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Abstract
Tendinopathy is a widespread and unresolved clinical challenge, in which associated pain and hampered
mobility present a major cause for work-related disability. Tendinopathy associates with a change from a
healthy tissue with aligned extracellular matrix (ECM) and highly polarized cells that are connected
head-to-tail, towards a diseased tissue with a disorganized ECM and randomly distributed cells, scar-like
features that are commonly attributed to poor innate regenerative capacity of the tissue. A fundamental clinical
dilemma with this scarring process is whether treatment strategies should focus on healing the affected
(disorganized) tissue or strengthen the remaining healthy (anisotropic) tissue. The question was thus asked
whether the intrinsic remodeling capacity of tendon-derived cells depends on the organization of the 3D
extracellular matrix (isotropic vs anisotropic). Progress in this field is hampered by the lack of suitable in vitro
tissue platforms. We aimed at filling this critical gap by creating and exploiting a next generation tissue
platform that mimics aspects of the tendon scarring process; cellular response to a gradient in tissue
organization from isotropic (scarred/non-aligned) to highly anisotropic (unscarred/aligned) was studied, as
was a transient change from isotropic towards highly anisotropic. Strikingly, cells residing in an ‘unscarred’
anisotropic tissue indicated superior remodeling capacity (increased gene expression levels of collagen,
matrix metalloproteinases MMPs, tissue inhibitors of MMPs), when compared to their ‘scarred’ isotropic
counterparts. A numerical model then supported the hypothesis that cellular remodeling capacity may
correlate to cellular alignment strength. This in turn may have improved cellular communication, and could
thus relate to the more pronounced connexin43 gap junctions observed in anisotropic tissues. In conclusion,
increased tissue anisotropy was observed to enhance the cellular potential for functional remodeling of the
matrix. This may explain the poor regenerative capacity of tenocytes in chronic tendinopathy, where the
pathological process has resulted in ECM disorganization. Additionally, it lends support to treatment strategies
that focus on strengthening the remaining healthy tissue, rather than regenerating scarred tissue.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction
Tendon and ligament injuries account for 30% of
all musculoskeletal consultations [1], presenting a
high clinical demand with approximately 4 million new
(reported worldwide) incidents annually [2]. These
cases are attributed to acute damage (tears or cuts) as

well as fatigue damage (chronic loading) [3–6]. Not
surprisingly, tendinopathy is a frequent cause (30–
50%) of injuries related to sports and other rigorous
physical activities [4,7–9], which together with an
aging yet increasingly active population gives rise to
increasing prevalence [4,10,11]. Surgical interventions that aim at reconstructing tendons using grafts in
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severe cases, lack good clinical outcome because of
various drawbacks, e.g. donor site morbidity [12,13],
immunological rejection [14] and poor graft integration
[15,16]. These drawbacks can cause re-tears in 35 to
95% of the cases [17,18]. The poor healing capacity
due to limited cell numbers with low metabolism and
poor blood supply [7,19,20] also limits the progress
made in the treatment of tendinopathy over the past
decades [21].
Tendon tissue repair and tendinopathy are both
often characterized by the formation of a fibrotic scar
[22–24], with potentially accompanying pain, hampered mobility, and work-related disability [25–27].
This scarring process is characterized by a deviation
from highly organized (anisotropic) tissue towards a
more disorganized (isotropic) tissue [28], with impaired
mechanical strength [25–27]. A known compensation
mechanism for the decreased mechanical strength is
an increase in tissue cross-sectional area [29,30]. This
can explain the positive effect of exercise on treating
tendinopathy [31–36], although a recent review states
that such clinical interventions do not aid in transforming disorganized tissue subregions back to their
original anisotropy [37]. The beneficial effect of such
treatment could thus be a result of strengthening the
tissue as a whole, i.e. the remaining healthy tissue but
not the restructuring of the affected isotropic region,
as recently suggested recently [30,38]. Deeper insight
is thus required to unravel the regenerative potential
of cells that reside in a scarred isotropic region, in
comparison to cells that reside in anisotropic regions.
Discrepancies could provide an underlying mechanism for the poor regenerative capacity of isotropic
scarred tissue.
Variations in the aspect ratio of cellular morphology
has a large effect on cell behavior [39–41]. For healthy
tendons, the strong anisotropic organization results in
high aspect ratios of the cells that are longitudinally
oriented. This longitudinal orientation may originate
from the particular size range (20–200 μm) of the
tendon subunits, i.e. the (sub)fascicles [42]. This
suggestion follows from a study in which conflicting
cues for steering cellular orientation were presented,
i.e. width of a cell-adhesive macropattern vs. perpendicular micropatterns. Only when the width of the
cell-adhesive macropattern stayed within the range
of a fascicle (250 μm), the cellular F-actin respected
the macropattern [42]. Such cues resulting in
alignment of tendon-derived cells in turn affect their
intrinsic behavior. Porcine tenocytes cultured on
smooth silicon membranes showed a decrease in
gene expression of the tendon marker tenomodulin
and of collagen I, when compared to anisotropic
microgrooved membranes [43]. Similar trends were
observed for human fetal tendon stem cells seeded
on aligned or random PLLA scaffolds. On aligned
scaffolds, a higher expressions of tendon specific
markers (Eya2 and Scleraxis), and equally important
a suppression of osteogenic differentiation (RUNX2

