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ABSTRACT

Tendon mechanobiology plays a vital role in tendon repair and regeneration; however, this
mechanism is currently poorly understood. We tested the role of different mechanical loads on
extra-cellular matrix (ECM) remodelling gene expression and the morphology of tendon
fibroblasts in collagen hydrogels, designed to mimic native tissue. Hydrogels were subjected
to precise static or uniaxial loading patterns of known magnitudes and sampled to analyse gene
expression of known mechano-responsive ECM-associated genes (COL 1, COL I,
Tenomodulin and TGF-B). Tendon fibroblast cytomechanics was studied under load by using
a tension culture force monitor (t-CFM), with immunofluorescence and immunohistological
staining used to examine cell morphology. Tendon fibroblasts subjected to cyclic load showed
endogenous matrix tension was maintained, with significant concomitant upregulation of ECM
remodelling genes, COL I, COL Ill, Tenomodulin, and TGF-b when compared to static load
and control samples. These data indicate that tendon fibroblasts acutely adapt to the mechanical
forces placed upon them, transmitting forces across the ECM without losing mechanical
dynamism. This model demonstrates cell-material (ECM) interaction and remodelling in pre-

clinical a platform, which can be used as a screening tool to understand tendon regeneration.

Keywords: - tendon, extracellular matrix, tendon fibroblast, cytomechanics, tissue
remodelling, tendon healing
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1. INTRODUCTION

The primary function of the tendon is to transmit the force generated by the muscles to the
bones, required to initiate movement and skeletal stability. Thus, the tendon is always under
intrinsic tension, which makes them more prone to injuries (Y. Liu, Ramanath, & Wang, 2008;
Murchison et al., 2007)

Tendons display a distinct ability to alter their physical and mechanical functions, depending
on the stress placed upon them. This dynamic mechanical adaptation plays a vital role in tendon
healing and regeneration (Killian, Cavinatto, Galatz, & Thomopoulos, 2012; Thomopoulos,
2011; J. H. Wang, Guo, & Li, 2012). Specialised residing fibroblasts, called simply tendon
fibroblasts (TF), are thought to regulate mechanical homeostasis through altering extra-cellular
matrix (ECM) turnover. This mechanism increases tensile strength and the cross-linked area of
the tendon but is currently poorly understood (Killian et al., 2012; J. H. Wang, 2006). It is
thought that mechanical forces also lead to cytoskeletal deformation, which triggers the onset
of biochemical signalling and cellular alignment in the tissue. Indeed, it has been demonstrated
that cellular deformation in the tendon is an indication that TF adapts to the mechanical force
(Arnoczky, Lavagnino, Whallon, & Hoonjan, 2002). Furthermore, TF can sense mechanical
stress placed upon them, increasing the production of ECM remodelling genes such as collagen
| and collagen Il in response to stress as an adaptive mechanism. Additionally, they are
responsible for maintaining ECM components by increasing the production of growth factors
such as TGF-b (Camelliti, Borg, & Kohl, 2005) which stimulate transcription factor expression

for the collagen type | procollagen gene (Chen et al., 1999).

Cellular contractions initiated by the cytoskeletal network, exert forces on the ECM which are
essential-for tendon healing. However, most of the cellular contraction studies have been

