), that stimulation of TGF‐RI/II by TGF‐1 leads to tenocyte
proliferation (2), and that TGF‐1, at least partly via TGF‐RI/II, decreases the
expression of the SP and ACh receptors, NK‐1R and mAChR, respectively (3).

4.5 Effects of mechanical loading on SP and NK-1 R
expression

In response to two‐dimensional mechanical loading, the cultured tenocytes displayed a
significant increase of SP mRNA as compared to the unloaded controls (Fig II: 7a) and
the reverse was seen for NK‐1 R mRNA in response to load, i.e. a significant decrease
of mRNA expression as compared to unloaded controls (Fig II: 7b). In addition,
exogenous administration of SP resulted in decreased expression of NK‐1 R as detected
by Western blot (Fig II: 8).
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4.6 Effects of SP on collagen I gel contraction and

expression of genes related to collagen matrix
remodelling

The collagen gel contraction assay was used to assess the effects of SP on collagen gel
remodelling in a time‐dependent manner. SP increased the rate of collagen
remodelling compared to non‐treated control gels (Fig III: 1). Acellular collagen gels
showed no evidence of contraction.
The increased rate of SP induced collagen gel remodelling was mediated via the NK‐1
R, since blocking the receptor attenuated the effect of SP (Fig III: 4).
SP led to significant regulation of genes relevant to collagen matrix remodelling. The
mRNA for alpha smooth muscle actin, MMP‐3 and Col3a1 showed upregulation with
SP treatment compared to the control (Fig III: 3a‐c).

4.7 SP and mechanical loading have additive
effect on MMP-3 expression

While SP and cyclic loading independently result in increased MMP‐3 mRNA
expression, the simultaneous application of SP and cyclic loading have an additive
effect to further drive the enhancement of MMP‐3 mRNA expression in tenocytes (Fig
III: 5). The SP‐induced MMP‐3 expression was also demonstrated at the protein level
by Western blot (Fig III: 6). Exogenous administration of SP resulted in significant
increase in MMP‐3 protein expression and this was mediated by the NK‐1 R, as
inhibition of the NK‐1 R resulted in a significant reduction of MMP‐3 protein compared
to SP treatment alone (Fig III: 6).
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5. DISCUSSION
5.1 Rationale for a cell culture model to study the
etiology of tendinosis

The analysis of tendinosis typically occurs in the chronic stage of the disease when
marked morphological changes are present in the tendon tissue (Millar et al., 2012;
Screen et al., 2015). Unfortunately, the use of tendinosis tendon samples derived from
typically end‐stage disease fails to provide insight into the early developments of
disease nor does it allow for the factors contributing to tendinosis to be studied in
isolation. Through the use of animal studies, it is possible to examine the mechanism
of the acute stages of tendinosis (Screen et al., 2015). However, the variation across
species and functional differences in tendons in other animals can make the findings
difficult to apply to humans (Screen et al., 2015). In addition, in animal studies, it is not
possible to study closely one cell population such as tenocytes without the influence of
other cells. Hence, to study the role of tenocytes in the pathogenesis of tendinosis, it is
necessary to develop a human tendon cell culture model, such as the one used in this
thesis, to undertake highly controlled studies to investigate a subset of biological and
mechanical parameters involved in tendinosis. The parameters examined in this thesis
include the role of 1) neuromodulators in tenocyte proliferation, 2) the role of SP on
collagen remodelling, and 3) the role of mechanical loading on SP production.
The use of an in vitro model is not without its faults. For example, the native ECM that
tendon cells are located within becomes lost and this may have significant
ramifications for the behaviour of the tenocytes as they are cultured two‐
dimensionally. However, it is known that in vitro studies involving tenocytes in two‐
dimensional culture have successfully recapitulated many of the mechanically induced
responses that occur in vivo (Huisman et al., 2014a). Thus, a tendon cell culture model
will continue to be a useful system to study the pathogenesis of tendinosis.