and ALP gene expression & ALP and Alizarin Red
positive cells) was detected [44,45]. Additionally,
thicker collagen fibers were formed in anisotropic
scaffolds with improved histological appearance [45].
Exposing tendon-derived cells to anisotropic substrates, when compared to isotropic substrates, is
thus beneficial for tenogenic gene expression, however this does not reveal whether the functional
remodeling capacity of tendon-derived cells depends
on the organization of the 3D environment (isotropic vs
anisotropic).
We therefore asked if the remodeling capacity of
tendon-derived cells depends on the degree of tissue
anisotropy. In an attempt to answer this question, an
experimental-numerical approach was adopted.
Experimentally, tendon-derived cells were embedded
in 3D tissue model systems (Fig. 1), varying from
completely anisotropic (‘unscarred’, tissues anchored
to 2 opposing posts) to isotropic (‘scarred’, tissues
anchored to 12 posts in a square setup). Gene
expression patterns between the different setups
were compared for tenogenic stability, matrix composition, cell-cell contact and remodeling capacity.
Subsequently, a numerical model was exploited to
quantify the potential underlying mechanism of
cellular alignment in the different model systems to
the measured anisotropy-dependent gene expression
profiles. We hereby aimed at understanding the
fundamental potential of tendon functional remodeling
as a function of the scarring process, which can
potentially explain the lack of adequate healing of
tendinopathy-affected tissue.

Results
Tuning boundary constraints directs cellular
organization
Tissue platforms were designed (Fig. 1) that mimic
tendon/ligament ‘unscarred’ tissue (2 posts) with
strong cellular anisotropy, progressively changing
towards ‘scarred’ (12 posts) with an isotropic cellular
orientation, as assessed by staining of the F-actin
cytoskeleton at day 4 (Fig. 2A) and day 7 (Fig. 2B)
after gel seeding. Especially at day 7 after seeding,
qualitative assessment of nuclear shape also showed
a gradient between tissue platforms, from polarized in
anisotropic tissue (2 posts) towards more round in
isotropic tissue (12 posts).
High tissue anisotropy enhances matrix
remodeling potential
Next, the designed tissue platforms were exploited
to detect organization-related gene expression
changes using quantitative RT-PCR, with a focus
on tenogenic stability, cellular communication and
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Fig. 1. Tissue platform that ranges from highly anisotropic (2 posts) towards highly isotropic (12 posts. The platform is
designed to mimic ‘unscarred’ tendon tissue (2 posts, highly anisotropic, towards progressively more ‘diseased and
scarred’ tendon tissue (12 posts, highly isotropic).

matrix turnover. For both time points, increasing
trends in expression of matrix remodeling genes
(MMPs and TIMPs, Fig. 3A) were observed with
increasing tissue anisotropy, with the exception of
MMP3. Increasing trends were also observed for gene
expression values related to collagen production (Col I
and III, Fig. 3B), when moving from isotropic tissue (12
posts) towards anisotropic tissue (2 posts), although
only at day 4. These trends for MMPs, TIMPs and
collagen are indicative for a decreased cell-derived
remodeling potential when populating matrices that
are progressively more isotropic.
Connexins are gap junctions that serve as communication portals, primarily via transportation of molecules and ions. In tendon, connexin 26, 32 and 43 are
detected, where connexin 43 (Cx43) is found predominantly between cells that are connected head-to-tail
and thus in the longitudinal direction of the tissue
[46,47]. Cx43 expression was shown to increase with
increasing anisotropy, most notably at day 7, which is
indicative for enhanced functional cellular communication in anisotropic compared to isotropic tissues.
Connexin 26 and 32 were also measured in the current
study, but their CT values sporadically crossed the
detection limit and were therefore excluded from the
presented data.
Decorin (Dcn) plays a dominant role in collagen
fibrillogenesis and establishing the high degree of
tissue anisotropy in healthy tendon [48], and a stronger
response was therefore expected for anisotropic
tissue. However, a moderate increasing trend was
observed for decorin (Dcn), from isotropic to anisotropic tissues and only at day 4, without significant
differences between the groups.
Tenogenic expression and differentiation was
assessed by measuring tendon-related genes (scleraxis: Scx, tenomodulin: Tnd, mohawk: Mkx) and genes
related to myofibroblastic differentiation (alpha smooth

