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Neonatal Spinal Cord
Transection Decreases Hindlimb
Weight-Bearing and Affects
Formation of Achilles and Tail
Tendons
Mechanical loading may be required for proper tendon formation. However, it is not well
understood how tendon formation is impacted by the development of weight-bearing
locomotor activity in the neonate. This study assessed tendon mechanical properties, and
concomitant changes in weight-bearing locomotion, in neonatal rats subjected to a low
thoracic spinal cord transection or a sham surgery at postnatal day (P)1. On P10, spon-
taneous locomotion was evaluated in spinal cord transected and sham controls to deter-
mine impacts on weight-bearing hindlimb movement. The mechanical properties of P10
Achilles tendons (ATs), as representative energy-storing, weight-bearing tendons, and
tail tendons (TTs), as representative positional, non-weight-bearing tendons were
evaluated. Non- and partial weight-bearing hindlimb activity decreased in spinal cord
transected rats compared to sham controls. No spinal cord transected rats showed full
weight-bearing locomotion. ATs from spinal cord transected rats had increased elastic
modulus, while cross-sectional area trended lower compared to sham rats. TTs from spi-
nal cord transected rats had higher stiffness and cross-sectional area. Collagen structure
of ATs and TTs did not appear impacted by surgery condition, and no significant differen-
ces were detected in the collagen crimp pattern. Our findings suggest that mechanical
loading from weight-bearing locomotor activity during development regulates neonatal
AT lateral expansion and maintains tendon compliance, and that TTs may be differen-
tially regulated. The onset and gradual increase of weight-bearing movement in the neo-
nate may provide the mechanical loading needed to direct functional postnatal tendon
formation. [DOI: 10.1115/1.4050031]

1 Introduction

Tendons are collagenous tissues that transfer mechanical forces
from muscle to bone to enable movement and locomotion. Ten-
dons are frequently injured and heal poorly [1], making them an

active area of investigation for tissue engineering and regenerative
medicine. A number of cellular [2–8], biochemical [2–5,9–12],
and mechanical [13–27] cues have been found to influence teno-
genesis (e.g., tenogenic differentiation and tendon formation)
in vivo and in vitro, but there is a need to further understand how
mechanical loading regulates functional tendon formation.

Recent studies have characterized the mechanical properties of
tendon throughout embryonic, neonatal, and postnatal develop-
ment to better understand their formation. Tendon mechanical
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properties increase throughout development in embryonic chick
[21,28,29], postnatal mouse [30] and rat [31], and humans [32],
but the factors driving these changes remain largely unknown.
The impact of mechanical loading on the mechanical and bio-
chemical properties of embryonic tendon has been investigated in
both avian and murine developmental models. In vivo, mechanical
loading originates from contractions of the adjacent, concurrently
forming skeletal muscles [33], and increases as the embryo or
neonate begins to move [31,34–36]. In chick embryos, both rigid
and flaccid paralysis downregulate expression of the tenogenic
markers, scleraxis, and tenomodulin, compared to nonparalyzed
controls [3]. Rigid paralysis induced for 48 h (h) also significantly
reduced calcaneal tendon elastic modulus, and reduced activity of
lysyl oxidase, an enzyme that mediates the formation of collagen
crosslinks [35]. Conversely, induced hypermotility led to
increased elastic modulus in chick calcaneal tendons [35]. In Pax3
knockout mice (Pax3Spd/Spd), which lack skeletal muscle, tendon
progenitor cells were identifiable before embryonic day (E)12.5,
but were lost without mechanical stimulation from the developing
muscles [33]. Though tenogenesis in embryonic chick and mouse
tendon development may proceed via divergent cellular signaling
pathways (e.g., fibroblast growth factor 4 appears to be tenogenic
in chick, but not in mouse [3]), combined, these studies highlight
the importance of mechanical loading for embryonic tendon
development. However, few studies have assessed the role of
mechanical loading during postnatal development.

