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Abstract

Background: Mechanical stimulation (e.g. slow heavy loading) has proven beneficial in the rehabilitation of chronic
tendinopathy, however the optimal parameters of stimulation have not been experimentally determined. In this
study of mechanically stimulated human tenocytes, the influence of rest insertion and cycle number on (1) the
protein and mRNA levels of type I and III collagen; (2) the mRNA levels of transforming growth factor beta (TGFB1)
and scleraxis (SCXA); and (3) tenocyte morphology, were assessed.

Methods: Human hamstring tenocytes were mechanically stimulated using a Flexcell® system. The stimulation
regimens were 1) continuous and 2) rest-inserted cyclic equiaxial strain at a frequency of 0.1 Hz for 100 or 1000
cycles. Data were normalized to unstimulated (non-stretched) control groups for every experimental condition.
qPCR was performed to determine relative mRNA levels and quantitative immunocytochemistry image analysis was
used to assess protein levels and cell morphology.

Results: Collagen type I mRNA level and pro-collagen protein levels were higher in tenocytes that were subjected
to rest-inserted mechanical stimulation, compared to continuous stretching (p < 0.05). Rest insertion and increased
cycle number also had significant positive effects on the levels of mRNA for TGFB1 and SCXA (p < 0.05). There was
no direct relation between cell morphology and gene expression, however mechanical stimulation, overall, induced
a metabolically active tenocyte phenotype as evidenced by cells that on average demonstrated a decreased major-minor
axis ratio (p < 0.05) with greater branching (p < 0.01).

Conclusions: The incorporation of rest periods in a mechanical stretching regimen results in greater collagen type I
synthesis. This knowledge may be beneficial in refining rehabilitation protocols for tendon injury.
Background
Tendons experience varying loads in their natural environ-
ment. Excessive mechanical loading [1] on the one hand, or
stress deprivation [2,3] on the other, can lead to tendon
damage or degeneration. Conversely, physiological mech-
anical stimulation promotes ongoing collagen synthesis and
repair activity by resident tendon fibroblasts (tenocytes) [4].
The physiological variables (strain level, frequency, repeti-
tion number, etc.) which determine the tissue and cellular
responses of tendons to mechanical stretching have been
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studied to some extent [5], but the optimal conditions to
prevent injury or to promote collagen synthesis and repair
are incompletely understood.
Increased knowledge of the parameters of mechanical

stretching which promote collagen synthesis by tenocytes
could help to refine exercise prescription, especially when
considering that mechanical stimulation of tendons through
exercise is a cornerstone of rehabilitation following acute or
chronic tendon injury [6]. An exercise regimen (3 sets of 15
heel drops performed slowly, twice per day, with weight
gradually increased to patient tolerance) has been shown to
be effective for chronic Achilles tendinopathy in both the
short and long term [6]. One proposed mechanism of
action of this type of exercise regimen is a stimulation of
collagen type I production by tenocytes which, in the long
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term, could lead to an increased tendon strength and
modulus [6].
Experimental data have suggested that there may be a

window of appropriate mechanical stimulation defined
by variables such as repetition number and strain magni-
tude. A strain magnitude dependency was reported for
mRNA and protein levels of collagen type I [7], whereas
an inverse strain magnitude dependency was found for
Mmp1 [8] (a metalloproteinase with collagenase activ-
ity). Several studies have shown that tenocytes undergo-
ing mechanical stretching increase their expression of
the genes for collagen type I and III as well regulatory
genes and growth factors which influence collagen syn-
thesis such as TGFB1 and SCXA [4,8-10].
Surprisingly, an equivalent magnitude of increase in