conducted on dermal fibroblasts in a wound healing model (Brown, Prajapati, McGrouther,
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Yannas, & Eastwood, 1998; Coleman, Tuan, Buckley, Anderson, & Warburton, 1998;
Dahlmann-Noor, Martin-Martin, Eastwood, Khaw, & Bailly, 2007; Eastwood, McGrouther, &
Brown, 1994; S. Liu et al., 2010). In 1979, Bell and colleagues first reported the production of
a tissue-like structure, with contractile fibroblasts seeded in collagen lattice (Bell, Ivarsson, &
Merrill, 1979). In tendon, type | collagen is a predominant component of the ECM and is highly
conserved between species (Dumitru & Garrett, 1957; Kessler, Rosen, & Levenson, 1960;
Marenzana, Wilson-Jones, Mudera, & Brown, 2006; Mudera, Morgan, Cheema, Nazhat, &
Brown, 2007) therefore use of type 1 collagen lattices to study tendon mechanobiology has
provides a bio-mimetic microenvironment analogous to in vivo tissue. In order to replicate in
vivo maximum strain on tendon before the onset of the characteristic crimp pattern (Butler,
Grood, Noyes, & Zernicke, 1978), it is possible to use mechanical overload to deliver precise
mechanical forces to the fabricated tissue. Previously, cellular contraction of collagen lattices
seeded with dermal fibroblasts has been measured using a custom-built culture force monitor
(CEM) (Eastwood et al., 1994). The cellular contraction in response to mechanical overload
has been investigated using a tensioning force culture monitor (t-CFM) (Eastwood,

McGrouther, & Brown, 1998).

The objective of this study was to use a tissue-engineered 3D model of the tendon, to
investigate the response of TF to mechanical load. Particular focus was placed on the
cytomechanical contraction profile, the acute response of ECM-related genes and the adaptive
morphology of the cells. We hypothesised that 10% cyclic strain would result in a greater
cellular mechanical response compared with a statically loaded control, stimulating the

mechanisms required for the expression of ECM remodelling genes.
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2. MATERIALS AND METHODS

2.1 Tendon tissue isolation and cell culture

Experiment design and ethical approval were obtained from the UCL Institutional Review
Board (IRB). All experiments were carried out as per the regulation of Home Office and
guidelines of Animals (scientific procedure) Act 1986. New Zealand white rabbits (aged
between 16 to 25 weeks, weighing between 3.0 to 4.5 kg) were used to extract tendon
fibroblasts. The posterior area of the hind legs was shaved with a clipper and disinfected by
iodine solution, to allow for an incision to be made around tibiofibular area to expose the
posterior tibial tendon. Extracted tibial tendons were washed with PBS containing 10%
antibiotic and antimycotic solution (Sigma-Aldrich, Dorset, UK). The epitendon was removed
and the remaining tissue was subsequently digested with 5% collagenase type 1 (Sigma,UK),
at 37°C in a water bath for 3 hours. Subsequently, the mixture was filtered through a 70 pum
cell strainer to remove undigested ECM. The isolated TF were then cultured in T225cm? tissue
culture flasks, with growth media (Dulbecco’s Modified Eagle Medium [DMEM], Sigma,
Irvine, UK), containing 10% fetal calf serum (FCS) (First Link, UK) and 1% Penicillin and

Streptomycin (Invitrogen, UK)

2.2 Fabrication of tendon- fibroblast populated collagen lattice

Collagen lattices were cast using 4 ml rat tail collagen type | (First Link, Birmingham, UK)
and 500 pl of 10X Minimal Essential Medium (Invitrogen, Paisley, UK), neutralised using 5M
and 1M sodium hydroxide (Sigma-Aldrich, Dorset, UK). 500 pul DMEM containing 5x 10°
cells /ml (passage 0 ), was added to the neutralised solution and poured into plastic molds of

75 x 25 x 15 mm dimensions. Custom built ‘A-frames’ allowed for collagen attachment and
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the application of uniaxial tension. These molds were kept in a CO- incubator at 37°C and 5%
CO. for 15 minutes to allow for fibrillogenesis, contributing to the fabrication of a tendon
fibroblast populated collagen lattice (tFPCL). In this study collagen, acellular gels were
fabricated with the same method. However, for the positive control, we have used rabbit’s

posterior tibial tendon. .