muscle actin: αSMA and connective tissue growth
factor: CTGF). Trends were visible for scleraxis and
mohawk (day 4 and 7, Fig. 3A), with the highest
expression values for the anisotropic (2 posts) setup,
gradually decreasing towards the isotropic (12 posts)
setup. Due to the higher standard deviations associated with αSMA and CTGF expression, trends for
these genes are unlikely to be meaningful. Although
without showing a clear gradient, tenomodulin at day 7
was lowest in the anisotropic tissue. This is surprising
since scleraxis is an early tendon marker upstream of
tenomodulin [49], and a correlation between the two
genes was therefore expected.
Mean cellular alignment strength may be a
measure for cellular remodeling potential
Measured gene expression levels, as described
before (Fig. 3), are analyzed in the context of tissue
anisotropy (Fig. 2). A complication however is that
gene expression levels were obtained from the
complete tissue whereas cellular anisotropy (F-actin
orientation) was visualized only in the tissue core
(Fig. 2). Recent work showed that in close vicinity of
constraining posts, cells display strong anisotropy
[50]. It thus is feasible that more locations with a strong
alignment can be found for the 12 posts setup,
compared to the 8 posts setup. This could have
important implications, since decreasing trends in
gene expression were frequently observed from 2
posts to 8 posts, where this trend increased again
towards 12 posts (at day 4: Cx43 & Timp1, at day 7:
Scx, Mkx, Col III, Cx43, MMP1, 2, 3, 9, 13, 14, Timp1 &
2). We set out to evaluate whether this deviation in
gene expression levels in the 12 posts setup can be
attributed to differences in the degree of overall tissue
alignment strength. Since the tissues are too large to
be fully imaged for cellular alignment, a previously
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Fig. 2. Different tissue setups result in a gradient of intracellular stress fiber (F-actin) orientation, ranging from highly
anisotropic (2 posts), gradually towards isotropic (12 posts), both at day 4 and day 7, where alignment strength appears to
further increase over time for anisotropic tissues. Images are representative for the stress fiber organization in the tissue
core, as indicated by the white square. All scale bars represent 100 μm.

validated numerical approach was adopted to assess
location-specific alignment strength and subsequently
translate these data into alignment strength parameters, representative for the tissue as a whole.
The computational framework uses a continuum
mechanics approach to predict the remodeling of
actin stress fibers in response to mechanical cues,
where cell-seeded gels are modeled as mixtures of
actin stress fibers, collagen fibers, and isotropic cell
and tissue constituents [50–52]. Using this numerical
model, the local predicted cell orientation (represented
by stress fiber alignment) was observed to correlate
well with overall collagen alignment of the polarized
light microscopy images for all tissue setups on a
qualitative level (Fig. 4A & B). Additionally, the
predicted strength of the stress fiber alignment in the

core of the tissue was found to decrease with
decreasing anisotropy, in line with the observed
alignment of intracellular stress fibers in the experimental setups (Fig. 2, F-actin).
In order to compare whole tissue alignment and
gene expression levels, the average alignment
strength of the whole tissue (Mean Strength A) was
determined for each of the modeled setups (see
materials and methods for details). This alignment
index appeared to decrease monotonically with the
number of posts in the setups (Fig. 4C, Mean Strength
A), and hence does not provide a potential explanation for the observed trends in gene expression levels
in the experiments. Interestingly, however, when local
gene expression levels were hypothesized to depend
exponentially on the local alignment strength in the
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Fig. 3. Increased tissue anisotropy results in enhanced cellular remodeling potential, as visible from the gradual decrease
in gene expression towards the isotropic (12 post) setup for many MMPs, TIMPs & Collagen. Increased anisotropy also
appears to be beneficial for cellular communication (connexin43) and tenogenic expression (Scx and Mkx, but not Tnd). An
* represents a significant difference between groups (one-way ANOVA, no post-hoc test). For all experiments, n = 3.

model, then the total predicted ‘gene expression’ of
each tissue (corrected for differences in volume)
showed similar trends as observed experimentally,
i.e. a monotonic decrease from 2 to 8 posts and a
subsequent increase in the 12 posts setup (Fig. 4C,
Mean Strength B). Although it should be noted that the
specific exponential function used in the model just
serves as an example, this result clearly shows that a
nonlinear dependence of gene expression on local cell
alignment may explain the observed experimental
trends in overall gene expression. Taken together, our
numerical framework suggests that the observed
changes in gene expression between the different
setups may be attributed to differences in overall cell
alignment in combination with a nonlinear dependence of local gene expression on local cell alignment.
Cellular anisotropy potentially improves cellular
communication
Cellular alignment strength may affect cellular
communication, in analogy to healthy tendon where
connexin43 links head-to-tail arranged cells [46,47],