5.2 Primary cells derived from Achilles and
semitendinosus tendons

In this thesis, tendon cells were obtained from the mid‐portion of healthy Achilles
tendon (Umeå University) or from the semitendinosus hamstring tendon from donors
undergoing ACL reconstruction (University of British Columbia). It is likely that
tenocytes derived from these separate sites in the body will behave differently as
there are already regional differences within the same tendon as shown in some
studies. Huisman et al revealed, in a rabbit model, that six regions of the Achilles
tendon complex, that experience different tensile and compressive forces, exhibit
differences in expression of extracellular matrix genes (Huisman et al., 2014b).
Similarly, in human Achilles tendon regional differences exist within the same tendon,
where one portion is healthy while another exhibits features of tendinosis (Pingel et
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al., 2012). While there may be differences in matrix composition and turnover in
regionally and/or functionally distinct tendons, tenocytes may actually be pre‐set
during embryological development to function at a specific strain as required for their
anatomical position; therefore, it is possible for tenocytes to simply respond to the
imposed strain environment by expressing a phenotype best suited for that
environment (Birch, 2007). Consequently, it is important when using a tendon cell
culture model to be mindful of the biopsy location, as it may have significant
implications on factors such as extracellular matrix gene expression (Huisman et al.,
2014b). Nevertheless, the tendon cells used in this thesis continue to retain a
fibroblastic phenotype in the early passages used in our experiments; these tenocytes
in culture continue to express scleraxis, tenomodulin and collagen I in vitro. In Achilles
tendons, we have shown in our study that the tendon cells of interest are fibroblastic
and not myofibroblastic due to the low expression of alpha smooth muscle actin and
collagen type III that would otherwise be more abundant. (Paper I)
For the semitendinosus primary tendon cell culture, colleague Mousavizadeh
confirmed that the tendon cell phenotype was preserved for the cell passages to be
used for experiments by performing characterization of tenocytes after each passage
and demonstrating that these cells continue to express type I collagen, scleraxis and
tenomodulin by qPCR (Mousavizadeh et al., 2014).
As an extension of our current studies, it would be of value to study whether these
distinct tendon types (Achilles vs. semitendinous) are equally susceptible to the same
degree of mechanical and biochemical factors.

5.3 Tenocytes express the cellular machinery

related to ACh synthesis and mAChRs in vitro

In recent years, a number of studies have demonstrated that a non‐neuronal
production of ACh occurs in practically all living cells (Wessler and Kirkpatrick, 2009). In
our study, we have demonstrated that human primary tenocytes in vitro continue to
express ChAT, VAChT and all muscarinic receptor subtypes; all of which are essential
components of the non‐neuronal cholinergic system.
While the expression of ChAT is not a direct proof of ACh production by tenocytes, the
expression of this enzyme is essential to support our hypothesis that an
autocrine/paracrine system exists without direct measurement of ACh. In Cheng et al’s
study, detectable levels of ACh were present only when ChAT was also expressed in
the cell lines; in contrast cell lines that do not express ChAT failed to release detectable
levels of ACh (Cheng et al., 2008).
In our study, muscarinic receptor subtypes M2R – M5R were detected at both the
mRNA level and protein level, using qPCR and immunocytochemistry, respectively. This
finding is particularly relevant as expression of mAChRs would suggest the ability of
exogenous ACh to exert its effect on the cultured tenocytes. As well, particular
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attention was paid to verify that M2R, the mAChR implicated in inducing fibroblastic
proliferation (Matthiesen et al., 2006), was present and we were able to confirm its
expression at the protein level using western blot in addition to demonstrating its
presence at the protein and mRNA levels using, immunocytochemistry and qPCR,
respectively. Since M4R was the subtype with the highest expression in the tendon cell
culture as determined by qPCR, western blot was also performed to confirm its
presence on protein level. The relevance of M4R in tendons is unclear but in the
keratinocytes, M4R has been shown to increase migration and its expression is
increased in wound healing (Chernyavsky et al., 2003).
As shown with immunocytochemistry, it was noted that the same tenocytes co‐
expressed the synthesising enzyme and transporter related to both synthesis and
release of ACh (ChAT and VAChT, respectively) and muscarinic receptors. This finding
supports the notion that endogenous ACh produced by the tenocytes has the capacity
to stimulate proliferation of the same cells by binding to the mAChRs on the cell
surfaces; this reinforces the possibility of an autocrine and/or paracrine effect that has
been well documented in the literature for other cell types. Many studies show that
non‐neuronal cells, including human keratinocytes and colonocytes, possess the ability
to produce ACh and that ACh may act as an autocrine or paracrine growth factor
(Chernyavsky et al., 2003; Cheng et al., 2008).