2.3 tFPCL Static load

The tFPCLs were attached to an adapted CFM (Eastwood et al., 1994). One of the stainless-
steel frames was connected to the force transducer and another to the fixed point (Fig. 1a) to
measure contraction in a single plane. Contraction of the gel initiated by cell-ECM interaction
and matrix remodelling pulled the Vyon beams together, and deflection in the Vyon beams was
measured using a micro-strain gauge. The reliability and calibration of the instrument was
performed by applying the constant force of 50, 100, 500 millinewton (mN) for 24 hours and
the output (constant applied tension at each load) was within the expected limit. The signal
from strain gauge was converted from analogue to digital, and contraction profile of tFPCL
was quantified with readings taken on a strain indicator (Vishay Micro-Measurements, NC,

USA) at a frequency of 1Hz over 24 hours.

2.4 tFPCL Cyclic load

The t-CEM is derived from the CFM, where the cyclic load can apply by the addition of a
stepper motor (Micromech, Braintree, UK). Each stepper motor was driven by a microstep
control panel (Parker Vix 2501M stepper drive, Parker Irwin, USA). The tFPCLs were attached

to the t-CFM as illustrated (Fig.1B). The t-CFM was set up and calibrated by attaching a stable
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metal rod, whereby force was linear according to given distances of motor movement. The
tFPCLs were subjected to 10% strain and cycles were programmed for 15 minutes loading,
followed by 15 minutes unloading, (to 0% strain) with a 15-minute time delay in between each
loading and unloading cycle, for a total of 24 hours. Acellular gels were used as a control, to

allow for the investigation of cell-mediated responses to load.

2.5 Sirius red staining

Post loading, tFPCLs were fixed in 10% formalin (in saline) for one hour and embedded in
paraffin wax. Sections of 5 um were prepared on microscope slides, de-waxed and re-hydrated
in series with xylene and ethanol. Sections were then stained with Sirius red [Sirius direct red
80 (Sigma-Aldrich Dorset, UK)] for one hour, followed by two changes of acidified water.
Finally, they were de-hydrated in a series of ethanol washes and cleared in xylene. Images were
obtained on a light microscope (Olympus BH-2) fitted with an Olympus Camedia 2020 camera.
All images were converted to greyscale and analysed by using ImageJ software version 1.49
(NIH, USA). Each image was outlined with a straight line throughout the image and pixel
intensities were measured against a region of interest. Calculated pixel intensities were pooled
for each condition. The change in the pixel intensities correlated to the collagen distribution

and remodelling for each group.

2.6 Cellular alignment under load

The midsections (25mm from the centre) of tFPCL were fixed in 4% formalin saline for 30
minutes and permeabilised in 0.15% triton-X in PBS for 15 minutes. Sections stained using
1.5% phalloidin (Invitrogen, Life Technologies Ltd, Paisley, UK) and 1% DAPI (Vector Labs,

Peterborough, UK) and mounted on glass slides with a coverslip. Images were obtained by
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using an upright fluorescent microscope Olympus BX61 (Olympus, Tokyo, Japan). Image
analysis was conducted using ImageJ software (NIH, USA). Images were adjusted to the
highest contrast level to filter out the noise and converted to the binary function, which had
divided the image into object and background by using an iso-data algorithm. Images were
further analysed by using ‘Analyse particle’ function, and particle size was set to 100 pixels,
which filtered out small non-descript structures from the image. Circularity was set between
0.00 —0.80 (this needs to be less than 1, as 1 is a perfect circle and angle cannot be determined)
and with the outline of the image, the angle was measured for both static and cyclic load
conditions. A frequency graph was plotted for each cell angle from 0-180° for both conditions

to investigate whether cell alignment was affected.

2.7 Deformation of TF- nuclei under load

To study the deformation of the nucleus and the cytoplasm under static and cyclic load, a 10mm
mid-segment of the tFPCL was fixed in 4% formalin saline for 30 minutes. It was then
permeabilised in 0.15% triton-X in PBS, stained with 1% phalloidin (Invitrogen, Life
Technologies Ltd,Paisley, UK) and 0.5% propidium iodide (PI) (Invitrogen, Life Technologies
Ltd,Paisley, UK), after which it was mounted on glass slides and fixed with a coverslip. A Bio-
Rad confocal microscope (BIO-RAD Hertfordshire, UK) fitted with an Olympus BX51 upright
microscope (Olympus, Tokyo, Japan) was used to image the sections. To perform analysis of
the deformation of TF under static and cyclic loading conditions, fluorescence images were

imported to ImageJ software (NIH, USA) using the ‘spit colour channel’ function.

