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Tendon tissue engineering approaches are challenged by a limited understanding of the role mechanical
loading plays in normal tendon development. We propose that the increased loading that developing
postnatal tendons experience with the onset of locomotor behavior impacts tendon formation. The objec-
tive of this study was to assess the onset of spontaneous weight-bearing locomotion in postnatal day (P)
1, 5, and 10 rats, and characterize the relationship between locomotion and the mechanical development
of weight-bearing and non-weight-bearing tendons. Movement was video recorded and scored to deter-
mine non-weight-bearing, partial weight-bearing, and full weight-bearing locomotor behavior at P1, P5,
and P10. Achilles tendons, as weight-bearing tendons, and tail tendons, as non-weight-bearing tendons,
were mechanically evaluated. We observed a significant increase in locomotor behavior in P10 rats, com-
pared to P1 and P5. We also found corresponding significant differences in the maximum force, stiffness,
displacement at maximum force, and cross-sectional area in Achilles tendons, as a function of postnatal
age. However, the maximum stress, strain at maximum stress, and elastic modulus remained constant.
Tail tendons of P10 rats had significantly higher maximum force, maximum stress, elastic modulus,
and stiffness compared to P5. Our results suggest that the onset of locomotor behavior may be providing
the mechanical cues regulating postnatal tendon growth, and their mechanical development may pro-
ceed differently in weight-bearing and non-weight-bearing tendons. Further analysis of how this loading
affects developing tendons in vivo may inform future engineering approaches aiming to apply such
mechanical cues to regulate engineered tendon formation in vitro.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Tendons transfer mechanical forces from muscle to bone, and
are critical for movement and locomotion. Frequent injury and
poor healing are key motivators for tendon tissue engineering. To
advance tendon tissue engineering, there is a need to better under-
stand the processes that regulate normal tendon development.
Tendon development can be characterized by describing the
mechanical properties, but there is limited information available
on how the mechanical properties of tendon progress during
typical development. Structure-function relationships in develop-
ing and mature tendon have been reviewed (Benjamin et al.,
2008; Connizzo et al., 2013), though few studies have character-
ized early postnatal tendons. Previous studies demonstrated that
the mechanical properties of developing tendon increase through-
out embryonic (Marturano et al., 2013; Schiele et al., 2013b) and
postnatal growth (Ansorge et al., 2011; Torp et al., 1975). In chick
models, significant increases were observed in the ultimate tensile
stress of extensor tendons (McBride et al., 1988) and elastic
modulus of calcaneal tendons (Marturano et al., 2013) between
embryonic developmental stages (e.g., Hamburger and Hamilton
(HH) stages) HH 42 and 43, and HH38 and 43, respectively. In
developing mice, linear region stiffness and elastic modulus of
Achilles tendons (ATs) increased with age from postnatal day (P)
4 to 28 (Ansorge et al., 2011). In humans, children aged 8–10 years
and adults aged over 19 years had higher AT stiffness and elastic
modulus, compared to children aged 5–7 (Waugh et al., 2012).
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Collectively, these findings illustrate that the mechanical proper-
ties of tendon change throughout embryonic and postnatal devel-
opment. However, many of the mechanical and biochemical factors
that regulate tendon formation during development remain
unknown.

Unlike ATs, tail tendons (TTs) are regarded as force-
transmitting, but primarily non-weight-bearing tendons, whose
main function in rats and most mice is to position the tail
(Kondratko-Mittnacht et al., 2015; Screen et al., 2013). In mutant
embryonic mice null for scleraxis, a transcription factor and regu-
lator of tenogenesis (Schweitzer et al., 2001), development differed
between force-transmitting (forelimb flexors, long trunk, tail) and
muscle-anchoring (short-range anchoring, intercostal) tendons,
suggesting distinctions in the developmental processes of various
tendons (Murchison et al., 2007). Although TTs are considered
non-weight-bearing, they were also impacted by scleraxis loss-
of-function, much like the force-transmitting limb tendons
(Murchison et al., 2007). While mechanical properties of adult
mouse (Derwin et al., 2001; Mikic et al., 2008; Reuvers et al.,
2011) and rat TTs have been evaluated (Bruneau et al., 2010;
Lavagnino et al., 2015), it is unknown how the mechanical develop-
ment of TTs differs from weight-bearing tendons, such as the ATs.