5.4 Tenocytes express SP and NK-1 R in vitro
The present study offers evidence of a non‐neuronal production of SP by cultured
tendon cells as confirmed by immunocytochemistry and EIA. In addition, the tendon
cells in vitro continue to express NK‐1 R for which SP can exert its effects which is
essential for the experiments of this thesis.

5.4.1

Significance of NK-1 R isoforms

Our study shows that the activation of ERK1/2 by SP is mediated by the NK‐1 R.
Following exogenous administration of SP, it was shown that the activation of ERK1/2
occurred at both 5 and 15 minutes of incubation. The biphasic activation of ERK 1/2 by
SP can possibly be attributed to the two isoforms of NK‐1 R, full‐length and truncated,
that were detected in the cultured tendon cells by Western blot. Difference in the
timing of SP‐induced ERK1/2 activation in cells expressing two isoforms of NK‐1 R has
been observed in other studies and was noted to be attributable to the lack of 96
residues at the C‐terminus in the truncated form as compared to the full‐length form
(Douglas and Leeman, 2011). The truncated form has a 10‐fold less binding affinity to
SP than the full‐length NK‐1 R (Fong et al., 1992). Thus, the C‐terminus of NK‐1 R likely
accounted for the difference in onset of ERK1/2 activation and the functional
properties of the NK‐1 R isoforms.
Another aspect of importance with regards to the of NK‐1 R is the consequence of
glycosylation. As shown in our study by Western blot, the cultured tenocytes express
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the the glycosylated full‐length and unglycosylated truncated forms corresponding to
the bands 80 kDa and 37 kDa respectively. It has been shown that the amino terminus
of the NK‐1 R has two positive Asn (N)‐linked glycosylation sites that have different
binding affinities to SP depending on the extent of glycosylation; the different forms of
NK‐1 R that can exist include the non‐glycosylated, single‐site or dual‐site glycosylation
receptors (Douglas and Leeman, 2011). A study by Tansky et al showed that while
ablation of both N‐linked glycosylation sites did not have a profound effect on the
ability of the receptor to activate the MAP kinase family, glycosylation does have an
effect on the cell surface expression and kinetics of internalization of the NK‐1 R
receptors (Tansky et al., 2007). The non‐glycosylated receptor showed half of the
maximal binding capacity of the wild‐type receptor and the reduction in the degree of
glycosylation was thought to affect the stability of the receptor in the plasma
membrane and thus rendering quicker internalization (Tansky et al., 2007).
Further studies are required to elucidate the functional differences between the two
isoforms (full length vs. truncated) of NK‐1 R, and the significance of the degree of
glycosylation of the receptor, in human tenocytes. This would be useful to further
clarify the role of NK‐1 R in the maintenance of normal tendon cell function and to
determine whether an imbalance in glycosylation may contribute to tendinosis. The
various forms of NK‐1 R may explain why high concentrations of SP promote
tendinosis‐like changes in rat patellar tendons whereas conversely low concentrations
promote no such obvious changes (Zhou et al., 2015).

5.5 Tenocyte proliferation in tendinosis
A predominant tissue change that occurs in tendinosis is hypercellularity.
Neuromodulators such as SP and ACh should be considered as strong contributors to
tendinosis (Danielson, 2009). As shown in our studies, both these neuromodulators
can cause increased cell proliferation. It can be surmised that in acute tendon healing,
proliferation mediated by SP and ACh may be viewed as necessary for the tendon to
increase its cellularity as part of the repair process to restore normal tendon
phenotype. However, if this process is flawed, it might lead to fibrotic changes and
continued tenocyte proliferation. Considering the fact that we have shown SP and ACh
to harbour the ability to induce tenocyte proliferation, it is worthwhile to consider
these two neuromodulators to be contributing factors in the presumed failed healing
process in tendinosis.

5.5.1

ACh induced tenocyte proliferation

In our study, we were able to show that mRNA for all muscarinic receptor subtypes are
expressed by the cultured tenocytes. This would support the finding that stimulation
with exogenous ACh resulted in tenocyte proliferation via mAChRs as the effect was
blocked in the presence of atropine. This is consistent with Matthiesen et al’s study
demonstrating stimulation of mAChRs increased the proliferation rate of lung
fibroblasts (Matthiesen et al., 2006).
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One of the drawbacks of this study is that the expression of nicotinic receptors was not
evaluated. It has been suggested that nicotinic pathways appear to facilitate the
progress of cell cycle and differentiation while the muscarinic receptors facilitate
proliferation (Wessler and Kirkpatrick, 2009). Since one of the main aims of this thesis
was to study the effects of ACh on tenocyte proliferation, it was more appropriate to
study muscarinic receptors first. In our studies, it was demonstrated that ERK1/2
phosphorylation and cell proliferation were significantly diminished with atropine, the
muscarinic receptor antagonist. Hence, it can be speculated that the muscarinic
receptors play an essential role in tenocyte proliferation, particularly in tendinosis.