2.8 Gene expression

The tFPCLs were homogenised using a power homogeniser, and RNA was isolated using

TRIzol according to the manufacturer’s instructions (Invitrogen, Paisley, UK). The cDNA
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synthesis was carried out using a Precision nanoscript reverse transcription kit (Primer Design,
Southampton, UK). RNA and cDNA yield was quantified by using Nano drop, ND-1000
spectrophotometer (NanoDrop Technologies, Inc. Wilmington, USA). Gene quantification was
determined using an ABI 7300 real-time PCR machine (QPCR) (Applied bio-system, UK).
Custom designed and synthesised primers were used for qPCR (Table 1) (Primer design,
Southampton, UK) and results were analysed as delta-delta ct and expressed as relative
quantification (RQ) values, normalised to unloaded tFPCLs and GAPDH as a housekeeping

gene.

2.9 Statistical analysis

All experiments were carried out independently for a minimum of three biological replicates
(n=3). Statistical analysis was performed using SPSS 21.0. (SPSS IBM cooperation, Chicago,
USA). One-way ANOVA and t-test with Post-Hoc analysis by Bonferroni corrections were
used to determine differences between conditions. Results are reported as a mean + standard

deviation, where p < 0.05 was considered significant.

3. RESULTS

3.1 tFPCL static load

As the isolated cells were passaged for experiments, the effect of passage on the contractile
force was investigated (PO, P1, P3, and P6). It was observed that the PO cells were more
contractile as they generated greater maximum force 818 + 85.56N in the early hours under
static load, compared with all other passages. When gels were seeded with TF at P1, the
calculated maximum force was less at 701+98.23 uN, which continued statistically significant

to drop with increasing passage (P3 = 482 + 43.87 uN; p= 0.0048 and P6 = 266+65.89 uUN; p=
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0.0009) (Fig. 2a and c). Inthe view of the contractile profile of the TF under different passages,
all gels for subsequent mechanical loading experiments were cast with PO cells. The contraction
of TF at PO was divided into three distinct phases (Fig. 2b); the first phase was between 0 to 4
hours, where force was generated exponentially to 818 + 76.23 uN. The graph pattern in phase
one (0 to 4 hours) was characteristic of cell-matrix attachment, cell motility and traction forces
(Eastwood, Porter, Khan, McGrouther, & Brown, 1996). Phase two was between 4 to 20 hours,
which consisted of minor increases in contractile forces that resulted in a plateau phase until
20 hours, where force reached 871+ 87.12 pN. In phase three from 20 to 24 hours, the force
output measured was reduced to 823 + 98.54 uN which may reflect reductions in both cell and

matrix tension.

3.2 tFPCL cyclic load

Gels were seeded with 1 x 10° cells/ml at PO and mounted onto the t-CFM for loading
experiments. Following on from the static loading experiments these independent constructs
followed a similar pattern, whereby an exponential increase in the net contractile forces (to 830
+ 45.43uN) was evident in the initial 4 hrs prior to the application of external load. A 10%
external strain was then applied on the tFPCLs, which resulted in the exponential increase in
the observed force to 4452 +213.45 uN. It is important to consider that this increase in force is
not cell-mediated and merely a product of the motor driving the strain gauge. When the external
load was fixed during the static loading period, the residing TF reduced endogenous force as a
potential stress shielding mechanism. This resulted in a decrease in the net contractile force to
4251 £348.89 pN. Similarly, when tFPCLs were unloaded, TF decreased net contractile force
from 1001+ 78.43 uN to 936 £ 85.21 uN (Fig. 3a). Hence, it was evident that endogenous

matrix tension was maintained by TF in the tFPCLs, by an active cellular response in the
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opposing direction of applied force to maintain ECM tension. As cycle number increased (i.e.
repeating cycles) there was a change in the recorded peak force during the static phase from
182 # 45.21 pN at a 1% hour to 31 + 12.87 uN at the 16" hour (Fig. 3b). In contrast, the

difference in the force in control acellular gels was marginal (423 + 34.21 uN to 80 £ 12.11uN).