Tissue engineering studies show that mechanical stimulation
regulates tendon formation in vitro (Butler et al., 2008;
Chokalingam et al., 2009; Juncosa-Melvin et al., 2007; Kalson
et al., 2011; Kuo and Tuan, 2008; Li et al., 2015; Mubyana and
Corr, 2018; Nirmalanandhan et al., 2007; Qin et al., 2015; Schiele
et al., 2013a; Scott et al., 2011; Shearn et al., 2007; Subramony
et al., 2013). Mechanical loading of cells in scaffolds enhanced col-
lagen fibril quantity and diameter, elastic modulus, and ultimate
tensile stress (Kalson et al., 2011), and collagen type I and III gene
expression (Chokalingam et al., 2009; Juncosa-Melvin et al., 2007).
Mechanically stimulated stem cell-seeded scaffolds increased
maximum force, linear region stiffness, maximum stress, and elas-
tic modulus of rabbit patellar tendon defects, compared to static
controls (Shearn et al., 2007). These results suggest that mechani-
cal loading impacts cell behavior and directs functional tendon tis-
sue formation in vitro, but there is limited information on how
mechanical stimulation impacts developing neonatal tendons
in vivo.

Embryonic movement is a source of prenatal mechanical stim-
ulation that may contribute to the correct development of muscu-
loskeletal tissues (Hall and Herring, 1990; Hosseini and Hogg,
1991; Huang et al., 2015; Lamb et al., 2003; Schiele et al., 2013b;
Schwartz et al., 2013; Scott et al., 1987). Tendon development in
chick, mouse, and human is disrupted when embryonic movement
is restricted or absent (Beckham et al., 1977; Huang et al., 2015;
Mikic et al., 2000; Nemec et al., 2011; Pan et al., 2018). Muscle-
less mice develop early-stage condensations of tendon progenitor
cells that are subsequently lost by embryonic day 13.5, and this
loss may be attributed to a lack of mechanical stimulation from
the developing muscles (Huang et al., 2015). While movement in
the embryo is important for tissue formation, the effects of
mechanical stimulation on postnatal tendon development are not
as well understood, partly because changes in postnatal movement
patterns and tissue formation have not been characterized.

Throughout postnatal development, the mechanical loads that
tendons experience are likely to increase as locomotion and
weight-bearing behaviors increase. However, it remains unknown
how the development of weight-bearing movement and locomo-
tion in the neonate is associated with the functional development
of tendons. Existing research has focused mainly on adult tendon;
one study found that daily running uphill significantly increased
the elastic modulus and maximum stress of the AT (Heinemeier
et al., 2012). Tendons may also adapt to increased mechanical load-
ing in adolescent athletes with increased stiffness (Mersmann
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et al., 2017). Restriction of motion negatively impacts adult tendon
mechanical properties in humans (Kubo et al., 2000), and in normal
(De Aro et al., 2012) and healing (Andersson et al., 2012) rats. Based
on these studies, we propose that developmental changes in loco-
motion and weight-bearing increase loading of the musculoskele-
tal system, and contribute to the increased mechanical properties
of developing postnatal tendons. In this study, we explored the
relationship between the mechanical properties of neonatal rat
tendons and their locomotor behavior. Developing rats are an ideal
model system because gradual and significant changes occur in
spontaneous posture and locomotion during the first two postnatal
weeks. Movement patterns shift from limited loading of the hin-
dlimbs (i.e., crawling) at birth to expression of weight-bearing
quadrupedal walking by P10 (Swann and Brumley, 2018). To date,
there is limited information on the development of locomotor
behavior in rats before P10.