5.5.2

SP induced tenocyte proliferation

SP is especially important in causing the hypercellularity seen in tendinosis. This is
supported by the animal study by Backman et al on rabbit Achilles tendon overuse,
which showed that after 1 week of overloading, the endogenous SP levels were
significantly elevated compared to the control group, and that this preceded the onset
of tendinosis‐like changes (Backman et al., 2011). In a study involving paratendinous
injections of SP after operative repair of the Achilles tendon in rats, SP significantly
enhanced tendon healing compared to controls (Steyaert et al., 2010). Furthermore, it
was shown that exogenous injection of SP resulted in increased fibroblast proliferation
and this helped to perpetuate the effects of endogenous SP on fibroblast proliferation
via an autocrine/paracrine mechanism that is not related to SP stimulating sensory
nerve ingrowth (Steyaert et al., 2010).
Also, it seems that the effects of SP on tendon cells may be concentration dependent.
Zhou et al found that high concentration of SP (5.0 nmol) caused tendinosis‐like
changes in rat patellar tendon while low‐dose SP (0.5 nmol) showed no such obvious
changes (Zhou et al., 2015). Therefore, it is important to consider the dose relationship
between SP and tendon healing. This is highly interesting, as it has been suggested that
sustained release of low concentrations of SP (10‐9 M) may act as a mitogen to
promote cell proliferation, and that when the concentration of SP is high (10‐4 M), it
acts catabolically to promote tissue destruction in human gingival fibroblast cultures
(Bartold et al., 1994).

5.5.3

Commonalities between ACh and SP induced
tenocyte proliferation

Tenocyte proliferation mediated via ACh and SP presents many parallels. Firstly, from a
broader perspective, ACh and SP both result in ERK1/2 mitogenic pathway activation
as shown in our study. In addition, as detailed above, the suggested mechanism of ACh
induced activation of ERK1/2 involves activation of MMPs as its first steps, which is
followed by EGFR activation and ultimately ends with ERK1/2 activation. With regard
to SP, although it was not examined in our study, EGFR transactivation is also likely
responsible for SP‐induced ERK1/2 activation. This is based on a study by Koon et al on
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a human colonocytes cell line, which showed that SP (10‐7 M) induced EGFR activation
which was followed by ERK1/2 activation (Koon et al., 2004).
Although it was not tested in our study, Koon et al showed that SP‐induced ERK1/2
activation can be attenuated by pre‐treatment with the inhibitors metalloproteinase
inhibitor GM6001 and the EGFR phosphorylation inhibitor AG1478 (Koon et al., 2004);
these are the same inhibitors that were used in our ACh study to block the effects of
ACh‐induced ERK phosphorylation (Paper I). Therefore, it is highly plausible that the
activation of ERK1/2 by ACh and SP follow the same mechanisms. That is, ACh and SP
induce activation of EGFR and subsequently ERK1/2 to cause downstream effects such
as tenocyte proliferation.

5.5.4

Proliferative effects of ACh and SP converge via
TGF-1

The shared downstream effects of ACh and SP have been shown in our studies to
converge mechanistically via TGF‐1. The cultured tenocytes demonstrated that ACh
and SP can independently induce upregulation of TGF‐1 at the mRNA and protein
levels. Furthermore, upregulation of TGF‐1 is mediated via mAChRs and NK‐1 R, as
antagonism of these receptors resulted in decreased TGF‐1 expression. With respect
to tenocyte proliferation in vitro, it was demonstrated that exogenous administration
of ACh and SP in the presence of TGF‐RI/II kinase inhibitor reduced the rate of
tenocyte proliferation induced by ACh and SP. As discussed above, both SP and ACh
induce tenocyte proliferation via ERK1/2, and EGFR activation is upstream of that. As
SP and ACh both seem to converge mechanistically via TGF‐1, it logically follows that
ERK1/2 and EGFR are both activated by TGF‐. This is in fact the case as it has been
shown that TGF‐ mediated tissue fibrosis is reliant on the persistent forward driving
mechanism of EGFR/ERK activation (Chen et al., 2012). This finding helps to reinforce
the concept that the TGF‐ axis exists downstream of ACh and SP and that TGF‐1 can
also induce ERK1/2 activation (Chen et al., 2012) although it has not been tested in our
study.