3.3 TF alignment under the force

Investigating cellular alignment following 24 hours of static loading, demonstrated a bipolar
and stellate morphology with non-aligned orientation (Fig. 4b). This non-aligned morphology
was similar to non- loaded tFPCLs, where the matrix was not uniaxially loaded (Fig. 4a). The
greatest cellular response was observed following cyclic loading, whereby all cells were
aligned in the direction of the applied force (Fig. 4c). This demonstrates that TF aligns as a
physiological response under load, to facilitate maximum force transmission across the tissue.
Cellular alignment and distinct morphology were also found in the native tendon,
demonstrating the ability of tFPCLs to recapitulate features of in vivo tissue. TFs were seen
aligned in a single plane located between collagen fibres (Fig. 4d). As described above, under
tension TF undergo mechanical adaption with altered cellular alignment and orientation. This
alignment was further studied by calculating the cellular angle. In the tFPCLs static angle of
cellular alignment was non-uniform from 0° to 180° degrees, however, the tFPCLs subjected
to cyclic loading contributed to cellular alignment within a range 110° to 180° and showed a
normal distribution (Fig. 4e). This alignment of the cells is based on the principle of strain
gradients (i.e. 10%) applied uniaxially and as such the strain on the surrounding matrix resulted

in matrix remodelling and cellular alignment.

3.4 Loading effect on the cellular deformation
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Cellular deformation studies indicated that in the cyclic condition (Fig. 5c), nuclei were
deformed along with the cytoplasm. This demonstrates a further cell response to mechanical
load similar to that seen in NT (Fig. 5d). The ratio of the change in the area of the nucleus and
cytoplasm was 36.36 + 14.47% (Fig. 5e), illustrating the degree to which the cell structure
changed in response to load. In the static and unloaded conditions (Fig. 5 a and b) there was no
major nucleus or cell membrane deformation seen. The area change in the nucleus and
cytoplasm in the static condition was 80.49 + 11.05%, (no statistical significance) and with this
type of morphology, it would be suggested that maximum force transmission across matrix

would not be achieved.

3.5 Collagen remodelling

Histological sections of tFPCL in the cyclic condition, (Fig. 6¢) were similar to that of the
native tendon (Fig. 6d), whereby there was the predominant uptake of the picro-sirius stain.
Furthermore, there was evidence that the collagen fibrils were remodelled, oriented and aligned
in the direction of the force. It is unlikely that this is as a consequence of neo-collagen synthesis
by TF in such a short period of time and should be investigated further. In the static condition
(Fig. 6b), there was evidence that fibrils were partially oriented when compared to the non-
loaded controls (Fig. 6a). Evidence of cell-mediated remodelling was poor, suggesting that it
is cyclic mechanical loading which contributes to this response. Collagen intensity was
quantified by using the pixel intensity from the captured images in each condition. The grey
values for the tFPCL-cyclic condition was predominant (145+ 23 pixels) (P< 0.05), with lower
values observed for static (65t 19 pixel) and control (41+5 pixel) conditions, respectively.
Analysis for NT demonstrated this measure to be higher (312 +37 pixels) (Fig. 6e), suggesting

denser collagen structures.
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3.6 Gene expression

