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Optogenetic-induced muscle loading leads to
mechanical adaptation of the Achilles tendon enthesis

in mice
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Skeletal shape depends on the transmission of contractile muscle forces from tendon to bone across the enthe-
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sis. Loss of muscle loading impairs enthesis development, yet little is known if and how the postnatal enthesis
adapts to increased loading. Here, we studied adaptations in enthesis structure and function in response to
increased loading, using optogenetically induced muscle contraction in young (i.e., growth) and adult (i.e.,
mature) mice. Daily bouts of unilateral optogenetic loading in young mice led to radial calcaneal expansion
and warping. This also led to a weaker enthesis with increased collagen damage in young tendon and enthisis,
with little change in adult mice. We then used RNA sequencing to identify the pathways associated with in-
creased mechanical loading during growth. In tendon, we found enrichment of glycolysis, focal adhesion,
and cell-matrix interactions. In bone, we found enrichment of inflammation and cell cycle. Together, we dem-
onstrate the utility of optogenetic-induced muscle contraction to elicit in vivo adaptation of the enthesis.

INTRODUCTION

The enthesis is a tissue interface that adapts to applied muscle loads
during postnatal growth by forming a graded fibrocartilage transi-
tion between tendon and bone (I—-4). The mature enthesis is a
network of mineralized and unmineralized collagen fibers that is
tougher than either tendon or bone (5). As the result of this struc-
tural toughening, acute and high-energy—induced injuries typically
involve failure of tendon (e.g., Achilles tendon ruptures) or bone
(e.g., calcaneal avulsion fractures) and not the enthesis (6).
However, with chronic and repetitive loading, the enthesis is sus-
ceptible to localized damage and overuse-related injuries. In fact,
up to 25% of all chronic tendon and ligament disorders involve
the enthesis (7—10). Overuse is considered the underlying cause of
most entheseal disorders (e.g., Achilles insertional tendinopathy
and Sever disease) that are disproportionately observed in young
athletes (7, 11, 12). For example, Sever disease, classified as pain ad-
jacent to the Achilles enthesis, is considered an inflammatory con-
dition of the calcaneal apophysis caused by high levels of physical
activities in children (13). However, there does exist uncertainty
related to this diagnosis due to a lack of clear evidence regarding
its pathophysiology.

Yet, loading is essential for functional development and growth
of the tendon-bone enthesis (9, 14-16). During embryonic develop-
ment, the tendon extends from the cartilage anlagen to guide load
transfer from skeletal muscle, which induces the mechano-adaptive
growth of the enthesis (17). During postnatal development, the en-
thesis matures into a graded fibrocartilage interface from the fibrous
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tendon to the mineralized bone (9, 14). The structural adaptation of
the enthesis occurs in response to a combination of tensile, shear,
and compressive loads (4, 9, 18). While several elegant studies have
established the requirement of muscle contraction during musculo-
skeletal growth, these studies have primarily focused on the absence
or reduction of muscle loading rather than increased muscle con-
traction (17, 19, 20). Yet, increased activity during periods of rapid
growth, such as in children and during adolescence, is associated
with micromotion at the enthesis and apophysis and results in
pain and presentation of disorders such as Sever disease (7, 8). In
adults, repeated tendon loading during activities such as running-
associated overuse can lead to abnormalities such as bony spur for-
mation at the distal tendon that leave individuals with pain and dys-
function (2, 9). Despite the potential age-associated differences in
adaptation of the enthesis to repeated loading, the mechanisms con-
tributing to enthesis adaptation of the immature and mature skele-
ton remain poorly understood and challenging to study (21).