collagen type I synthesis rate in the human patellar ten-
don was observed following both long distance running
(36km) and strength training (10 sets of 10 maximal
knee extensions) [11,12]. This finding has led to the
speculation that collagen type I production by tenocytes
might plateau after a number of loading repetitions as
low as n = 100 [11]. Desensitization to continuous load
cycles is a phenomenon known to occur in bone cells
[13]. More importantly, the insertion of recovery periods
during the mechanical stimulation restored the mechan-
osensitivity in bone cells [13]. The insertion of rest pe-
riods during cyclic stretching experiments performed on
adolescent and aged murine tibia resulted in enhanced
bone formation compared with controls. The level of
bone formation observed in response to rest-inserted
loading was similar to a loading regimen that doubled
the load and cycle number [14,15]. This may indicate
that a high load and cycle number are not necessary to
elicit a maximal response if rest periods are included. A
study of osteogenesis in mice tibia showed that rest pe-
riods inserted in between short bouts of stretching had a
larger effect on osteogenesis than continuous stretching.
While several studies have displayed the positive effects
of rest insertion on bone formation [13-17], the effect of
rest-insertion on the load-induced expression of collagen
genes in tenocytes has yet to be examined.
In vivo, tenocytes typically display an elongated morph-

ology, oriented along the longitudinal direction of the
tendon [18], while in response to increased mechanical
loading, they may adopt a more rounded morphology with
more prominent cytoplasm. In vitro, it has been shown
that gene expression and protein production are influ-
enced by cell attachment and spreading [19]. Li et al.
reported that more elongated human tendon fibroblasts
expressed higher collagen type I levels compared to less
elongated cells, while the cell spreading area was constant
[20]. Alternately, other studies have shown that tendon fi-
broblasts may adopt a more rounded shape when more
metabolically active. In the human patellar tendon, ovoid
tendon cells expressed higher levels of TGFB1 and pro-
collagen type I compared to elongated tenocytes [21]. To
our knowledge, the relation of tendon cell shape and colla-
gen gene expression has not been directly investigated in
mechanically stimulated tenocytes.
Tenocytes were mechanically stimulated to test the

hypothesis that rest insertion compared to continuous
stretching initially up-regulates SCXA and TGFB1 mRNA
levels [22-24] and is accompanied by enhancement of gene
expression and protein levels of pro-collagen type I and
III, whereas low (100) and high (1000) cycle numbers
would have equivalent effects on these same variables. As
a secondary question, the influence of mechanical stimula-
tion on cell morphological features was analyzed.

Methods
Cell culture
Human hamstring tendon pieces were obtained from ACL
reconstruction surgery, after informed consent was ob-
tained. Ethics approval was obtained from the University
of British Columbia. Tendon tissue was trimmed to re-
move fat and muscle then washed with phosphate buff-
ered saline (PBS) and enzymatically digested with filtered
1.5 mg/ml collagenase (Clostridopeptidase A; Sigma,
Oakville, Ontario, Canada) in serum-free Dulbecco’s Modi-
fied Eagle Medium (DMEM; HyClone, South Logan, Utah,
USA) for 30 minutes at 37°C with shaking; for 5 additional
minutes, trypsin (1× TrypLE™ Select, Gibco, Life Tech-
nologies, Burlington, ON, Canada) was added. The mix-
ture was centrifuged at 1,200 rpm for 5 minutes and the
cell pellet was resuspended. Tenocytes were cultured using
Hyclone DMEM/high glucose media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin
(Thermo Scientific, Ottawa, ON, Canada).

Mechanical stimulation
Cells were passaged at a concentration of 32,500 cells/ml.
65,000 cells per well were plated onto 6-well BioFlex® -
collagen type I coated culture plates (Flexcell International
Corp., Hillsborough, NC, USA). After 48 hours, the cells
were subjected to mechanical stimulation using a sinus-
oidal waveform at a frequency of 0.1 Hz and a strain of
10%. The frequency of 0.1 Hz was based on findings of
Kongsgaard et al. who demonstrated that slow (e.g. 6-8
second repetition duration), heavy resistance exercise was
beneficial in the rehabilitation of patellar tendinopathy
resulting in enhanced collagen synthesis [25]. The equiax-
ial strain of 10% applied to the BioFlex® plates has been
previously reported to result in an average strain experi-
enced by the cells of approximately 3-5% [26]. The study
consisted of four experimental groups with a combination
of low or high cycle number and with or without rest. The
precise groups were 1) 100 cycles of continuous stretch-
ing, 2) 100 cycles with 10s rest after every cycle, 3) 1000
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cycles of continuous stretching, 4) 1000 cycles with 10 s
rest after each cycle. For every experiment group there
was a corresponding unstimulated control group, whose
cells were otherwise treated identically and harvested at
the same time points. All experiments were performed in
biological and technical triplicates.