and could be an underlying cause for the observed
gradients in gene expression levels. Therefore, gap
junction protein connexin 43, shown to be significantly
different between the different platforms (Fig. 3, Cx43
at day 7), was fluorescently labeled in all tissue setups
at day 7 (Fig. 5, left column). Connexin 43 appeared to
be more punctate in the anisotropic tissue to become
progressively more cytoplasmic towards the isotropic
tissue. This may indicate a tendency for improved
cellular communication with increasing tissue anisotropy, which may in turn explain the observed increases
in gene expression levels.
Enhanced remodeling capacity, as observed for
anisotropic tissues compared to isotropic tissues,
can be a sign of myofibroblastic differentiation of
tendon-derived cells. Even though αSMA and CTGF
gene expression levels were not significantly different
between groups (Fig. 3), the protein may vary
between groups on a functional level. Cells were
thus fluorescently labeled for αSMA in all setups
(Fig. 5, right column). αSMA appears to become more
locally expressed when moving towards isotropic
tissue. However, a possible implication of this should
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Fig. 4. Cellular alignment strength may be a potential driver for remodeling-related gene expression. Fig. 4A:
Representative light microscopy images (top row) and polarized light microscopy images (bottom row) of the different
platforms. Fig. 4B & C: good agreement between the global orientation and alignment strength is obtained between the
model and the polarized light images. Additionally, the center of the tissue shifts from strongly anisotropic (2 posts)
gradually towards isotropic (12 posts), in agreement with stress fiber orientation, as shown in Fig. 2. Mean Strength A and
B represent the average of alignment strength over all voxels in the model, where in A, a linear weight is given, and in B
alignment strength exponentially contributes to the Mean Strength value. It is hereby hypothesized that alignment strength
may be a predictor for expression values of several genes, as shown in Fig. 3.

be carefully approached, especially since colocalization with F-actin was not observed.
Tissue perturbation results in rapid cellular
reorganization
One drawback of the used tissue platforms is the
necessity to compare cells residing in tissues of
different morphology (Fig. 1). To confirm a dependency
of tissue anisotropy on gene regulation, the model
system was slightly adapted to enable the measurement of transient changes in cellular alignment, i.e. from
predominantly isotropic gradually towards anisotropic
(Fig. 6). Tissues that were cultured while retaining their

geometry (unperturbed), displayed a random organization of the F-actin cytoskeleton. On the contrary,
tissues from which perpendicular boundary constraints
were removed (perturbed), remodeled towards anisotropic tissues with corresponding F-actin orientation. A
platform was thus developed in which cellular behavior
to changing tissue anisotropy can be measured.
Cellular anisotropy appears to provoke a positive
remodeling response
The platform (Fig. 6) was subsequently exploited
to assess changes on the gene expression level for
maintenance versus change in tissue anisotropy.
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Fig. 5. Connexin43 staining (Cx43,
left column) appeared to change from
more cytoplasmic for isotropic tissues
towards more punctate for anisotropic
tissues, indicative for improved cellular
communication. For alpha smooth
muscle actin (αSMA, right column),
co-localization with F-actin was not observed, however the protein appeared to
become more locally expressed moving
towards isotropic tissues. Images are
taken at day 7 of culturing. All scale bars
represent 25 μm.

Gene expression measurements were performed with
quantitative RT-PCR at day 2 (day 4 after seeding)
and 5 (day 7 after seeding) after tissue perturbation

(tissue perturbation was performed at day 2 after
seeding). A comparison was made between perturbed
and unperturbed tissues at both time points,

Tissue alignment enhances remodeling potential
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Fig. 6. Tissue remodeling platform, inducing a transient change in cellular alignment, as shown on the right. Tissues
that were cultured, while retaining their geometry, showed a random organization of the F-actin cytoskeleton, compared to
tissues that started with the same initial geometry but remodeled into a tissue with a highly aligned F-actin orientation after
removing perpendicular boundary constraints. Fluorescent images originate from the white box in the light microscopy
images. Scale bar represents 100 μm.

normalized against the expression levels at day 2
(Fig. 7). At day 5 after perturbation (Day 2 + 5),
perturbed tissues with enhanced cellular alignment
had higher expression levels of scleraxis, mohawk,
collagen I and III, connexin43, MMPs and TIMPs,
when compared to unperturbed tissues. Trends were
thus consistent with the data presented in Fig. 3. At
day 2 after perturbation (Day 2 + 2), clear trends were
not observed and this time point may have been too
early for gene expression profiles to have already
changed.