In mouse and rat studies of the skeletal adaptation to mechanical
loading, cyclic, subfailure compressive loading has commonly been
used to induce anabolic bone formation in both the ulna and tibia
(22-26). Similarly, subfailure cyclic tensile loading of the patellar
tendon has been used to model tendon fatigue and damage in
mice and rats (27, 28). Unfortunately, the latter approach does
not load tendon enthesis via muscle contraction but instead via
direct, open, and external mechanical actuation. More commonly
used and physiologically relevant models of tendon loading, such
as forced treadmill running (uphill or downhill), are effective for
inducing structural changes to the mature enthesis in response to
increased loading but also have their drawbacks (29-32). For
example, treadmill running studies in mice and rats, such as most
bone anabolic loading studies, typically initiate forced running at 7
to 8 weeks of age (33), which limits our ability to study tendon and
enthesis adaptation during maturation. In addition, these approach-
es are highly variable, as even inbred mouse strains have high var-
iations in distances run and tolerance for forced treadmill running
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(34). Forced treadmill running can also confound the results by in-
ducing anxiety, lead to systemic inflammation (35) and effect or-
ganismal metabolic conditioning induced by cardiovascular load
and training (36). To counter the systemic effects and reduce
loading dose variability, electrical nerve stimulation has also been
used to induce repeated muscle stimulation in mice and rats for
tendon loading (37, 38). However, this approach is also challenging,
as most studies are in adult animals and these approaches require
subdermal needle electrode placement, which may increase the
risk of injury and infection with repeated electrode placement in
the growing muscle and tendon. Thus, understanding how
loading affects structural changes to the tendon enthesis during
growth has been challenging in vivo because of a lack of physiolog-
ically relevant loading models.

To address these challenges, we turned to the use of optogenetics
as a noninvasive tool for direct and precise induction of muscle con-
traction for in vivo tendon loading in growing mice. Optogenetics is
a tool commonly used in neuroscience that facilitates controlled ac-
tivation of activatable cells such as neurons and muscle cells, with
high spatial and temporal specificity (39). Channelrhodopsin-2
(ChR2) is a light-sensitive microbial opsin that, when present on
the cell membrane, acts as a nonspecific light-activated cation
channel that induces membrane depolarization (40, 41). Optoge-
netic stimulation improves the spatial specificity of electrical stim-
ulation by targeting cell subpopulations based on morphological
markers and molecular footprint (42). We and others have previ-
ously shown that optogenetic-mediated activation of skeletal
muscle allows for precise and controlled contraction of specific
muscle groups (43-45) and, therefore, their associated tendons
and entheses. In this study, we used pulsatile transcutaneous expo-
sure of ChR2-expressing skeletal muscle cells to collimated blue
light-emitting diode (LED) light (455 nm) to induce isometric ac-
tivation of triceps surae muscles. We examined how sustained daily
bouts of optogenetic activation can differentially elicit structural,
functional, and molecular changes in the young and adult Achilles
enthesis of mice. We then defined transcriptional changes in the
young tendon and bone following repeated loading.

RESULTS

Optogenetic activation is a repeatable and safe approach
for daily tendon loading

To investigate the effects of increased loading on the postnatal
Achilles enthesis, we generated a transgenic mouse line to express
ChR2 in skeletal muscle [doxycycline-treated Ai32-floxed, ACTA1-
rtTA;tetO-Cre mice (44)] and unilaterally loaded their Achilles
tendon using optogenetic stimulation of the triceps surae muscle
(Fig. 1). Daily bouts of loading were delivered under isoflurane an-
esthesia at either 5- or 20-min bouts for 5 days a week, up to 3 weeks
(19 days) in duration, in mice starting at either 4 weeks of age
(young group; this time point coincides with enthesis growth) or
at 6 to 8 months of age (adult group, 20-min bouts only; mature
enthesis) (Fig. 1). In young mice, the steady state-generated
torque at the end of the 20-min loading bout was ~30% of the
initial peak torque for the first week of daily optogenetic muscle
loading. We found that daily loading in young mice did not nega-
tively affect the animal weight gain; however, some weight loss was
observed in adult mice (Fig. 2A). Isometric ankle joint torque did
not significantly vary over the course of the experiment for the
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young group but did increase with daily 20-min loading bouts in
the adult group from week 1 to week 2 of loading (Fig. 2B). A
subset of mice were used to measure ankle torque for the first five
consecutive days and throughout the duration of loading. Peak
torque (~3 N-mm), generated by the hindlimb muscles in young
mice, was measured in the first one to two cycles of loading (cycle
= 70-ms light on, 30-ms light off; every 5 s), and steady-state torque
(~1 N-mm) was generated around 500 to 750 cycles (~100 to 125
cycles) (Fig. 2C). To test the response to optogenetic stimulation
in adult mice, we isolated the extensor digitorum longus (EDL)
muscle from an adult (3-month-old) mouse treated with doxycy-
cline during gestation and up to weaning (21 days of age) and mea-
sured twitch forces in vitro in response to blue light exposure. We
were able to elicit strong and duration-dependent force generation,
which indicates sufficient ActaCre-ChR2 recombination (Fig. 2D).