RNA extraction and quantitative polymer chain reaction
(qPCR)
Cells were lysed using lysis buffer (Thermo Scientific,
Ottawa, ON, Canada) with 1% β mercaptoethanol and
stored at -80°C until further processing. Ribonucleic acid
(RNA) was extracted according to the manufacturers’
instructions using the GeneJet RNA purification kit
(Thermo Scientific, Ottawa, ON, Canada) and stored
at -80°C until further processing. Complementary deoxy-
ribonucleic acid (cDNA) was synthesized using 100mM
dNTP set (Life Technologies, Burlington, ON, USA) and
stored at -20°C. qPCR was performed in triplicate using
SYBR Green (FastStart Universal SYBR Green Master
ROX, Roche Diagnostics Corporation, Indianapolis, IN,
US) on a 7500 Fast Real – Time PCR System (Applied
Biosystems, Life Technologies, Burlington, ON, USA). The
primers used (Table 1) were designed for the target human
genes. Values for mRNA transcript levels were normalized
to corresponding Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) values.

Immunocytochemistry for pro-collagen types I and III
Cells of all experimental groups and corresponding con-
trols were fixed on the BioFlex plate stretchable substrate
in 4% paraformaldehyde (w/v) for 15 minutes at room
temperature and stored at 4°C until further processing.
Substrate sections of 1×1cm were cut from similar loca-
tions of the membrane using a scalpel and mounted on
glass slides, and permeabilized in 0.4% Triton X-100 for 5
min after which the sections were blocked with PBS +1%
BSA +0.2% Tween20 solution for 30 minutes. A mixture
of primary antibodies against both pro-collagen type I
(Developmental Studies Hybridoma Bank. Iowa City, IA,
US) and pro-collagen type III (Acris Antibodies, Inc. San
Diego, CA, US) was applied at a concentration of 1:500 for
Table 1 RT-qPCR primers

Target Forward Primer Reverse Primer

GAPDH TCTTTTGCGTCGCCAGCCGAG TGACCAGGCGCCCAATACGAC

Collagen
type I

TGTTCAGCTTTGTGGACCTCCG CGCAGGTGATTGGTGGGATGTCT

Collagen
type III

AATCAGGTAGACCCGGACGA TTCGTCCATCGAAGCCTCTG

TGFB GCAACAATTCCTGGCGATACC AAAGCCCTCAATTTCCCCTCC

Scleraxis A AGAACACCCAGCCCAAACA TCGCGGTCCTTGCTCAACTT
1 hour in the dark. This was followed by the incubation
with the secondary antibody solution (Alexa fluor 488 goat
anti-rabbit and 596 goat anti-mouse, Life Technologies,
Burlington, ON, US) at a concentration of 1:400 for 30
min in the dark. Finally, nuclei were stained using Hoechst
(33342 Thermo Scientific, Rockford, IL, USA) antibody in
a dilution of 1:10,000 PBS for 2 minutes. All staining pro-
cedures were performed in a humidified chamber at room
temperature.