Postnatal growth in rodents and humans is associated with the
development of full weight-bearing locomotor behavior [31,37],
suggesting that the developing tendons are exposed to increas-
ingly high levels of mechanical loading postnatally, especially
compared to embryonic ages. Though there are limited studies on
how this locomotor development impacts postnatal tendon forma-
tion, mechanical loading has been explored in the postnatal matu-
ration of the enthesis (the tendon-to-bone attachment). By
postnatal day (P)56, mice receiving a botulinum toxin (Botox)
injection in their supraspinatus muscle at birth show decreased
muscle volume and bone mineralization, and delayed fibrocarti-
lage development in the enthesis, compared to controls that
received saline injections [36]. In a different study, Botox injec-
tion led to disrupted postnatal enthesis development at the cellular
level [34], and decreased maximum force and stiffness of the
supraspinatus attachment [38]. Supraspinatus tendon cross-
sectional area, tensile strength, elastic modulus, collagen fibril
alignment, and toughness were also decreased following a postnatal
Botox injection [38]. In 10–12-week-old adult mice, loss of
mechanical loading (via Botox injection) led to a reduction in stiff-
ness and peak force of the Achilles tendons [26]. In a study using
16-week-old rats, Botox unloading led to increased stiffness and
collagen deposition in the Achilles tendons [39]. Together, results
of these studies suggest that both enthesis development and tendon
maintenance at more mature stages require the mechanical loading
associated with normal movement. However, not enough is known
about the role loading plays in neonatal tendon formation.

We recently identified that increases in neonatal rat tendon
mechanical properties coincide with the increased locomotor
behavior that occurs during the first 10 postnatal days [31]. Inter-
estingly, the observed increases in mechanical properties differed
between the energy-storing, weight-bearing Achilles tendons
(AT) and positional, non-weight-bearing tail tendons (TT), possi-
bly due to the different mechanical loads these tendons experience
as locomotion develops. Structural (size-dependent) and material
(size-independent) properties increased at different rates in the
different tendon types. Specifically, in energy-storing ATs, struc-
tural properties (maximum force, displacement at maximum force,
and cross-sectional area) increased at P10, compared to P5 and
P1. However, in positional TTs, both structural and material prop-
erties (maximum force, maximum stress, elastic modulus, and
stiffness) increased from P5 to P10. These changes coincided with
a significant increase in weight-bearing locomotion in P10 rats,
compared to P1 and P5 [31]. Overall, our previous results suggest

that increased mechanical loading from the postnatal development
of weight-bearing locomotor behavior may differentially impact
functionally distinct tendons.

Collectively, prior studies indicate that increased mechanical
loading, possibly from the developing locomotor behavior, may
be contributing to the changes observed in the postnatal tendons,
and that tendons may respond to this loading differently based on
their function. Disruption in the development of locomotor behav-
ior may lead to changes in tendon mechanical properties, but how
the onset of weight-bearing locomotion may affect developing
neonatal tendon mechanical properties remains unknown. We
hypothesized that altering locomotion, and hence mechanical
loading, would impact neonatal tendon development. To test this
hypothesis, we evaluated the collagen structure and measured the
mechanical properties of energy-storing ATs and positional TTs
in P10 rats, following a neonatal spinal cord transection or sham
surgery at P1. Prior research has shown that a neonatal spinal cord
transection significantly reduces, but does not eliminate, hindlimb
locomotor behavior in rats during early postnatal development
[40]. Thus, we also assessed changes in full, partial, and non-
weight-bearing hindlimb movement during spontaneous open-
field locomotion on P10. Disrupting locomotor development in
neonates and assessing the impact on postnatal tendon mechanical
properties provides novel insights into how the mechanical func-
tion of tendon emerges during development.