We aimed to characterize the relationship between changes in
spontaneous locomotor behavior and mechanical properties of ten-
don. We hypothesized that developmental changes in locomotion
and weight-bearing influence the mechanical properties of tendon
in postnatal rats. To test this hypothesis, we measured the structural
(maximum force, displacement at maximum force, stiffness, cross-
sectional area) and material (maximum stress, strain at maximum
stress, elastic modulus) properties of ATs and TTs, and the onset of
weight-bearing locomotion as a function of age in neonatal rats at
P1, P5, and P10. Evaluating weight-bearing and non-weight-bearing
tendons allowed us to compare changes in structural and material
properties of tissue subjected to different degrees of in vivo mechan-
ical stimulation at the onset of locomotion.
2. Methods

2.1. Evaluation of weight-bearing locomotion

Subjects were offspring from Sprague-Dawley rats maintained
in accordance with NIH guidelines (National Research Council,
2011), and the institutional animal care and use committee. To
evaluate locomotion, rat pups were tested at P1, P5, or P10 (n = 8
subjects per age). Subjects were removed from the home cage with
the dam and individually tested in a clear, 8-in by 8-in Plexiglas
box (i.e. open-field) to examine spontaneous locomotion. The
open-field box was placed inside a temperature- and humidity-
controlled incubator to maintain conditions during testing (35 �C
at P1, 33 �C at P5, 30 �C at P10). All behavior was video recorded
for 20-minutes from a lateral and dorsal camera view, and stored
on DVD. Following behavioral testing, subjects were euthanized
via CO2 inhalation, the hindlimbs and tails were removed, pack-
aged in saline-soaked gauze, and stored at �80� C.

Scoring of spontaneous locomotor behavior was conducted dur-
ing video-playback using Datavyu (Version 1.3.4; Datavyu Team,
2014). Locomotor behaviors scored included non-weight-bearing
hindlimb activity (i.e., hindlimb kicking, pivoting, crawling with
inactive hindlimbs), partial weight-bearing of the hindlimbs (i.e.,
partial rearing and hindlimb-active crawling), and full weight-
bearing hindlimb activity (i.e., walking, standing, and full rearing).
One person scored all of the videos. Intra- and interrater reliability
with a standard file was >90%. Differences in durations of each
behavior category with developmental age were analyzed with
one-way analysis of variance (ANOVA) and Tukey’s post-hoc test.
Significance was set at p < 0.05.
2.2. Evaluation of mechanical properties

To evaluate tendon mechanical properties, one AT per animal
from P1 (n = 4), P5 (n = 5–7), and P10 (n = 6–11) Sprague-Dawley
ty from ClinicalKey.com by Elsevier on November 20, 2019.
n. Copyright ©2019. Elsevier Inc. All rights reserved.
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rats was thawed and dissected in saline. Ranges in n-numbers (P5
and P10 ATs) are due to some missing images preventing calcula-
tion of cross-sectional area and subsequent determination of mate-
rial properties, though structural properties were still obtained.
After the skin was removed, the muscles and fascia were teased
away from the tibia and the fibula, exposing the AT. The tendon
was isolated from the limb while maintaining the myotendinous
junction at the gastrocnemius muscle and the insertion at the cal-
caneus. The myotendinous junction and calcaneus bone were
mounted facing anteriorly into our custom small-scale tensile load
frame with cyanoacrylate (Raveling et al., 2018). A 500 g capacity
load cell (Honeywell, Columbus, OH) measured force, and custom
LabVIEW software (National Instruments, Austin, TX) recorded
force and displacement data. Front and side view images of each
tendon were obtained using a digital camera (Thorcam DCC1645C,
Thorlabs, Inc, Newton, NJ). Tendon length and width were mea-
sured using ImageJ (NIH, Bethesda, MD). ATs are wider mediolater-
ally than anteroposteriorly, so consistent with previous studies
(Lee et al., 2017), ATs were assumed to have an elliptical cross-
section. Cross-sectional area was calculated using the narrowest
front and side view width of the ATs, whose longitudinal location
coincided in both views. ATs were preloaded to 0.05 N, precondi-
tioned with 10 cycles of loading to 1% strain, and pulled to failure
at 0.1 mm/s. ATs and TTs were kept hydrated with saline through-
out testing. Maximum stress, strain at maximum stress, linear
elastic modulus, and linear stiffness were calculated from the
force-displacement curves and cross-sectional areas. The linear
region was determined from the slope of a line fit to curves that
had a R2 > 0.90 (R2 = 0.976 ± 0.023, Supplementary Fig. 1).
Fig. 1. Spontaneous locomotion in postnatal rats, when tested in an open field. (A) D
developmental age. (B) Categories of non-weight-bearing locomotion (hindlimb kicking
bearing locomotion (hindlimb active crawling and partial rearing). (D) Categories of fu
showed any full weight-bearing behavior. Lines denote significant differences between
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Differences with developmental age were evaluated using a one-
way ANOVA and Tukey’s post-hoc test.