Image acquisition
Fluorescent micrographs were obtained using a Zeiss
Axio Observer.A1 (Zeiss, Oberkochen, Germany) with a
10x objective. For each field of view, three images were
taken on each separate fluorescent channel to represent
nuclei and pro-collagens types I and III. Nuclei were
identified by thresholding using CellProfiler™ software;
the pro-collagen type I and III fluorescent stains associ-
ated with each nuclei were then identified. Three images
per fluorescent channel and per field of view were ob-
tained, resulting in data from approximately 300 tendon
cells of each experimental and control group.

Measurement of pro-collagen I and III protein
Protein levels of pro-collagen type I and III were operation-
ally defined as the intensities of the fluorescent channel of
pro-collagen type I and III, respectively, as determined
using AxioVision software (Zeiss, Oberkochen, Germany).
The fluorescence intensities were obtained through the
identified pro-collagen I and III labeling described in the
previous paragraph of the methodology. For each individ-
ual fluorescent channel, the pixel intensities on a scale
from 0 to 1 within the identified area were averaged to ob-
tain mean intensity.

Analysis of cell morphology
Cell morphology values were obtained from each cell
demonstrating positive pro-collagen type III fluorescent
labeling. This pro-collagen type III based method was
chosen because all tendon cells examined constitutively
demonstrated robust labeling (of varying intensity, as de-
scribed above) throughout their cytoplasm, allowing the
overall cell morphology to be clearly assessed.
To obtain solidity values a convex hull was drawn

around the cell surface. The solidity was derived as the ra-
tio of surface area of the stain to total surface area of the
convex hull, thus representing an approximation of the
extent of cell branching. A perfectly smooth object would
therefore be assigned a value of 1, whereas the more
branched the cell, the lower the solidity value.
The ratio between major and minor axis per cell, was

also obtained from the elliptical outline around the pro-
collagen type III immunolabeling as an additional indica-
tion of cell shape. An ellipse was fitted around the cell
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and the length (in pixels) of the major and minor axis of
the ellipse. The resultant output images were used to
manually filter the datasets by deleting erroneously iden-
tified object sets caused by image artefacts or overlap-
ping cells.

Statistics
Linear mixed model analysis was performed using SPSS
(SPSS Inc., Chicago, IL, USA) to test for statistically signi-
ficant differences in mRNA levels. Repeated Generalized
Estimating Equations within Generalized Linear Models
using SPSS was used to determine protein level, cell solid-
ity and ratio of major/minor axis among the groups. The
model tested for main effects of mechanical stimulation vs
controls, rest inserted vs continuous stretching, and low
(100) vs high (1000) cycle number. The mRNA data were
expressed as relative quantity (RQ, relative to unstimulated
tenocytes harvested under identical conditions at the same
time) after normalizing the raw data to the housekeeping
gene GAPDH. RQ values were then log transformed before
statistical analysis to obtain normal distributions. A p value
of ≤0.05 was considered statistically significant for all stat-
istical tests. The qPCR results are reported as the mean
difference between low and high cycle number and con-
tinuous and rest inserted mechanical stimulation groups
with a 95% confidence interval (CI) of the difference. The
protein and cell morphology results were reported as
mean and 95% CI. For both methods CI adjustments were
made using Sidak correction. The figures depict the main
effects tested by the linear models, with each variable (con-
tinuous vs rest-inserted loading, 100 vs 1000 repetitions)
depicted in a separate figure.

Results
Mechanical stimulation of human tendon cells compared
to un-stimulated cells
The cyclic stretching regimens were well tolerated by the
tenocytes (i.e. no evidence of cell death and no difference in
RNA concentrations between stimulated and unstimulated
groups). Overall, mechanical stimulation led to significantly
greater collagen type I and SCXA mRNA levels (p < 0.05)
compared with unstimulated cultures (8 h, Table 2).
The immunohistochemistry also indicated that the

pro-collagen type I intensity of the stretched group was
Table 2 The effect of mechanical stimulation on mRNA expre

Group Collagen type I Collagen type III

Rest 1.15(1.00-1.34)* 0.81(0.59-1.11)