Discussion
Tendinopathy and connective tissue fibrosis are
widespread and clinically unresolved challenges due
to poor innate regenerative capacity and ineffective
treatment strategies, that often involve emergence
of fibrotic scar tissue [22–24]. The scarring process
is a limiting factor for the healing outcome, since it
associates with a progressive disorganization of the
tissue (ECM and cells) [28] with impaired mechanical
strength [25–27]. However, it remains unclear how this
altered organization in turn directly affects cellular
behavior. Are cells stimulated to initiate a healing

process or do they lose regenerative capacity when
exposed to a disorganized environment? This work
addressed the question whether the matrix remodeling
capacity of tendon-derived cells depends on the
organization of the 3D environment (isotropic vs.
anisotropic). This question was tackled by designing
and exploiting a tissue platform that aimed at
mimicking the change in matrix organization over the
entire disease course, i.e. from ‘unscarred’ anisotropic
towards ‘scarred’ isotropic. Strikingly, the gradient in
enhanced tissue anisotropy between the platforms
positively correlated with a gradient in matrix turnover
capacity (Collagen, MMPs and TIMPs) and cellular
communication (connexin 43). Absolute fold changes
in gene expression levels were however modest.
Exploitation of a numerical model then revealed
that cellular alignment strength correlates with the
measured gene expression values, when assuming
that local alignment can affect gene expression
levels exponentially. These findings may suggest
that cells exposed to a progressively disorganized
niche, lose their capacity for functional repair. Clinical
work and animal studies have shown that healing
of affected tendon tissue rarely, if ever, regains the
native structure, which is the case for tendinopathy
[29,53–56], but also for autografts used in ACL
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Fig. 7. A change in tissue organization from isotropic
towards highly anisotropic resulted in a trend suggesting
an increased remodeling potential (MMPs, TIMPs &
Collagen), increased potential for cellular communication (Cx43) and increased tenogenic expression (Scx &
Mkx) at day 5 after perturbation. These trends corroborate with data shown in Fig. 3. Values are normalized
against the housekeeping gene Eif4a2 and unperturbed
tissues at day 2. For all experiments, n = 3.

replacement that undergo ligamentization [57]. Future
work should aim at assessing whether our finding that
cells in a disorganized ECM have a diminished
capacity for remodeling and thus possibly diminished
healing potential, relates to such clinical implications.
This could give further insight in the validity of the
metaphor as stated by Cook et al. [38]: “treat the
doughnut (area of aligned fibrillar structure), not the
hole (area of disorganisation)”.
The most striking finding in this paper was the
gradual increase in remodeling capacity (MMPs,
TIMPs and collagen) when cells were exposed to an
environment that increased in anisotropy. On the
basis of strong visual evidence of the formed ECM
(Fig. 6), it is proposed that the elevated matrix
remodeling gene activity with increased tissue

anisotropy relates to an improved functional remodeling response and not a degenerative response.
Healthy tendon contains high amounts of collagen type
I and low amounts of type III collagen [58], whereas
tendinopathy is characterized by increased production
of type III collagen and higher type III/I collagen ratios
[58–63]. Since an increased expression of type III
collagen in anisotropic tissues, compared to isotropic
tissues, is only observed at day 4, it seems unlikely to
be associated with a pathological response. A similar
difficulty associates with the expression of MMPs and
TIMPs, since the balance between the amount of
active MMPs and TIMPs is determinant for whether a
net matrix synthesis or catabolism occurs [3,64–71].
Their roles are thus highly contextual, both spatially
and temporally [68–70]. Nevertheless, healing rat
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Achilles tendons mechanically weakened when treated with an MMP-inhibitor [72]. Notably, MMP3, which is
found to be upregulated [73–77] or downregulated [70]
in pathological tendon, is the only MMP that was not
sensitive to changes in tissue anisotropy – perhaps
indicating a unique functional role for this MMP in
tendon.
One of the factors that remains to be resolved is
the driving force for the observed changes in gene
expression with changing tissue organization. An
attempt was made to use cellular polarity, i.e. the
degree of anisotropy of the intracellular stress fiber
network, as the driving force by exploiting a
numerical model. As a consequence of such polarity,
head-to-tail cell-cell contact and communication
could be improved, which is the hallmark of healthy
tendon tissue [78]. Fluorescent labeling of connexin
43 then showed a more punctate appearance in the
anisotropic tissues, becoming more cytoplasmic
towards the isotropic tissues, which may have
been an indicator for improved communication.
However, a limitation to this study is that an increase
in cell density from the 2 posts to the 12 posts
platform, apart from enhanced cellular alignment,
can also affect the expression of connexin, i.e. a
correlation between connexin 43 and 32 expression
and increased cell density was previously observed
for in equine digital flexor tendons [79]. Another
limitation is that the rtPCR data are inherently flawed
because cellular alignment varies within a tissue
and analyses are performed on whole tissues. We
chose to still perform PCR on whole tissues and not
biopsied core tissues, as this biopsying would
introduce bias due to the experimental challenge of
performing this in a reproducible and consistent way
(the largest tissues are 3x3mm only). Instead, we
aimed at quantifying the effect of alignment variations using a numerical model. The model indicated
that cellular alignment near posts is indeed stronger
and thus diminishes the gradients observed for
gene expression changes with platform setup, as
observed using rtPCR. Future support will be gained
by performing in situ hybridization studies and
quantification on the protein level using western
blotting.
Tissue anisotropy is one of the unique features of
tendon [80], and perhaps not surprisingly strong
anisotropy has been found beneficial for tenogenic
expression [43–45] and stem cell differentiation
towards the tenogenic lineage [65,81–83]. When
cultured on aligned scaffolds, tendon-derived cells
displayed superior expression of the tendon marker
scleraxis, compared to randomly organized substrates,
and equally important a suppression of osteogenic
differentiation [44]. Also when implanted in Achilles
tendon defects, aligned scaffolds compared to random
scaffolds showed improved histological appearance
of collagen I, and increased gene expression levels
of scleraxis at 2 and 8 weeks and tenomodulin at