TTs from P5 (n = 7) and P10 (n = 8) rats were dissected in saline
using methods previously described (Bruneau et al., 2010). Briefly,
whole TTs were grasped at the proximal end of the skinned tail and
gently removed. TTs were secured with cyanoacrylate into card-
board c-clamps to hold the tissues during mounting in the load
frame. The c-clamps were cut following mounting. TTs were mea-
sured using ImageJ as described for ATs, but TTs were assumed to
have a circular cross-section based on previous studies (Bruneau
et al., 2010; Parent et al., 2010) and using the narrowest diameter
(measured three times and averaged) from the side view of the
mounted TTs. A preload of 0.01 N for P5 tendons and 0.05 N for
P10 TTs was applied to remove the slack. TTs were not precondi-
tioned due to their fragility. TTs were pulled to failure at 0.1 mm/
s and force was measured using a 150 g capacity load cell (Honey-
well). TTs were evaluated with unpaired, two-tailed t-tests. Signif-
icance was set at p < 0.05.
3. Results

3.1. Weight-bearing locomotor behavior increases with age

Spontaneous locomotion increased from P1 to P10 (Fig. 1A–D).
Durations of locomotion significantly increased from P1 to P10
(p = 0.002) (Fig. 1A). P10 rats showed significantly more non-
weight-bearing hindlimb activity compared to P1s (p = 0.003)
and P5s (p = 0.005) (Fig. 1B). Specifically, P10 rats showed signifi-
cantly more pivoting than P1s (p = 0.001) and P5s (p = 0.001).
urations of non, partial, and full weight-bearing spontaneous locomotion across
, pivoting, and crawling with inactive hindlimbs). (C) Categories of partial weight-
ll weight-bearing locomotion (walking, full rearing, and standing). Only P10 rats
groups. Bars show mean durations; vertical lines depict SEM.

rom ClinicalKey.com by Elsevier on November 20, 2019.
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Table 1
Mechanical properties of P1, P5, and P10 rat ATs, and P5 and P10 rat TTs (mean ± standard deviation).

Tendon Max force
(N)

Displacement at max
force (mm)

Stiffness (N/
mm)

Max stress
(MPa)

Strain at max stress
(mm/mm)

Elastic modulus
(MPa)

Cross-sectional area
(mm2)

Gauge length
(mm)

P1 AT 0.31 ± 0.16 0.63 ± 0.22 0.68 ± 0.43 0.56 ± 0.34 0.47 ± 0.21 1.64 ± 1.14 0.61 ± 0.31 0.89 ± 0.46
P5 AT 0.91 ± 0.27 0.92 ± 0.34 1.66 ± 0.78 1.04 ± 0.030 0.50 ± 0.18 2.64 ± 1.02 0.66 ± 0.62 1.55 ± 0.29
P10 AT 2.65 ± 1.03 2.04 ± 0.82 2.18 ± 1.15 0.94 ± 0.66 0.68 ± 0.28 1.21 ± 0.60 3.50 ± 1.45 3.17 ± 1.40
P5 TT 0.30 ± 0.18 1.59 ± 0.74 0.26 ± 0.16 1.15 ± 0.55 0.61 ± 0.29 2.66 ± 1.57 0.27 ± 0.12 2.89 ± 1.23
P10 TT 0.66 ± 0.17 1.69 ± 0.58 0.50 ± 0.21 3.23 ± 2.33 0.40 ± 0.19 10.33 ± 6.48 0.31 ± 0.15 4.76 ± 1.63
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Differences in hindlimb kicks and crawling (without hindlimbs)
across ages were not significant. Partial weight-bearing hindlimb
activity increased significantly (p < 0.001) during the first 10 post-
Fig. 2. Postnatal rat Achilles tendon structural properties. (A) Representative force-di
displacement at maximum force, (D) stiffness, and (E) cross-sectional area. P10 Achilles
Lines denote significant differences between groups. Bars represent mean ± standard de