Relative quantification (RQ) values indicated that all genes were upregulated in tFPCL-cyclic
condition, when compared to tFPCL-static controls. Collagen | mRNA (RQ 4.45+ 1.02) (p
=<0.0001) in tFPCL-cyclic was fourfold higher compared to tFPCL-static (RQ 1.8 + 0.32) and
Collagen 111 mRNA in tFPCL-cyclic (RQ 0.22+ 0.04) was one-fold higher than tFPCL-static
(RQ 0.12+0.06) (p ==>0.99). Tenomodulin mRNA in the tFPCL-cyclic condition was highly
expressed (RQ 1.2+ 0.03) compared to tFPCL-static (RQ 0.24+ 0.04) (p = 0.0972)) and TGF-
b was twofold higher expressed in tFPCL-cyclic (RQ 0.55+ 0.03) as compared to the tFPL-

static (RQ 0.1+ 0.02) (p =0.0204) (Fig. 7)

4. DISCUSSION

Fibroblast mediated matrix tension has been studied in a wound healing model, to investigate
the cellular mechanisms which contribute to repair (Brown et al., 1998; Coleman et al., 1998;
Dahlmann-Noor et al., 2007; Eastwood et al., 1994). However, to-date TF mediated matrix
tension and the mechanisms which regulate ECM remodelling following mechanical loading
in tissue-engineered tendon have not been investigated. In tendon, matrix tension is affected
by various factors such as internal (muscle-initiated tension) external (passive joint motion)
mechanical loading. It is difficult to study acute cellular responses and adaptation to
mechanical loading in vivo. To this end, model platforms (such as the CFM and t-CFM) have
provided a means to investigate the cytomechanical properties of tissue fabricated in vitro

(Eastwood et al., 1994).

The CFM, being a highly sensitive method, is an excellent platform to measure the accurate

force generated by the TF in the initial cellular attachment and contraction phases when in
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tethered tFPCLs. As per our knowledge, this is the first time TF contraction has been reported
accurately within the uN range under uniaxial load. The contraction data and profile reported
here was found to be similar to the models previously described in fibroblasts and endothelial
cells respectively (Eastwood et al., 1994; Kolodney & Wysolmerski, 1992). This demonstrates
similarities in the mechanisms of attachment, traction and matrix remodelling profiles of TF
when compared to fibroblasts and endothelial cells isolated from different tissues. There was
also evidence of minor contraction in control cell-free collagen gels, which we attribute to fibril
maturation and binding as previously reported by Wood and Keech (Wood & Keech, 1960).
This Is an important consideration when investigating the contribution of both cellular and

extra-cellular responses to mechanical load.

In this study, the TF cytomechanical profile under static load was divided into three discrete
phases, which represent the framework of cell behaviour in the 24 hours examined. In phase
one (<4 hours) rapid force generation (to 818 uN) was evident, likely due to cell attachment
and cell elongation. Such a response has been reported to correlate to cell migration processes
during wound healing in vivo (Escamez et al., 2004). In phase one, cell attachment and the
elongation response also supports the hypothesis proposed by Harris et al., whereby the
fibroblast traction is responsible for the morphogenetic rearrangement of an ECM similar to
that seen-in tendons and organ capsules (Harris, Stopak, & Wild, 1981). The passage number
of TF used was also found to produce distinct contraction patterns in phase 1 (Fig 2A), which
provides evidence of TF heterogeneity. This supports findings reported by Torry et al., in
pulmonary fibroblasts, where adult cells are less contractile due to a characterised anchorage-
dependent mechanism when compared to neonatal cells (Torry, Richards, Podor, & Gauldie,

1994).

The second identified phase (4 to 20 hours) demonstrated a plateau, which suggests a steady-

state in TF contraction (818 N to 871 pN). The mechanism required to maintain contraction
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is thought to depend on myosin ATPase activation and actin-myosin interaction, which has
previously been described in a fibroblast wound contraction model (Levinson, Moyer, Saggers,
& Ehrlich, 2004). In the third phase (20 to 24 hours), static contraction decreased at the end of
24 hours with the identification of morphological changes of TF. This is possibly due to release
of matrix metalloproteinases (MMP) (Kjaer, 2004) by the TF, which would be necessary for
cell migration. MMPs disrupt the surrounding extracellular matrix niche through collagen

digestion, as reported by Lambert at al. (Lambert, Soudant, Nusgens, & Lapiere, 1992).