8 weeks post-surgery [45]. Porcine tenocytes cultured
on anisotropic microgrooved membranes showed
increased gene expression of the tendon marker
tenomodulin and of collagen I, when compared to
smooth silicon membranes [43]. Results for scleraxis
and collagen I thus agree with the current study, of
which gene expression was observed to gradually
increase with increasing anisotropy. Also in agreement
with these studies, measured differences in gene
expression level between isotropic and anisotropic
substrates were in the same range of the current study.
Contrary to previous work, tenomodulin was lowest
in tissues with the highest anisotropy, even though
not showing a gradient. This is somewhat surprising
since scleraxis, which in the current study did display
a gradual increase in expression with increasing
anisotropy, is an early tendon marker upstream of
tenomodulin [49]. We thus anticipated similar trends of
tenomodulin and scleraxis, although this expected
co-regulation was not observed. Despite changes in
tenogenic expression (scleraxis, tenomodulin and
mohawk), our tissue platform was not sufficient to
induce clear cellular differentiation towards a profibrotic
lineage, i.e. both profibrotic mediators αSMA and
CTGF [84,85] were not differently expressed between
platforms.
In conclusion, an increased degree of anisotropy
enhanced the potential of cells to remodel their
surrounding matrix. This may explain the poor
regenerative capacity of tenocytes in chronic tendinopathy and the observation that the structure of
affected tendon tissue is never fully recovered
[29,53–57].