Downloaded for Anonymous User (n/a) at Idaho State Universi
For personal use only. No other uses without permissio
natal days, with P10s exhibiting significantly more hindlimb-active
crawling than P1s (p = 0.001) and P5s (p = 0.003) (Fig. 1C). Only
P10 showed partial rearing. For full weight-bearing hindlimb
splacement curves of P1, P5, and P10 Achilles tendons. (B) Maximum force, (C)
tendons had significantly increased structural properties, compared to P1 and P5.
viation.

ty from ClinicalKey.com by Elsevier on November 20, 2019.
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locomotion, the effect of age was not significant (p = 0.140); how-
ever, only P10 pups showed any full weight-bearing behavior
(Fig. 1D). There were no significant differences in any category of
weight-bearing locomotion between P1 and P5.

3.2. Achilles tendon mechanical properties

Average mechanical properties of rat tendons and gauge lengths
are listed in Table 1. All samples included in the data analysis failed
at the midsubstance. Representative force-displacement and
stress-strain curves of P1, P5, and P10 ATs showed changes with
age (Figs. 2A, 3A). The maximum force, displacement at maximum
force, stiffness, and cross-sectional area of ATs increased as a func-
tion of age (Fig. 2B–E). Maximum force for P10 ATs was signifi-
cantly higher compared to P1 (p = 0.0001) and P5 (p = 0.0004)
(Fig. 2B). Displacement at maximum force was significantly higher
for P10 ATs compared to P1 (p = 0.0032) and P5 (p = 0.0046)
(Fig. 2C). Stiffness was significantly higher for P10 ATs compared
to P1 (p = 0.03) (Fig. 2D). Cross-sectional area of P10 ATs was sig-
nificantly larger than P1 (p = 0.0023) and P5 (p = 0.0016) ATs
(Fig. 2E). Elastic modulus of P10 ATs trended lower than P5
(p = 0.06), while maximum stress and strain at maximum stress
remained consistent between age groups (Fig. 3B–D).

3.3. Tail tendon mechanical properties

Representative force-displacement and stress-strain curves of
TTs showed increases from P5 to P10 (Figs. 4A, 5A). The maximum
force (p = 0.0015), stiffness (p = 0.027), elastic modulus (p = 0.009),
and maximum stress (p = 0.039) of P10 TTs were significantly
Fig. 3. Postnatal rat Achilles tendon material properties. (A) Representative stress–strain
and (D) strain at maximum stress. P10 Achilles tendon material properties remained re
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higher than the corresponding properties in P5 TTs (Figs. 4B, D
and 5B, C). No significant differences were observed for displace-
ment at maximum force, cross-sectional area, and strain at maxi-
mum stress between age groups (Figs. 4C, E and 5D).
4. Discussion

An attractive approach for tendon tissue engineering involves
mimicking native tissue development to produce functional con-
structs. A challenge has been limited information on how the
mechanical function of tendon forms during development, and
the role mechanical loading plays in tendon formation. Several
developmental processes, including the onset of locomotion, may
regulate tendon formation. In this study, we examined how the
onset of weight-bearing locomotion coincides with changes in
the structural and material properties of weight-bearing ATs and
non-weight-bearing TTs. We found increases in hindlimb weight-
bearing locomotion behavior beginning between P1 and P10. At
the same time, structural properties (maximum force, displace-
ment at maximum force, stiffness, and cross-sectional area) of
ATs increased significantly at P10, compared to P1 and P5, whereas
material properties (maximum stress, strain at maximum stress,
and elastic modulus) did not. Structural and material properties
of TTs increased between P5 and P10. These findings suggest that
increased locomotor behavior coincides with neonatal AT growth
and maintained material properties, and that the developmental
mechanisms of the non-weight-bearing TTs may be unique from
the weight-bearing ATs.