The t-CFM is a mechatronic device which has facilitated the study of TF mechanobiology in
collagen matrices quantitatively. The t-CFM was used in the current experiments to investigate
the response of TF under 10% mechanical loading corresponding to maximum strain a tendon
can take before attending a crimp pattern (J. H. Wang, 2006). Cyclic mechanical loading caused
cell-free collagen lattices to stretch under applied load (4380 puN). However, in cell-free
collagen lattices, there was no evidence of residual displacement in the 15-minute rest period
between each loading and unloading cycle. During this resting period, displacement was linear
with a difference of 101 pN, illustrating no significant viscoelastic effect of collagen as
described in skin fibroblasts (Delvoye, Wiliquet, Leveque, Nusgens, & Lapiere, 1991).
Collagen lattice tension was able to return to original tension after unloading, which indicated
that there was no permanent plastic deformation (Eastwood et al., 1998). This is thought to be
a consequence of the matrix increasing in stiffness following mechanical loading cycles (anti-
thixotropic property of collagen), resulting in a reduced cellular response. Increases in cellular
mediated force following a reduction in applied load are thought of as a mechanism to maintain
tensional homeostasis. Hence, we can conclude that TF mediated matrix tension reported under
loading and unloading, was entirely cell-mediated and we have established a method to

calculate TF response during mechanical loading.
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Mechanical loading of the tissue generates strain on the TF, initiating cellular contractions and
deformation which are essential for tendon healing. These cell generated contractions exert a
force on the ECM (Grinnell, 1994), whilst also activating various cellular and molecular
mechanisms. Evidence suggests that scar formation is a consequence of steep contraction,
whereas, in contrast, minimal contraction can result in impaired tendon healing. Therefore, the
optimal strain (10%) is essential for tendon healing. In this study, 10% external strain was
applied (reaching a recorded force of 4452 uN) and when the external load was invariant at
resting time, then residing TF in tFPCL reduced endogenous force and exerted force in the
opposite direction (4251 uN ). This acute response is thought to act as a mechanism of tensional
homeostasis, where TF apply active stain upon the ECM. Brown et al., and Eastwood et al.,
described a mechanism of tensional homeostasis in dermal fibroblasts, where the net resultant
force was equilibrated due to actin-myosin motor filaments, cytoskeletal elements, and
microtubules, which in turn helps in maintaining cellular polarity (Brown et al., 1998;
Eastwood et al., 1994). Furthermore, we have demonstrated that TF generates rapid
endogenous force to maintain homeostasis in the early hours of the cyclic load when compared
to later hours. In contrast, the effect of loading and unloading in a similar model reported no
change in the force at the end of a 1% hour of the experiment, with the lattice returning to its
original value (Delvoye et al., 1991). This is an indication of the viscoelastic material property,

a phenomenon that was not identified in the current experiments.

Following loading, it was apparent that the cell’s nucleus was deformed, along with the
cytoskeleton. The ratio of the change in the area nucleus and cytoplasm was significant for
cyclic (36.36 + 14.47%) compared to static (80.49 + 11.05%) demonstrating cell responses to
mechanical load. Kopp et al., characterised the role of mechanoreceptors on Schwann cells as
similar to that of TF (Kopp, Trachtenberg, & Thompson, 1997) which also have the same

receptors that activate various signalling pathways such as G protein, MAPK’s, cAMP
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pathways and Ca?* influx on loading (M. Liu, Xu, Tanswell, & Post, 1994). This results in the
upregulation of transcriptional factors for the genes which are responsible for matrix
remodelling and repair. In this study, genes responsible for ECM production, maintenance and
remodelling, as well TF proliferation and maturation were all shown to increase. Specifically,
tenomodulin is a tendon-specific gene that highly expressed during tendon injuries and is
related to TF proliferation and maturation (Docheva, Hunziker, Fassler, & Brandau, 2005)
Such increases in gene expression following cyclic loading compared to static loading, is an
indication that TF could sense mechanical stress on them and activate mechanisms that
contribute to the expression of genes required for matrix remodelling and increasing matrix
stiffness. Future work should seek to further characterise the mechano-chemical mechanisms
that are activated in TF during loading, in order to provide further understanding as to the

regulation of tendon adaptation and injury.