5.6 Central role of TGF-1 in tendon healing and
tendinosis

During acute tendon injury, there is marked proliferation and migration of local
fibroblasts accompanied by increased expression of TGF‐1 (Galatz et al., 2016). It has
been hypothesized that TGF‐1 is also essential during the initial response to injury
and is required for adequate tendon healing (Goodier et al., 2016). However, sustained
elevation of TGF‐1 may instead result in hypercellularity as found in tendinosis.
In normal tendons, TGF‐1 expression is known to be tightly regulated and
dysregulation of TGF‐1 may contribute to the development of tendinosis (Goodier et
al., 2016). In tendinosis, there is a significant elevation of TGF‐1 expression in the
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parts of the tendons with tendinosis, as characterized by major structural
disorganization, compared to the healthy parts of the tendon in patients with chronic
Achilles tendinosis (Pingel et al., 2012).
While we have shown that ACh and SP have a forward effect on driving increased
expression of TGF‐1, it has been further demonstrated in our study that TGF‐1 itself
has the capacity to exert negative feedback on mAChRs and NK‐1 R. The regulation of
these receptors by TGF‐1 is likely essential for normal tendon healing and function.
Decreasing mAChRs and NK‐1 R expression in response to elevated levels of TGF‐1
may act to dampen tenocyte proliferation and may be a protective response to limit
disease‐associated fibrosis in normal tendon healing (Goodier et al., 2016).
Correspondingly, decreased levels of NK‐1 R and mAChRs would mean that despite the
high concentrations of SP and ACh that are present in the tendon milieu, the cells
would not readily respond to the stimulation. Worthy of attention is that in tendinosis,
NK‐1 R (Andersson et al., 2008) and M2R (Danielson et al., 2006; Bjur et al., 2008b), as
well as SP (Schubert et al., 2005; Lian et al., 2006) and likely ACh, are elevated.
Considering this, it is possible that the failure to downregulate TGF‐1 by decreasing
NK‐1 R and mAChRs may be a contributing factor in the pathogenesis of tendinosis.
Abnormal increase in SP may contribute to tendinosis by stimulating transformation of
fibroblasts into myofibroblasts via increased production of TGF‐, leading to fibrotic
changes (Ackermann, 2015). For this reason, TGF‐1 may remain high and this is
evidenced by Fu et al’s study showing that tendon cultures derived from tendinosis
tendon samples had significantly higher levels of active TGF‐1 than healthy tendon
fibroblasts (Fu et al., 2005).
While it was found in our study that ACh and SP administration resulted in increased
TGF‐1 mRNA and protein, surgical biopsies of chronic tendinosis show TGF‐1
expression to be reduced (Goodier et al., 2016). To explain for this, the high variation
in cellular density reflects that tendinosis represents a spectrum of pathology involving
tendons, and that there are different phases of tendinosis development. It has been
noted, using the modified Bonar score to grade tendinosis, that as the severity of
tendinosis increases there is a shift in the tendinosis tendons to change from being
hypercellular to being mostly acellular (Fearon et al., 2014). The cause of this is not
elucidated and further studies need to be performed for this. However, a hypothesis
may be that TGF‐ transforms tenocytes from fibroblasts into myofibroblasts (Cui et
al., 2013) and upon resolution of the tendon healing process, mechanical stress is
released on the myofibroblasts and these cells subsequently undergo apoptosis
(Ackermann, 2015). As suggested by Ackermann, if this mechanism fails, it is possible
that the myofibroblasts will continue to drive proliferation and promote fibrosis as
found in tendinosis (Ackermann, 2015).
The likely mechanism for TGF‐ to induce tenocyte proliferation, as observed, is via
connective tissue growth factor (CTGF), which is a downstream mediator of TGF‐ that
stimulates cell proliferation and extracellular matrix synthesis. CTGF has been co‐
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ordinately expressed with TGF‐ in fibrotic disorders (Grotendorst, 1997). Therefore,
as CTGF does not share TGF‐’s growth inhibitory action on epithelial cells or appear to
modulate immune or inflammatory cells, CTGF blockade in tendon may be more
suitable in treating tendinosis (Grotendorst, 1997).