2 Methods

2.1 Animals and Spinal Cord Surgery. Subjects were
female offspring of Sprague-Dawley rats acquired from Simonsen
laboratories (Santa Clara, CA). Adult animals were socially
housed and mated. Pregnant females were individually housed
and closely monitored during the week they were scheduled to
deliver. On P1 (postnatal day 1; �24 h after birth), litters were
culled to 8 pups to ensure all pups remained healthy and received
a standard amount of maternal care, with roughly equal number of
males and females. At that time, all pups remaining in the litter
received a low thoracic spinal cord transection, or a sham surgery.
All pups within a litter received the same surgical treatment. On
P10, one female pup from a litter was randomly selected for
behavioral testing. The animal colony room was maintained in
accordance with the NIH, Institutes on Laboratory Animal
Resources, and Idaho State University, Institutional Animal Care
and Use Committee guidelines. The room was kept on a 12 h
light:dark cycle, and access to food and water was ad libitum.

To begin surgery on P1, rat pups were voided, weighed, and
anesthetized via hypothermia. A small incision was made to
expose the lower thoracic and lumbar spine, and a partial laminec-
tomy was performed between T8 and T10. For animals in the
transection group, the spinal cord was completely cut at one spinal
level (between T8 and T10) and a collagen matrix was injected
into the injury site to prevent regeneration. Rat pups in the sham
surgery group underwent all procedures except the transection cut
and collagen insertion. In both groups, animals received internal
and external sutures and subcutaneous injections of 0.04 mg/kg of
buprenorphine (50 lL) for analgesia and 9% saline to maintain
internal fluid balance. Pups were placed in an infant incubator to
recover before being returned to the home cage with the dam. The
total time of separation from the dam was �40 min. Pups
remained with the dam in their home cage until behavioral testing
occurred on P10, and were monitored regularly to ensure
recovery.

2.2 Evaluation of Locomotion. On P10, a total of 16 female
rat subjects (8 spinal cord transectedþ 8 sham) were tested in an
open field for measurement of spontaneous locomotion, as previ-
ously described [31]. Briefly, individual rat pups were placed in
an 800 � 800 � 800 Plexiglas box that was located inside a 30 �C
infant incubator, and allowed a 30-min acclimation period. Using
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a lateral camera angle, spontaneous locomotion was recorded on
video for 20 min. Immediately after testing, CO2 inhalation was
used to euthanize the subjects. Hindlimbs and tails were dissected
at the proximal end and stored at -80 �C.

Locomotion was assessed from video records using the scoring
program DATAVYU (version 1.3.4; Datavyu Team, New York, NY).
The duration of hindlimb locomotor behavior was evaluated and
categorized as full weight-bearing, partial weight-bearing, or non-
weight-bearing [28]. Full weight-bearing behaviors include stand-
ing and walking (plantar contact with all four paws and belly off
the ground) or full rearing (standing on hindlimbs with both fore-
limbs off the ground and head above the abdomen). Partial
weight-bearing behaviors include hindlimb-active crawling (hin-
dlimbs used to facilitate movement and belly in contact with the
ground) and partial rearing (one forelimb off the ground and head
above the abdomen). Non-weight-bearing behaviors include
crawling (hindlimbs inactive), pivoting (torso and head moving
while hindlimbs remain anchored), and hindlimb kicking. The cat-
egorization of these behaviors depended on the degree to which
the hindlimbs supported the weight of the animal. The duration of
each of these behaviors was scored and summed over the entire
20-min video with >90% intra- and interrater reliability.