Materials and methods
Cell extraction and culturing
Tendon-derived cells were isolated from tail tendon
fascicles from C57BL/6 mice (permission granted
under number ZH265/14, Kantonales Veterinäramt
Zürich, “The role of cells and matrix mechanics in
degeneration and regeneration of rodent tendon
tissue”). Upon euthanization of the animal using
carbon dioxide gas, the tail was cut and rinsed in
80% ethanol. The tip of the tail was clamped with a
locking forceps and twisted to extract tail tendon
fascicles. Fascicles were placed in PBS and the part
of the tail in the locking forceps was cut off, leaving
only the tendon tissue. The procedure was repeated
to extract all fascicles from the tail after which fascicles
were placed in a PBS-Collagenase IV solution
(3 mg/mL, Thermo Scientific nr. 17,104–019) for 4 h
at 37 degrees Celsius in a rotating chamber. The
solution was centrifuged 5 min at 1100 rpm and the
collagenase was aspirated. Cells and remnants of
tendon fascicles were resuspended in growth medium
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(DMEM 6429, Sigma; 10% fetal bovine serum,
Thermo Fisher Scientific; 1% penicillin/streptomycin,
Sigma; 1% nonessential amino acids, Sigma) and
cultured in collagen type I coated T75 flasks. All culture
flasks were coated overnight with collagen type I (rat
tail, Advanced Biomatrix nr. 5056) at 50 μg/mL in PBS
(Sigma). After 2 days, cells were passaged (1:2) using
trypsin (Thermo Fisher Scientific) and cultured for
another 2 days (37 degrees Celsius, 5% CO2).
Subsequently, they were frozen and stored in growth
medium containing 20% DMSO (Sigma). Before
deployment into reconstituted collagen tissues, cells
were passages once more (culturing them twice in 2D
for 3 days), resulting in all tendon-derived cells to be
used at passage 4 (in total after 10 days of culturing
in 2D).
Model system
An adapted version of a previously designed model
system [51,86,87] was used, able to engineer smallscale cell-populated fibrous tissues (Fig. 1). Cellpopulated reconstituted collagen matrices were produced via anchorage around an array of silicone posts,
resulting in constrained tissues in which alignment
progressively decreased from strongly anisotropic to
isotropic (Fig. 1), or from an initial setup of 10 Posts
(unperturbed and isotropic) remodeling towards a 6
posts setup (perturbed and anisotropic) due to flipping
the tissue over the perpendicular posts at day 2 after
the start of culturing using a forceps (Fig. 6). Posts
were mounted on rigid substrates, where deflection of
posts upon tissue contraction was not observed. A gel
mixture of growth medium, collagen type I (rat tail,
Advanced Biomatrix nr. 5056) and 1 M NaOH, to
neutralize the acidic collagen solution, was made with
a final collagen concentration of 1.5 mg/mL. Tendonderived cells were mixed with the gel at 5 million cells
per mL gel. The cell-gel mixture was subsequently
added to the system and left to gel for 45 min, after
which warm growth medium was added to each well
(4 mL). After 4 or 7 days of culturing, tissues were
directly put in liquid nitrogen for RNA isolation, or
tissues were fixed in 10% formalin solution (SigmaAldrich, HT5011) when anchored to the posts for
30 min for microscopy purposes.
Staining & microscopy
Top view phase contrast images of the tissues on
the different setups, as presented in Figs. 1, 2, 4–6,
were taken with an EVOS XL Core imaging system
(Thermo Scientific).
For polarized light microscopy, fixed tissues were
incubated for 2 h at room temperature in a Nuclear
Fast Red solution (Sigma, 229,113; 0.5 g in 500 mL
picric acid solution) and subsequently washed twice
in acidified water (5 mL acetic acid in 1 L deionized
water). Imaging was performed using a Leica (Leica
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DM5500 B inverted microscope) with a 10 × objective (Leica HC PL FL 10 ×, 0.3 N.A.), connected to a
digital camera (Leica DFC360 FX). Images were
stitched together using Fiji.
For confocal laser scanning microscopy, fixed
tissues were permeabilized for 30 min in 0.5%
Triton-X in PBS. The following antibodies were used
for specific staining of cellular proteins and cell nuclei:
αSMA primary antibody ab5694 (1:100, Abcam) and
FITC-labeled secondary antibody 711–095-152 (1:50,
Jackson ImmunoResearch Laboratories); connexin43
primary antibody MAB3067 (1:100, Sigma-Aldrich) and
Alexa Fluor 488-labeled secondary antibody A-21202
(1:50, ThermoFisher Scientific); actin cytoskeleton
using Alexa Fluor 568 nm Phalloidin (1:100, ThermoFisher Scientific); and cell nuclei are stained with
Hoechst (2 drops/mL, R37605, Molecular Probes).
Staining of αSMA and connexin43 was never performed on the same tissue because of corresponding
excitation wavelengths. Z-stack fluorescent images
were taken with a confocal microscope (Leica SP5
CLSM). The pinhole of the photo-multiplier was set to
the optimal width for the used 63×, 1.3 N.A. glycerol
immersion lens (Zeiss HCX PL Apo, #506194).
Excitation sources comprised of a 405 nm diode laser
set at 20% power, a 488 nm argon laser set at 10%
power and a 561 nm DPSS laser set at 10% power.
Hybrid detectors accepted wavelength regions of 423–
472 nm for Hoechst, 498-541 nm for FITC (αSMA or
connexin43), or 571-640 nm for Alexa Fluor 568 nm
phalloidin. Tissues, released from the posts, were
visualized through the glass bottom of a petri dish.
Presented images were taken beyond the tissue
surface layer to ensure imaging of cells in a true 3D
environment with 2× line averaging and measured
246x246μm each. No additional image processing was
performed.
rtPCR
Pooled tissues were taken from liquid nitrogen
storage and lysed directly in RLT buffer, containing
1% β-mercaptoethanol (Sigma). The RNeasy Plus
Micro Kit protocol was followed to isolate RNA from the
samples (Qiagen, 74,004). The quality and quantity of
the RNA was measured for each sample taking 2 μL
sample using an Epoch Microplate Spectrophotometer, loaded with a Take3 micro-volume plate (Biotek).
Subsequently, complementary DNA (cDNA) was
produced from the RNA solution, diluted to 20 ng/mL
RNA in RNase-free water, with the High Capacity
RNA-to-cDNA Kit (Applied Biosystems, 4,387,406).
Quantitative real-time PCR (qRT-PCR) was
performed using TaqMan primers (ThermoFisher
Scientific, Table 1). qRT-PCR reactions consisted of
2 μL cDNA sample, 2.5 μL RNase-free water, 0.5 μL
primer, and 5 μL mastermix (TaqMan Universal
Master Mix, Applied Biosystems, 4,304,437). Samples
were amplified using a CFX96 RT-PCR Detection
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Table 1. TaqMan primers used in the current study (ThermoFisher Scientific).
Eukaryotic initiation factor 4a2
Glyceraldehyde 3-phophate dehydrogenase
Ribosomal Protein (large subunit) 4
Ornithine decarboxylase antizyme
Ribosomal Protein (small subunit) 29
Small ribosomal protein 14
Scleraxis
Tenomodulin
Mohawk
Collagen 1
Collagen 3
Matrix Metalloproteinase 1
Matrix Metalloproteinase 2
Matrix Metalloproteinase 3
Matrix Metalloproteinase 9
Matrix Metalloproteinase 13
Matrix Metalloproteinase 14
Tissue inhibitor of metalloproteinase 1
Tissue inhibitor of metalloproteinase 2
Alpha Smooth Muscle Actin
Decorin
Connexin 26
Connexin 32
Connexin 43