5.7 The effects of mechanical loading and
collagen remodelling

When human tenocytes in culture were subjected to cyclic mechanical loading, SP
mRNA was significantly increased as compared to the unloaded control (paper II). This
finding is in keeping with a previous in vivo model of tendinosis, which demonstrated
that repetitive loading accelerates intratendinous SP production (Backman et al.,
2011). Most of all, this result of endogenous SP production underlines the important
finding that tenocytes themselves are an important source of SP.
As opposed to increased SP, NK‐1 R mRNA decreased with mechanical loading. It is
plausible that the decrease in NK‐1 R is the result of the SP increase as a
countermeasure via a possible negative feedback mechanism. This is supported in our
study by the finding that exogenous administration of SP (in concentration of 10‐7 M)
resulted in decreased NK‐1 R expression at the protein level as determined by Western
blotting. Another possible explanation is that the NK‐1 R mRNA reduction is secondary
to the increase in SP, due to SP inducing endocytosis and recycling of the NK‐1 R
(Cottrell et al., 2006).
A number of studies have been performed to date to study the influence of
mechanical loading parameters on gene expression related to tendinosis. As an
example, it was shown in human patellar tendon cells that cyclic uniaxial strain of small
magnitude (4%) was anti‐inflammatory while large‐magnitude strain (8%) was pro‐
inflammatory with all other parameters being kept constant (Yang et al., 2005).
Therefore, one of the limitations of our study is that only one loading protocol of 10%
strain at 1 Hz for 120 minutes for 3 consecutive days was used. To supplement this
study, it would be worthwhile to include other loading parameters such as different
strains, frequencies and duration to observe for the trends in SP expression.

5.7.1

SP and loading individually lead to increased
MMP-3 expression

SP may be involved in the pathogenesis of tendinosis by regulating MMP expression.
This is supported by a study involving gingival fibroblast cells, in which SP at the
concentration of 10‐4 M induced greater upregulation of MMP‐3 expression than at
concentration 10‐9 M (Cury et al., 2008). MMP‐3, amongst other MMPs, subsequently
results in increased tendon ECM remodelling. In the case where SP positive nerves fail
to regress (Ackermann et al., 2003) or when tenocytes themselves exhibit significant
elevations in SP and NK‐1 R expression, it could be postulated that tendinosis ensues.
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In addition to SP’s effect on the expression of MMP‐3, it has been shown that
mechanical loading of tenocytes derived from the flexor digitorum profundus induces
increased MMP‐3 expression (Tsuzaki et al., 2003). In on our study, we showed that
mechanical loading and SP have an additive effect on MMP‐3 expression. A possible
mechanism for the additive increase in MMP‐3 may be that it is secondary to the net
increase in concentration of SP brought on firstly by intentional exogenous
administration of SP to the cultured tenocytes and secondarily to the endogenous
production of SP by tenocytes themselves caused by cyclic mechanical loading (Paper
III). As a result, the combined sources of SP, exogenous and endogenous, may result in
a net increase in SP. Similar to a dose‐dependent manner, higher SP may be correlated
with higher expression of MMP‐3. Thus, the expression MMP‐3 would be higher than
with either exogenous or endogenous SP alone.
As an extension, the potential link between SP and MMP‐3 is possibly via TGF‐1.
Following the above line of reasoning that SP induces MMP‐3 expression and the fact
that SP induces TGF‐1 expression, it is likely that TGF‐1 may also act as the
intermediary player here, although this has not been explored in this thesis. Maeda et
al demonstrated in a model of acute tendon injury in vitro that physical forces
regulates the release of active TGF‐ from the extracellular matrix and that the level of
TGF‐ detected in tissue correlates directly with the extent of physical force (Maeda et
al., 2011). In addition, TGF‐ has been shown to increase localization of MMP‐3
expression in areas of bone defects which corresponded with formation of cartilage
callus formation (Blumenfeld et al., 2002). Also, mechanical strain has been shown to
regulate the mRNA levels of proteases and matrix genes, and more importantly, the
regulation mirrored that of TGF‐1 stimulation alone, and inhibition of TGF signalling
nullified the effects of strain (Jones et al., 2013).