2.3 Mechanical Evaluation of Achilles Tendons and Tail
Tendons. Mechanical evaluation was conducted as previously
described [31]. Briefly, one TT (n¼ 10 sham, n¼ 10 spinal cord
transected) and one AT per animal from P10 female (n¼ 11–14
sham, 9–11 spinal cord transected) rats were mechanically eval-
uated using our small-scale tensile load frame [41]. These subjects
were in addition to those used for behavioral testing (n¼ 8). ATs
were secured with cyanoacrylate in the grips, and a 500 g capacity
load cell (Honeywell, Columbus, OH) was used to measure force.
Force and displacement data were recorded using a custom Lab-
VIEW program (National Instruments, Austin, TX). A digital
camera (Thorcam DCC1645C, Thorlabs Inc., Newton, NJ) cap-
tured front- and side-view images of each tendon, which were
analyzed (ImageJ, NIH, Bethesda, MD) to obtain tendon length
and width, and measure gage length and cross-sectional area,
respectively. A circular cross section was assumed for TTs, and
an elliptical cross section was assumed for ATs, based on previous
studies [42–44]. Ranges in n-numbers (P10 ATs) resulted from
obtaining only structural properties for some samples due to miss-
ing images. A 0.05 N preload was applied to ATs. Next, ATs were
preconditioned with 10 cycles of loading to 1% strain, and imme-
diately pulled to failure at 0.1 mm/s [31]. To protect the TTs dur-
ing mounting in the grips, they were first adhered to cardboard c-
clamps using cyanoacrylate. The c-clamps were then cut prior to
testing. A preload of 0.01 N was applied to TTs to remove the
slack. As TTs are more fragile than ATs, they were not precondi-
tioned and force was measured using a 150 g load cell (Honey-
well) [31]. All tendons were kept hydrated with saline for the
duration of testing. The force–displacement and cross-sectional
area data were used to calculate maximum force, displacement at
maximum force, maximum stress, and strain. The linear region
stiffness and elastic modulus were determined from the slope of a
line fit to the force–displacement and stress–strain curves, respec-
tively, that had a R2> 0.90 (average R2¼ 0.96160.017). A sum-
mary of all stress–strain curves from ATs and TTs of P10 sham and
spinal cord transected subjects are shown in Fig. S1(a) and S1(b)
available in the Supplemental Materials on the ASME Digital Col-
lection. To assess differences in toe-region elastic moduli and toe-
to-linear region transition strain between sham and spinal cord
transected tendons, a bilinear fit (R2>0.90) was applied to the
stress–strain curve [30,45].

2.4 Imaging and Evaluation of Collagen Structure. To vis-
ualize collagen structure, P10 ATs (n¼ 4 sham, n¼ 3 spinal cord
transected) and TTs (n¼ 5 sham and spinal cord transected) were
imaged via second harmonic generation (SHG) [46] on an Olym-
pus FluoView 1000 Multiphoton Confocal Microscope (Olympus,

Tokyo, Japan). One TT and one AT, left or right, from each ani-
mal were dissected as described for mechanical testing, and fixed
overnight at 4 �C in 10% formalin. Tendons were dissected and
then fixed in a tension-free state to reduce the potential for varia-
tions in tensile loading or joint angle during fixation. Following
fixation, and to image the AT, the myotendinous junction and cal-
caneus bone were trimmed off. Three images were taken for each
tendon (left, right, and center positions). Distance between crests
of the crimp pattern was measured using ImageJ (NIH) in 5 loca-
tions per image, and the average measurement was the crimp dis-
tance for that image. The average crimp distance of an image set
was used to determine the average crimp distance of the whole
tendon.

2.5 Statistical Analysis. Differences in the duration of non-,
partial, and full weight-bearing locomotion were evaluated using
unpaired, two-tailed t-tests. Differences in mechanical properties
of AT and TT, and collagen crimp distance in AT and TT between
sham and spinal cord-transected conditions were evaluated using
Mann–Whitney U tests. P< 0.05 was set to determine statistical
significance.

3 Results

3.1 Weight-Bearing Locomotor Behavior Changes Follow-
ing Spinal Cord Transection. Overall durations of spontaneous
non-, partial, and full weight-bearing locomotion during the open-
field test for spinal cord transected and sham subjects are shown
in Fig. 1(a). Spinal cord-transected rats showed significantly
less non-weight-bearing (p¼ 0.017) and partial weight-bearing
(p¼ 0.004) locomotion, compared to sham subjects. No spinal
cord-transected subjects engaged in full weight-bearing behavior,
while 6 of the 8 sham subjects did. The duration of full weight-
bearing locomotion trended higher (p¼ 0.055) in sham rats
(Fig. 1), though differences were not significant.