Increased locomotion initiating between P1 and P10 may pro-
vide the mechanical loading needed for regulating tendon growth.
curves of P1, P5, and P10 Achilles tendons. (B) Elastic modulus, (C)maximum stress,
latively constant between groups. Bars represent mean ± standard deviation.

rom ClinicalKey.com by Elsevier on November 20, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.



Fig. 4. Postnatal rat tail tendon structural properties. (A) Representative force-displacement curves of P5 and P10 tail tendons. (B) Maximum force, (C) displacement at
maximum force, (D) stiffness, and (E) cross-sectional area. P10 tails tendons had significantly increased structural properties, compared to P5 tail tendons. Lines denote
significant differences between groups. Bars represent mean ± standard deviation.
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Narrowing down a specific time point during which important
developmental changes might arise is novel information that can
aid in the search for potential biomechanical cues to direct teno-
genesis in vitro, or to stimulate repair in vivo. Previous characteri-
zation of age-related locomotor patterns during postnatal
development showed quadrupedal walking is not consistent in rats
until P10, and gradually increases in duration throughout the sec-
ond postnatal week (Swann and Brumley, 2018). The current find-
ing that full weight-bearing locomotion was higher in P10s than at
earlier ages supports this, suggesting that the developmental range
in which significant mechanical stimulation of hindlimb tendons
begins may be quite small, and initiated by mechanical cues from
this new movement pattern. Future work should examine the cor-
relation between AT mechanical properties and weight-bearing
Downloaded for Anonymous User (n/a) at Idaho State Universi
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locomotion in rats during the second and third postnatal weeks
(i.e., time points with increased weight-bearing locomotion), to
investigate dose effects related to mechanical loading. Experimen-
tal manipulation of weight-bearing locomotion during the postna-
tal period would further elucidate the coordination between
locomotor behavior and musculoskeletal development.

Changes in structural and material properties of neonatal ten-
don during the days immediately following birth are less under-
stood. To our knowledge, this is the first study assessing the
mechanical properties of rat ATs and TTs at these early postnatal
ages. In rat ATs, we found significant increases in structural prop-
erties, specifically maximum force and displacement at maximum
force, while no significant differences were found in the material
properties (maximum stress, strain at maximum stress, and elastic
ty from ClinicalKey.com by Elsevier on November 20, 2019.
n. Copyright ©2019. Elsevier Inc. All rights reserved.



Fig. 5. Postnatal rat tail tendon material properties. (A) Representative stress-strain curves of P5 and P10 tail tendons. (B) Elastic modulus, (C)maximum stress, and (D) strain
at maximum stress. P10 tails tendons had significantly increased material properties, compared to P5 tail tendons. Lines denote significant differences between groups. Bars
represent mean ± standard deviation.
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modulus). Our AT results are consistent with another study that
found no significant differences in the material properties of nor-
mally developing mouse ATs from P7 to P10 (Ansorge et al.,
2011). The significant increase in AT cross-sectional area at P10,
compared to both P1 and P5 (Fig. 2E), could explain why material
properties were unchanged. It is possible that increased mechani-
cal stimuli from initiation of weight-bearing behavior lead to lat-
eral tissue expansion, increasing cross-sectional area. The
differences we observed in AT dimensions and structural mechan-
ical properties coincide temporally with changes in the collagen of
rat ATs (Chen et al., 2016). At P4, extracellular matrix in the ATs
became denser, and long parallel fibers with defined crimping
were visible by P7, though at the nanoscale, collagen fibril diame-
ter did not appear to increase until P14 (Chen et al., 2016). Simi-
larly, collagen fibril diameter in postnatal mouse AT was
significantly increased at P21, compared to P4, 7, and 10
(Ansorge et al., 2011). Together, these findings indicate that neona-
tal ATs are still immature and the collagen structure is dynamic
and developing. Weight-bearing loading may induce rapid lateral
expansion in neonatal ATs and hence increase the dimension-
dependent structural properties by P10, but underlying material
properties have not yet been significantly impacted. Collagen
cross-linking influences elastic modulus (Makris et al., 2014;
Marturano et al., 2014), and may be a regulator of material proper-
ties in developing ATs. In neonatal ATs, significant increases in
dimensions and structural properties may couple with minimal
material property changes, to ensure that tendon is responsive to
mechanical stimuli before becoming fully cross-linked and less
adaptable. Future studies investigating collagen fibril organization,
Downloaded for Anonymous User (n/a) at Idaho State University f
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cross-linking, diameter, and density from P1 to P10 and beyond
may help to identify impacts of weight-bearing loading on the col-
lagen structure in ATs.