Continuous 0.86(0.70-1.05) 0.67(0.46-0.98)*

100 cycles 0.90(0.73-1.10) 0.93(0.60-1.55)

1000 cycles 1.20(1.03-1.40)* 0.66(0.49-0.89)ƚ

The data is displayed as the back transformed mean difference of experimental gro
larger values for the experimental group compared to the unstimulated control cul
significant difference of p < 0.01. The back transformed means (CI) are not equivale
increased after 24 h (p < 0.01) and had a mean of 0.205
(0.203-0.207) while the control group displayed a mean of
0.176(0.174-0.179). The stretched group showed a higher
(p < 0.01) mean of 0.262(0.261-0.264) for pro-collagen type
III intensity while the control group had value of 0.238
(0.235-0.240).

Rest-inserted vs continuous stretching
Rest insertion resulted in a greater protein level of
pro-collagen type I [1.421(1.399-1.442)] (24 h, p < 0.01)
compared to continuous stretching [1.303(1.284-1.322)]
while pro-collagen type III levels were greater with con-
tinuous stretching [1.223(1.211-1.235)] compared with the
cells stretched in the rest-inserted regimen [(1.142(1.130-
1.153), 24 h, Figure 1, p < 0.01]. Overall, periods of rest in-
sertion had a positive effect on mRNA levels for collagen
type I with a mean difference (CI of difference) of 1.35
(1.10-1.65) SCXA 1.30(1.02-1.65) and TGFB1 [1.70(1.10-
2.65), 8 h, p < 0.05]. Collagen type I mRNA levels 1.20
(1.01-1.43) were increased as early as 4 h (p < 0.05).

Low vs high cycle number
The pro-collagen type III protein level was greater (p < 0.01)
in the 100 cycles stretch regimen [1.243(1.231-1.254)]
compared to the 1000 cycle group [1.122(1.111-1.134),
24 h, Figure 2].
The cells stimulated for 1000 cycles showed higher

expression of TGFB1 1.49(1.20-1.85), 4 h, p < 0.01], and
collagen type I [1.31(1.07-1.60, 8 h, p < 0.05] compared
to the 100 cycle regimen.

Cell morphology
The solidity of tendon cells was greater when subjected
to mechanical stimulation [0.621(0.618-0.624)] compared
with unstimulated controls [0.601(0.597-0.605)] (p < 0.01),
indicating increased cell branching with mechanical sti-
mulation. The major/minor axis, a measure of cell shape,
in mechanically stretched tenocytes was lower [2.845
(2.815-2.875)] than the non-stretched control group
(p < 0.01, 3.005(2.958-3.053), Figure 3) indicating increased
cell rounding with mechanical stimulation.
The major to minor axis ratio was lower (24 h, p < 0.05,

Figure 3) with the 1000 cycles stretching regimen [2.159
ssion compared with unstimulated controls

Scleraxis-A Transforming growth factor β

2.62(2.09-3.27)ƚ 1.21(0.83-1.76)

1.79(1.22-2.64)ƚ 0.80(0.56-1.16)

3.33(2.93-3.79)ƚ 1.20(0.89-1.63)

1.43(1.03-1.99)* 0.83(0.50-1.38)

up minus control group (confidence interval of difference). Values > 1 depict
tures. The *indicates a significant difference of p < 0.05, the ƚ indicates
nt to means of the original variable due to mathematical twisting [27].



Figure 1 Effect of rest-inserted stretching vs continuous stretching on mRNA expression of collagen type I (A) and III (B) and protein
levels of pro-collagen I and III (C). The cells that underwent rest inserted stretching showed an increased mRNA expression of collagen type I
(A) at 8 h post stretching (p < 0.05) compared to continuously loaded cells. Collagen type III mRNA expression did not significantly change (B).
The pro-collagen type I was significantly greater (p < 0.05) in the rest insertion group compared to the continuously loaded, while the continuous
group had an increased (p < 0.05) pro-collagen type III value at 24 hours post stretching (C). The *indicates a significant difference of p < 0.05,
the ƚ indicates significant difference of p < 0.01, the error bars indicate the standard error. All data points from each group were normalized to
unstretched controls harvested at every time point.
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(1.757-2.561)] compared to the 100 cycle regimen [2.778
(2.748-2.808)].