Durations of non-weight-bearing locomotor activities are seen
in Fig. 1(b). There were no significant differences in duration of
hindlimb kicks (p¼ 0.456) or crawling (p¼ 0.296) between sham
and spinal cord-transected subjects. However, spinal cord-
transected pups showed significantly less pivoting compared to
shams (p¼ 0.003). Within partial weight-bearing behaviors
(Fig. 1(c)), spinal-cord transected pups showed significantly less
hindlimb-active crawling (p¼ 0.035), and less partial rearing
(p¼ 0.022) than shams. Within the full weight-bearing category
(Fig. 1(d)), there were no differences in walking (p¼ 0.115),
standing (p¼ 0.149), or rearing (p¼ 0.141) between sham and
spinal cord-transected subjects, although full weight-bearing was
only shown by shams.

3.2 Sham and Spinal Cord-Transected Achilles Tendon
Mechanical Properties. Average material and structural proper-
ties and sample gage lengths of sham and spinal cord transected
ATs and TTs are listed in Table S1 available in the Supplemental
Materials on the ASME Digital Collection. Representative
force–displacement and stress–strain curves for sham and spinal
cord transected P10 ATs are shown in Figs. 2(a) and 2(b). ATs
from spinal cord transected rats had increased linear region elastic
modulus (p¼ 0.031), compared to the sham condition (Fig. 3(g)),
while cross-sectional area trended lower (p¼ 0.069) (Fig. 3(c)).
Maximum force (p¼ 0.85), displacement at maximum force
(p¼ 0.53), linear region stiffness (p¼ 0.25), toe region elastic
modulus (p¼ 0.21), maximum stress (p¼ 0.23), strain at maxi-
mum stress (p¼ 0.72), and transition strain (p¼ 0.54) were con-
sistent between the sham and spinal cord transected subjects
(Figs. 3(a), 3(b), 3(d), 3(e), 3(f), and 3(h)).

3.3 Sham and Spinal Cord-Transected Tail Tendon
Mechanical Properties. Representative force–displacement and
stress–strain curves for sham and spinal cord transected P10 TTs
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are shown in Figs. 2(c) and 2(d). TTs from spinal cord-transected
rats had higher linear region stiffness (p¼ 0.014; Fig. 4(d)) and
cross-sectional area (p¼ 0.0081) (Fig. 4(c)). Maximum force
(p¼ 0.19), displacement at maximum force (p¼ 0.14), toe
(p¼ 0.48) and linear region elastic modulus (p¼ 0.31), maximum
stress (p¼ 0.27), strain at maximum stress (p¼ 0.68), and transi-
tion strain (p¼ 0.74) were consistent between sham and spinal
cord-transected subjects (Figs. 4(a), 4(b), 4(e), 4(f), 4(g), and
4(h)).

3.4 Collagen Structure. Collagen structure of ATs and TTs
did not appear to be impacted by the surgery condition (Figs.
5(a)–5(d)). Statistical analysis showed that there were no signifi-
cant differences in crimp distance between sham and spinal cord
transected conditions in ATs (p¼ 0.86) and TTs (p> 0.99)
(Figs. 5(e) and 5(f)).

4 Discussion

There is a need to enhance our understanding of the relationship
between locomotor behavior and tendon development, as the lim-
ited information on the role of mechanical loading in tendon
formation challenges efforts to engineer functional tendon
replacements. In this study, we examined the effects of disrupting
weight-bearing locomotion in early postnatal tendon development
for two functionally distinct tendon types (e.g., the energy-storing

AT and the positional TT). In spinal cord-transected rats, the
amount of non- and partial weight-bearing hindlimb locomotion
was lower when compared to sham controls, and no spinal cord
transected rats showed full weight-bearing locomotion during the
study period (Fig. 1), providing an in vivo system to study
mechanical regulators of tendon formation. Characterization of
this in vivo model is useful, as investigating the impacts of load-
ing on tendon formation during postnatal development in other
systems is a challenge. Tendon cells harvested postnatally for
in vitro studies may have altered phenotypes, different character-
istics depending on the postnatal isolation day, or de-differentiate
when isolated from tendons that are already formed [47]. Addi-
tionally, shifts in cell behavior in response to load in vitro may
not result in readily apparent changes in tissue function at the ten-
don level. Therefore, using spinal cord transection surgery as a
model system to disrupt locomotor development in neonates pro-
vides insights into how the mechanical function of tendon
emerges during development, possibly driven by the typical
increases in weight-bearing locomotor behavior.