In contrast to AT, both structural and material properties of TTs
increased significantly from P5 to P10. Elastic modulus, stiffness,
maximum stress, and maximum force were significantly higher
in TTs at P10, compared to P5. Since rat TTs are non-weight-
bearing, they may experience a smaller increase in mechanical
loading as locomotion develops, and hence lateral tissue expansion
proceeds more slowly, leading to no significant increase in cross-
sectional area at P10. Significant increases in structural and mate-
rial properties of TTs suggest a more rapid maturation, compared
to ATs. Future studies are needed to explore the mechanisms that
regulate TT compared to AT development.

Neonatal rat tendons are challenging to mechanically test, as
the tissues are small and soft, requiring a small-scale load frame
with low force-capacity load cells (e.g., 150 g), leading to some lim-
itations. Tendon isolation and mounting is difficult, and measuring
their small cross-sectional areas may be a source of some variabil-
ity and error. To control for this, all tendons were evaluated in the
same way. Cross-sectional areas were measured multiple times
and averaged, which reduces error (Parent et al., 2010). Neonatal
AT is particularly challenging to evaluate. The AT is anterior to
and overlaid by the plantaris tendon, and composed of three differ-
ent bundles (Lee and Elliott, 2019). To avoid damaging the tissue,
the plantaris tendon was not removed and the whole AT complex
was used. Neonatal AT is also relatively short, compared to its
width, and may be prone to gripping artifacts. The tibialis anterior
(TA), another limb tendon, has an increased length to width ratio,
rom ClinicalKey.com by Elsevier on November 20, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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and has been evaluated at P2 (Calve et al., 2010). TA tendons may
be evaluated in future studies. With regard to the TTs, we could
only mechanically evaluate P5 and P10 groups. P1 TTs were too
small and fragile to reliably isolate from the tails and mount into
our load frame.

Finally, we did not control for sex during this study. At more
mature ages, differences have been detected in AT mechanical
properties between male and female rodents (Mikic et al., 2010;
Pardes et al., 2016). At younger ages (4 weeks), body mass, collagen
content, elastic modulus, and maximum stress have been shown to
be similar between male and female, and no significant differences
were found in TTs (Mikic et al., 2010). Sex differences of the neo-
nates likely did not affect our results, though future studies will
control for sex.

Taken together, increased locomotor behavior coincides with
AT growth and maintained material properties, and development
of non-weight-bearing TTs may be unique from the weight-
bearing ATs. Future studies will manipulate the mechanical envi-
ronment during development to better understand the impacts
of locomotion-associated loading on tendon formation. Future
investigations will also explore the mechanisms driven by this
interaction, and how the developmental process may be different
in weight-bearing and non-weight-bearing tendons. Overall, we
found a parallel increase in locomotor behavior and functional ten-
don formation, narrowing down the postnatal time period during
which locomotion may affect tendon development. New informa-
tion on the postnatal developmental timeline of rat tendon and
the relationship between locomotion and tendon mechanical prop-
erties will provide insights into how these processes occur during
normal development of the entire organism. These findings have
implications for directing functional tendon formation in engi-
neered tissues.
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