System (Biorad) under the following PCR cycling
conditions: 50 °C for 2 min, 95 °C for 10 min,
40 cycles of denaturation at 95 °C for 15 s, annealing
and extension at 60 °C for 5 s. Quantification was
done using the comparative 2 −ΔΔCT method with the
eukaryotic initiation factor-4A2 (Eif4a2) as housekeeping gene, since that was shown to be the most stable of
tested housekeeping genes (Supplementary Fig. S1,
values were normalized against the average value
from all samples of the gene tested). Results are
presented as relative gene expression levels normalized to tissues that originated from the 2 posts setup
(‘unscarred’ tendon), which thus have the value 1 and
lack a standard deviation. All reactions were performed
in technical duplicates or triplicates.
Numerical model
A previously established computational framework
[50–52] was utilized to predict the local actin stress
fiber alignment throughout the whole tissue in each
of the setups. The posts in each of the setups were
modeled as incompressible Neo-Hookean materials
with a Young's modulus of 0.27 MPa. The tissue was
modeled as a mixture of actin stress fibers, collagen
fibers, and isotropic cell and tissue constituents,
where stress fibers and collagen fibers were both
modeled as angular distributions of fibers. The
volume fractions of stress fibers in all directions
were subject to remodeling, whereas the collagen
volume fractions were equal in all directions (no
remodeling). Remodeling of the actin stress fibers
was hypothesized to depend on the active stress
exerted by the stress fibers, where the stress fiber

Eif4a2
Gapdh
Rpl4
Oaz1
Rps29
Srp14
Scx
Tnmd
Mkx
Col1a1
Col3a1
MMP1
MMP2
MMP3
MMP9
MMP13
MMP14
TIMP1
TIMP2
αSMA
Dcn
Cx26/Gjb2
Cx32/Gjb1
Cx43/Gja1

Mm01730183_gH
Mm00801666_g1
Mm0171353_g1
Mm01611061_g1
Mm02342448_gH
Mm00726104_s1
Mm01205675_m1
Mm00491594_m1
Mm00617017_m1
Mm00801666_g1
Mm01254476_m1
Mm00473485_m1
Mm00439498_m1
Mm00440295_m1
Mm00442991_m1
Mm00439491_m1
Mm00485054_m1
Mm01341361_m1
Mm00441825_m1
Mm00725412_s1
Mm00514535_m1
Mm00433643_s1
Mm01950058_s1
Mm01179639_s1

stress was modeled as a function of the strain and
strain rate in the tissue [51]. In addition, contraction of
the collagen fibers, induced by the contractile forces of
the stress fibers, was included as a mechanism for
tissue compaction [52]. The following order parameter
was used to quantify the strength and main orientation
of the stress fiber distribution at each location:
π=2
Z

O sf ¼
−π=2

φsf ðγ Þ
cosð2γ Þdγ
N ðϕ a −φm Þ

with φsf (γ) the stress fiber volume fraction at angle γ, N
the number of fiber directions, ϕa the total amount of
actin, and φm the fraction of actin that had not
polymerized into stress fibers. To quantify the strength
of alignment only, the stress fiber distribution at each
location in the tissue was fitted with a periodic version
of the normal probability distribution:


cos½2ðγ−α Þ þ 1
∼
φ sf ¼ A exp
β
where α is the main angle of the fiber distribution, and
β is a measure for the fiber dispersity. Subsequently, a
measure for the mean cellular alignment strength of
the complete tissue (Mean Strength A) was obtained
as:
Z ∼
1 φ sf;peak
SA ¼
dV
V V β
∼
with φ sf ;peak the peak of the fitted distribution, and V
the volume of the tissue. Finally, to explore the
consequences of a nonlinear dependence of gene
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expression on local cell alignment, the following index
was proposed (Mean Strength B):
Z
∼
φ s f;peak
1
dV
SB ¼
exp
β
V V
Statistics

[3]

[4]

One-way ANOVA was performed on rtPCR data
(for all experiments, n = 3), as presented in Fig. 3, to
detect a significant difference between the different
post setups (2–12 posts). P-values below 0.05 were
considered to indicate a significant change in gene
expression level for the different post setups. Post hoc
tests were not performed because of the normalization procedure against the 2 post setup (values always
equal 1 without a standard deviation).
Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.matbio.2017.06.
002.
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