In P10 ATs, we observed significantly increased elastic modu-
lus and a trend toward lower cross-sectional area (p¼ 0.069) with
spinal cord transection (Figs. 3(g) and 3(c)). Previously, we found
that the cross-sectional area of ATs increased as a function of age
and with the onset of locomotor behavior [31]. Taken together,
weight-bearing locomotor activity may regulate the lateral expan-
sion of developing neonatal ATs. The increase in elastic modulus

Fig. 1 Duration of spontaneous locomotion in the open field by sham and spinal cord transected female P10 rats. (a) Spinal
cord transected rats (n 5 8) showed significantly less overall spontaneous non- and partial weight-bearing locomotion com-
pared to sham rats (n 5 8). (b) Within the category of non-weight-bearing behavior, spinal cord transected rats showed signifi-
cantly less pivoting compared to shams. (c) For partial weight-bearing, both hindlimb (HL)-active crawling and rearing were
significantly reduced in spinal cord transected rats. The cartoon illustrates an example of partial weight-bearing of the hin-
dlimbs, in this case hindlimb-active crawling (belly is on the floor). (d) For full weight-bearing activity, only sham rats showed
any behaviors in this category, including walking (six out of eight subjects). The cartoon shows an example of walking,
whereby the hindlimbs are clearly underneath the pups and the belly is off the floor. Bars show group mean durations; vertical
lines show SEM. *p < 0.05.
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of P10 ATs with decreased loading is consistent with a prior study
that identified increased elastic modulus in ATs with Botox
unloading in 4-month-old rats [39]. These findings suggest that
decreased mechanical stimulation leads to smaller energy-storing
tendons that are less compliant and more rigid. It is also possible
that the reduced loading causes the ATs to resemble positional
tendons, as positional tendons typically having higher elastic
moduli [48–54]. Interestingly, SHG imaging did not identify
changes in the collagen crimp distance of ATs between sham and
spinal cord transected conditions (Figs. 5(a) and 5(b)). Though
unexpected, this finding is consistent with a prior study in embry-
onic chick calcaneal tendon that found neither paralysis nor
hypermotility visibly affected collagen structure [35]. The
changes in mechanical properties that follow alterations in the
mechanical loading environment during early postnatal develop-
ment may be due to cellular or biochemical factors, such as enzy-
matic crosslinking of the collagen fibers [55], rather than changes
to the overall collagen structure.

Similarly, P10 TT mechanical properties remained mostly unal-
tered with spinal cord transection, with the exception of increased
stiffness and a larger cross-sectional area in spinal cord transected
rats (Figs. 4(c) and 4(d)). Future studies will need to investigate if
the TTs are experiencing increased loading demands in the spinal
cord transected condition as the animals attempt to maintain bal-
ance without normal use of their hindlimbs. If this is the case,
then TTs may increase in size and stiffness to compensate for the
additional mechanical loading, similar to the AT during normal
development of weight-bearing locomotion [31]. As with the ATs,
SHG imaging showed no changes in the collagen crimp distance
of the TTs between sham and spinal cord transected conditions
(Figs. 5(c) and 5(d)).