Discussion
The main finding of this study is that the insertion of
rest periods between cycles of mechanical stimulation of
tenocytes resulted in greater expression of collagen type
I mRNA and protein compared with continuously stim-
ulated tenocytes.
Mechanical stimulation of cells results in mechanotrans-

duction; the transmission and conversion of a mechanical
stimulus into a biological response, through a variety of
mechanisms. There are three main stages of mechanotrans-
duction: mechanocoupling, cell-to-cell communication, and
effector cell response. Mechanocoupling is the process
whereby the applied load is transmitted through the tissues
and cells, resulting in different types of cellular deformation
(strain, compression, fluid flow and shear [28]), and this
deformation is translated into a biochemical response
which can include the opening of ion channels such
as stretch-activated calcium channels, and the activa-
tion of transmembrane signaling proteins such as integrins
and G-protein coupled receptors [29]. The mechanically
Figure 2 Effect of cycle number on mRNA expression and protein lev
elevated Collagen type I mRNA levels (p < 0.05). Pro-collagen type III protei
24 h). The *indicates a significant difference of p < 0.05, the indicates ƚ sign
All data points from each group were normalized to unstretched controls h
stimulated cell may also spread the signal to adjacent cells
(cell-to-cell communication, involving the passage of cal-
cium ions via gap junction, for instance) thereby amplify-
ing the response [30]. In response to elevated intracellular
calcium and other signals, enzyme activity is initiated
within the cell (e.g. activation of MAPK family members)
leading to gene transcription and production of protein
which can include newly synthesized extracellular matrix,
or autocrine/paracrine substances like TGFB or IGF-I
which further amplify the adaptive responses [22]. Most of
these processes have been documented to some extent in
tendon cells, which are known to be highly mechanore-
sponsive. The adaptive response of tenocytes has been
shown, in vivo, to be related to the magnitude of applied
strain; e.g., exercise in a shortened (low strain) position
leads to less tendon adaptation than exercise in a length-
ened (high strain) position [31].
LaMothe & Zernicke [16] and Hanson et al. [17] re-

searched the effect of rest insertion and showed that rest
insertion incorporated in loading protocols had a larger ef-
fect on mineral deposition and osteogenesis than loading
only [16,17]. Commonly, mechanical stimulation is applied
as a continuous bout of stretch at a certain frequency [32].
el of collagen type I and III. The high cycle number (1000) caused
n levels (C) were upregulated in the 100 cycles regimen (p < 0.05,
ificant difference of p < 0.01, the error bars indicate the standard error.
arvested at every time point.



Figure 3 Immunocytochemistry images (pro-collagen type III), 10× magnification. A) Un-stimulated control cells, B) 100 cycles continuously
stretched cells, C) 1000 continuously stretched cells and D) 1000 cycles rest insertion cells. Mechanically stimulated cells (especially C and D)
appear more spread out, with a correspondingly reduced major/minor axis.

Huisman et al. BMC Musculoskeletal Disorders 2014, 15:386 Page 6 of 8
http://www.biomedcentral.com/1471-2474/15/386
The current results suggest that rest incorporation stimu-
lates the expression of collagen type I and collagen type III
mRNA to a greater degree than continuous stimulation.
The number of repetitions of applied mechanical stretch-