5.7.2

Effect of SP on collagen gel matrix remodelling

The collagen lattice gel contraction assay is an ideal model to study the interaction
between tenocytes in culture with type I collagen, the most prominent component of
the extracellular matrix. Cell‐populated collagen hydrogels contract in a time‐
dependent manner and allow for the evaluation of factors which may influence the
rate and extent of matrix contraction and remodelling in a three‐dimensional system
(Ngo et al., 2006). Using the collagen gel contraction assay, our study demonstrated
not only the ability of tenocytes to cause collagen I gel lattices contraction in a time‐
dependent manner but also the finding that SP stimulation led to increase in genes
related to collagen remodelling mediated via the NK‐1 R.
Exogenous administration of SP resulted in increased rate of collagen gel contraction;
the enhanced rate of collagen gel contraction can be attributed to increased ‐SMA
expression which enhanced fibroblastic contractile activity (Hinz et al., 2001). The
increased rate of collagen gel contraction was correlated with the study of genes
related to the collagen gel remodelling by analysing the tenocyte‐seeded gels at the
various time points. Over time, it was noted that SP upregulated the expression of ‐
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SMA, MMP‐3 and type III collagen. Altogether, the upregulation of these genes favour
tenocytes to transform from a fibroblastic to myofibroblastic phenotype. This is based
on the fact that ‐SMA is often taken as an indicator of a “myofibroblast” phenotype
which is a hallmark of tendinosis lesions (Khan et al., 1999). As mentioned previously,
upregulation of MMP‐3 is likely to be important for tissue remodelling and for the
prevention of tendinosis development (Magra and Maffulli, 2005). Once again, the
effects of SP likely involve TGF‐1 downstream. TGF‐1 has been shown to upregulate
α‐SMA and lead to enhanced collagen gel contraction in fibroblasts (Hinz et al., 2001).
Also as discussed above, TGF‐1 can induce increased MMP‐3 (Blumenfeld et al., 2002)
and type III collagen (Chan et al., 2008).
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6. CONCLUSIONS
6.1 Summary
This thesis work is based on an in vitro human primary tendon cell culture model.
Based on studies on this cell culture model, we were able to arrive at the following
conclusions:
1.

Human tenocytes preserve their phenotype in vitro. Tenocytes in culture
continue to express enzymes related to ACh synthesis as well as mAChRs.
There is also sustained production of SP by tenocytes in vitro, along with
continued expression of NK1‐R by the cells.

2.

ACh and SP independently result in tenocyte proliferation mediated by the
ERK1/2 pathway via activation of their preferred receptors, mAChRs and
NK‐1 R, respectively.

3.

Human tenocytes are mechanoresponsive cells. Mechanical loading increases
SP production in vitro and simultaneous application of SP and cyclic loading
has an additive effect on the enhancement of MMP‐3 expression.

4.

The effects of SP and ACh on human tenocyte proliferation converge
mechanistically via TGF‐1. SP and ACh can independently upregulate TGF‐1
expression via the NK‐1 R and mAChRs, respectively. TGF‐1 in turn causes
tenocyte proliferation. TGF‐1 downregulates both NK‐1 R and mAChR
expression, suggesting the presence of a negative feedback mechanism that is
essential for regulating normal tenocyte function.

6.2 Concluding remarks and discussion
A fine balance of signal substances and mechanical loading are required for the
continued maintenance of tenocytes. Due to suboptimal mechanical loading and/or
sustained and grossly elevated levels of neuromodulators such as SP and ACh, the end
result is a possible dysregulation of the TGF‐ axis which contributes to the
pathogenesis of tendinosis. As shown in our studies, SP and ACh can both cause
increased TGF‐1 expression. In normal tendons, this process of activation is likely
tightly regulated, and TGF‐1 can exert negative feedback to negate the effects of ACh
and SP, by decreasing the expression of mAChRs and NK‐1 R, as shown in this thesis.
However, this feedback mechanism is likely lost in tendinosis, as both elevated levels
of TGF‐1 (Fu et al., 2005) and increased expression of mAChR and NK‐1 R (Danielson
et al., 2006; Andersson et al., 2008; Bjur et al., 2008b) are observed in this condition.
As such, TGF‐1 continues to be upregulated and is likely to ultimately drive
pathological features like cellular proliferation and collagen disorganization in
tendinosis.
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