Taken together, the spinal cord transection surgery and reduced
mechanical stimuli influenced both AT and TT postnatal develop-
ment, but the impact was unique between the two tendon types.
With spinal cord surgery, elastic modulus and cross-sectional area
were altered in ATs, whereas stiffness and cross-sectional area

increased in TTs. While this study did not investigate the mecha-
nisms resulting in these outcomes, it is possible that the differen-
tial impact of unloading on ATs compared to TTs resulted from
the physiological function of each tendon. ATs are weight-
bearing, energy-storing tendons that must withstand large
mechanical loads during daily activity. In contrast, TTs are gener-
ally regarded as non-weight-bearing, positional tendons, whose
main function in rodents is tail positioning [56,57]. Future work
will determine if the increase in stiffness of TTs from spinal cord
transected subjects could be driven by the neonatal rats using their
tail to supplement their impaired locomotion, and hence exposing
their tails to increased loads, compared to normal development.
Additionally, neonatal ATs may mature more slowly than TTs
[31], and thus be more plastic and susceptible to manipulations of
the loading environment at P10. Other studies demonstrated that
neonatal ATs regenerate following a transection and subsequent
unloading [58]. While we did not induce a tendon injury, an
unidentified regenerative mechanism in neonates may be prevent-
ing more pronounced changes in mechanical properties following
tendon unloading due to the spinal cord injury-induced decrease
in movement. As weight-bearing tendons that may require expo-
sure to mechanical stimulation to develop mechanical function,
ATs may depend on the onset of normal locomotion, and hence
normal loading. Our previous findings suggest that increases in
hindlimb weight-bearing locomotion behavior and tendon
mechanical properties are coordinated during postnatal develop-
ment, and first occur between P5 and P10 [31]. Since mechanical
loading impacts the expression of tenogenic markers, such as
scleraxis [22], and the production of the later stage tenogenic
marker tenomodulin [59,60], postnatal weight-bearing locomotor
behavior may regulate both cellular maturation and functional ten-
don development, but future studies are needed to determine how
ATs and TTs are differentially regulated at the cellular level.

Mechanical loading has been shown to influence mechanical
properties of cell-seeded scaffolds in vitro [13–17,18–24]. Tendon
cells respond to mechanical stimulation by upregulating genes for

Fig. 2 Representative force–displacement and stress–strain curves. (a) and (c) Representative
force–displacement and (b) and (d) stress–strain curves for ATs and TTs from sham and spinal
cord transected P10 rats.
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collagen (Col) I and III [14,15], synthesizing collagen fibrils and
aligning them along the axis of tension [16], and remodeling their
extracellular matrix [61]. During embryonic and postnatal

development, tendons initially display high cellularity and rela-
tively low collagen content [28,30,46,62,63]. As they mature, they
contain 60–85% collagen by dry weight, 95% of which is Col I,

Fig. 3 AT mechanical properties. (a) Maximum force, (b) dis-
placement at maximum force, (c) cross-sectional area, (d) stiff-
ness, (e) maximum stress, (f) strain at maximum stress, (g)
elastic modulus, and (h) transition strain for sham and spinal
cord transected conditions. ATs from spinal cord transected
rats had significantly higher linear region elastic modulus and
cross-sectional area trended lower, compared to sham controls.
Solid lines denote significant differences between groups and
dashed lines denote trends. Bars represent mean6standard
deviation.

Fig. 4 TT mechanical properties. (a) Maximum force, (b) dis-
placement at maximum force, (c) cross-sectional area, (d) stiff-
ness, (e) maximum stress, (f) strain at maximum stress, (g)
elastic modulus, and (h) transition strain for sham and spinal
cord transected conditions. TTs from spinal cord transected
rats had significantly higher linear region stiffness and cross-
sectional area trended higher, compared to sham controls.
Solid lines denote significant differences between groups. Bars
represent mean6standard deviation.

061012-6 / Vol. 143, JUNE 2021 Transactions of the ASME



and are relatively hypocellular [64]. Cells in mature tendon are
sensitive to mechanical loading and respond by remodeling their
extracellular matrix or secreting inflammatory cytokines [65–68],
both of which ultimately lead to alterations in the tissue mechani-
cal properties. Unloading also impacts healing in mature tendons.
In adult rats, immobilization following a supraspinatus tendon
injury led to upregulation of chondrogenic genes [69], and immo-
bilization after an Achilles tendon transection led to increased lax-
ity of healed tendons, compared to controls [70]. Collectively,
these results illustrate that cells and tendons respond to their
mechanical environment to direct tendon formation and mainte-
nance via upregulation of tenogenic genes and secretion of bio-
chemicals, but mechanically regulated cellular mechanisms and
the possibility for unique developmental pathways in functionally
distinct postnatal tendons deserve further study.