The mechanical forces also lead to cellular and nuclear deformation, biochemical signalling
and cellular alignment in the tendon (Arnoczky et al., 2002). The statically loaded condition
showed cellular morphologies that were bipolar and stellate, with the non-aligned orientation
of the cells. although loading resulted in the stretching of the cells. Cyclic loading resulted in
the maximum cellular response with evidence of stark changes in cellular morphology,
illustrating a definitive response of the cells structurally to the applied load. Cellular
deformation in the tendon is an indication that the TF acutely adapt to the mechanical forces,
demonstrating mechanical dynamism (Arnoczky et al., 2002). There are numbers of studies
have been performed under uniaxial and biaxial load (Giannopoulos et al., 2018; T. Wang et
al., 2018). However, in this study is that we had applied constant static load and cyclic to a
collagen lattice mimicking native tendon for 24 hours and monitored force generation in the
real-time which had provided us cytomechanical with quantitative cell physiological data and

the similarity between tFPCL- static and tFPCL- cyclic is that, in both conditions. In which
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cells were able to sense mechanical tension which resulted in the phenomenon called
“mechanical adaption” (Brown et al., 1998). The CFM and t-CFM have limitations in recording
the force generated in the uniaxial plane, i.e. X plane (x x-axis). Further experiments should
seek to investigate cellular force generation by in Y plane (x y-axis) and Z planes (x z-axis)
and also applying sub-physiological load (i.e. < 10%) with various gene expression profile
such as MMPs and TIMPs will give greater understanding with regards to the role of

mechanobiology of tendons in load-bearing models in vivo.

This study demonstrates that TF could sense external mechanical stimuli placed on them and
adapt their physical and cyotomechanical properties, including activating genes required for
ECM remodelling. Such a model provides a suitable test bed for further investigation of the
mechanisms which regulate tendon repair in response to mechanical load and may also provide
an environment for the pre-clinical study of putative mechanical and pharmacological

interventions.
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Fig.1. (a) A casted tFPCL inside plastic molds mounted on CFM, adhered to the force
transducer and fixed point with stainless steel frame. (b) t-CFM set up with tFPCL adhered to
the fixed point and force transducer through stainless steel frames and the uniaxial cyclic load

was applied.
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native tendon. (e) change in the area of the nucleus to the cytoplasm of the tFPCL under static
and cyclic load after 24 hours of loading (*denotes the statistical significance of P<0.05).
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Fig.7. Gene expression profile of the tendon specific genes Collagen I, Collagen Ill,
Tenomodulin and TGF-b after 72 hours under static and cyclic load (*denotes the statistical

significance of P<0.05).
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Table 1: Forward and reverse primers.

Name of gene || Accession Forward Primer Reverse Primer

number
Collagen 1A1 | XM_017348831.1 | 5GGAAACGATGGTGCTACTGG3’ 5’CCGACAGCTCCAGGGAAG3’
Collagen type 5’TAAACGCCAATCCTCTGAGTAT3’ 5’AAACTGAAAACCGCCATCCAT?’
11 XM_002712333.3
Tenomodulin | HM028637 5’ ATCTTCTTGGAGGAGACTGTATATG3’ | 5’ AAAGCCTGTCAGCAATTTATCT3’
TGF-bl XM_00272231 5’CAACGCCATCTATGAGAAAACCS’ 5’AAGCCCTGTATTCCGTCTCC3’
GAPDH NM_001082253 | 5’CGAGCTGAACGGGAAAC3’ 5’CCTGGTCCTCGGTGTAG3’
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