ing can elicit different gene expression patterns. In this
study, at a frequency of 0.1 Hz the high cycle number
(1000) increased the TGFB1 (4 h) and collagen type I (8 h)
mRNA expression, while no change in collagen type III
was observed. In a human in vitro patellar tendon model
Bosch et al. showed an increase in amino terminal pro-
collagen type III propeptide (P-III-NP) after 1800 and 3600
stretch cycles at a strain of 5% and a frequency of 1 Hz.
The higher cycle number (3600) resulted in a higher
P-III-NP elevation (32%) compared to the lower cycle
number (1800) which demonstrated a 21% increase.
The carboxyterminal pro-collagen type I propeptide
levels demonstrated a 50% increase after 3600 cycles of
stretching, but not 1800. These findings are in line
with our results; a higher cycle number leads to a more
increased collagen type I mRNA expression.
SCXA regulates the transcription of collagen type 1a1

and TGFB is known to induce collagen type I expression
[22,23,33]. In the current study the cells stretched on a
regimen of 1000 cycles upregulated SCXA (4 h), TGFB1
(4 h) and collagen type I (8 h) mRNA expression; this
pattern is in line with expectations of upregulated SCXA
and TGFB1 preceding elevated levels of collagen type I
and collagen type III are present post stimulation.
It has been shown that mechanical stresses applied to

the cells lead to altered forces within the cell which play
important roles in the control of cell shape and cell func-
tion [34,35]. For example, the application of shear stress
e.g. caused by blood flow, to endothelial cells resulted in
altered cell shape from cobblestone to aligned in the direc-
tion of the flow and the formation of actin stress fibers
[36]. The results indicate that mechanical stimulation may
induce a more metabolically active tenocyte phenotype,
with tendon cells that are less elongated, and more
branched, particularly when subjected to cyclic stretching
that incorporates rest insertion and longer durations; these
same regimens are associated with higher expression levels
of a tenocyte transcriptional regulator (SCXA) and a key
tendon extracellular matrix protein (type 1 collagen).
These findings are in contrast with those of Li et al., who
found that more elongated cells had a higher collagen type
I protein expression [20], however they are in keeping with
those of Chuen et al. who found less elongated tenocytes
to express higher levels of type I collagen [21]. Clearly, cell
shape is dynamically regulated by mechanical stimulation
and a clear relation with gene expression is not to be
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expected. It may also be worth pointing out that older,
morphological categorizations of tendon cells based on
their shape (e.g. “tenoblasts” being a more rounded sub-
population of tendon cells compared to the elongated
tenocytes) may not be valid [37], and that tenocyte round-
ing, sometimes taken to be a feature of tendinosis [38],
may in fact be associated with an adaptive response and
should not necessarily be interpreted as pathological.
A limitation of this study was that the observed changes

in mRNA expression were of small magnitude; however,
they were in keeping with a significant upregulation at the
protein level and with the knowledge that tendon is a rela-
tively slow-adapting tissue. Furthermore, our cell shape
observations, although based on automated measurements
of many cells, do not account for possible changes in cell
thickness. There is also an inherent limitation of in vitro
studies; the response to stretching may also have been
more accentuated if the tendon cells were located within
their native extracellular matrix, rather than cultured two
dimensionally – a condition which likely disturbs integrin-
mediated signaling which is thought to contribute to
mechanoresponsiveness [39]. Nonetheless, in vitro studies
with tenocytes in two dimensional culture have replicated
many of the mechanically-induced responses that are
known to occur in vivo and may therefore continue to
serve as a useful experimental system.

Conclusion
In this study, we demonstrated that periods of rest insertion
are beneficial for collagen synthesis by human tenocytes.
One implication of these findings is that when using exer-
cise as a rehabilitative measure for people with chronic
tendinopathy, allowing an adequate time to recovery after
every stretch cycle may induce a more substantial adaptive
response. Further studies could investigate the role of
mechanotransduction pathways in response to rest-inserted
stretching (e.g. the role of calcium signaling) and to exam-
ine whether a rest-inserted exercise program (e.g. 10 s rest
after every repetition) results in improved tendon adapta-
tion in humans. In addition, further optimization of mech-
anical properties capable of stimulating collagen synthesis
could be undertaken, including strain rate and frequency.
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