This study has some limitations. The neonatal spinal cord trans-
ection model used here does not lead to elimination of hindlimb
movement. During the early neonatal period, rats that have under-
gone a mid- or low-thoracic spinal cord transection show less
myoclonic twitching [71] and spontaneous locomotion in the hin-
dlimbs [40]. However, when the transection occurs early in post-
natal life (i.e., before P14 in rats [72]), spinal cord-injured animals
still go on to develop hindlimb locomotor behavior, albeit not as
coordinated as in normal controls [73], and remain able to adapt
their locomotor behavior to sensory stimulation [74]. Findings
from this study of decreased locomotor activity in spinal cord
transected female P10 rats are consistent with a recent study
showing similar decreases in spinal cord transected male P10 rats,
compared to shams [40]. Thus, because the neonatal rat transec-
tion procedure leads to alterations (i.e., decreases) in weight-
bearing locomotion, and not paralysis, it provides a useful model
to examine activity-based developmental processes such as tendon
development. In future studies, it will be important to extend the
age range out to older animals, as P10/P11 is the typical age that
quadrupedal walking is regularly shown in rats [37]. Thus, exam-
ining tendon properties at a later time point from surgery will

likely reveal more drastic and activity-dependent effects between
sham and spinal cord-transected animals. Two-tailed unpaired
t-tests showed that P10 ATs and TTs from rats subjected to the
sham surgery did not differ significantly in their mechanical prop-
erties from P10 ATs and TTs from rats allowed to develop normal
locomotor behavior, as reported in our prior study (data not
shown) [31]. Thus, the sham surgery, on its own, did not appear to
alter mechanical properties of developing tendons. It also would
be important to examine changes in muscle force and relations
between muscle load and respective tendon type following a neo-
natal spinal cord transection, as studies with adults have revealed
time-dependent alterations in motor unit force and muscle con-
tractile properties and spasticity [75], following low thoracic spi-
nal cord transection [76,77]. Additionally, there are inherent
challenges to testing neonatal tissues (small size, fragility, damage
during dissection, and slipping during testing; a detailed summary
of testing limitations has been previously described [31]). To min-
imize errors, any data with apparent damage during tissue isola-
tion or slipping during testing were excluded from the analysis,
and special care was taken to ensure the cyanoacrylate gel did not
diffuse into the tendons during testing. Finally, although sex dif-
ferences in tendons have been detected at later ages [78,79], at
ages below 4 weeks, body mass, collagen content, elastic modu-
lus, maximum stress [78], and early locomotor development [37]
do not differ between male and female mice. Therefore, we do not
believe it is likely that using only female rats affected our results.

In this study, we demonstrated that disrupting the development
of normal locomotion of postnatal rats via spinal cord transection
at P1 results in unique changes to AT and TT mechanical proper-
ties, without disrupting the collagen structure. Future investiga-
tions will identify the cellular mechanisms affected by
manipulating the postnatal mechanical environment, with particu-
lar focus on how these mechanisms may be impacted differently
in the energy-storing and weight-bearing (e.g., AT) and the posi-
tional and non-weight-bearing (e.g., TTs) tendons. These results
provide new insights into how mechanical stimuli, particularly the

Fig. 5 SHG images of collagen in neonatal tendons. Representative SHG images of collagen structure in ATs
of (a) sham and (b) spinal cord transected rats, and in TTs of (c) sham and (d) spinal cord transected rats. No dif-
ferences were detected in (e) and (f) crimp distance between sham and spinal cord transected conditions in ATs
or TTs. Scale bar 5 50 lm. Bars represent mean6standard deviation.
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onset of weight-bearing locomotion during neonatal development,
impact tendon formation.
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