Daily tendon loading leads to bony changes and impaired
mechanical properties of the young but not adult Achilles
enthesis

Daily loading of the tendon and enthesis for 3 weeks (19 days) led to
apophyseal shape changes in the young calcanei (Fig. 3A). Quanti-
tative differences in the shape of the young calcaneus in response to
optogenetic-induced loading were measured as three major mode
shape changes, namely shortening (mode 1: 63.7% shape change;
shown in blue in Fig. 3A on deformation maps in posterior view),
expansion/breathing mode (mode 2: explaining 13.3% shape
change), and warping (mode 3: highlighted in Fig. 3A; shown in
red on deformation maps in both lateral and medial views). The
adultloaded calcaneus was not significantly different in length com-
pared to control calcaneus, and we did not measure differences in
tissue volume (TV) or bone volume (BV) percentage (BV/TV) with
loading compared to contralateral controls. However, the young cal-
caneus was smaller in volume with loading and had increased BV/
TV (Fig. 3B). Neither young (Fig. 3B) nor adult exhibited a statisti-
cally significant change in length from the calcaneal tuberosity to
the peroneal tubercle. With shorter loading bouts (i.e., 5 min
loading duration), we did not observe any significant differences
in young calcaneal length, TV, or BV/TV compared to contralateral
controls (table S1).

All tissues failed at the enthesis (young and adult) or calcaneal
growth plate (young), not the tendon mid-substance, during uniax-
ial testing. In Young mice, the maximum load before failure was sig-
nificantly reduced following repeated loading compared to the
contralateral Achilles tendon and enthesis (Fig. 3C). However, in-
creased strength was observed in the adult tendon/enthesis follow-
ing 3 weeks of loading compared to the contralateral tendons
(Fig. 3C). For the young, but not adult, Achilles tendon/enthesis
toughness was significantly reduced after 3 weeks of loading com-
pared to contralateral tendons (Fig. 3C).

Daily tendon loading leads to accumulated collagen
damage in young mice

Loading can initiate accumulative damage at the molecular level by
inducing fibril breaks and protease-induced remodeling of the ex-
tracellular matrix (ECM). As a result of this ECM damage, collagen
triple helices can irreversibly unfold (46). To evaluate collagen
damage in our in vivo model of tendon loading, we used collagen
hybridizing peptides (CHPs) conjugated with fluorescent labels to
visualize molecular-level damage (47, 48). In tendon, CHPs can
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Fig. 1. Study design: Schematic of experimental setup for optogenetic muscle loading (shown here for young mice). Right hindlimbs of young and adult Acta-
Cre;Ai32 mice were exposed to daily bouts of either 5- or 20-min optogenetic-induced muscle contractions of the triceps surae. Mice were used experimentally after
various loading bouts, including for RNA sequencing (RNA-seq) (young mice only; after 5 or 12 days of 20-min loading); for collagen damage assays [collagen hybridizing
peptide (CHP); young mice only, after 5 days of 20-min loading]; for microcomputed tomography (young and adult mice; 19 days of 20-min loading); and for mechanical
testing (young and adult mice; 19 days of 20-min loading). At each designated end point (i.e., experimental days 5, 12, or 19), experimental and naive age-matched
controls were euthanized to collect Achilles tendon and enthesis for histology, micro—computed topography (microCT), and mechanics and Achilles tendon and calca-

neus for RNA isolation (RNA-seq). Created with BioRender.com.

specifically detect the nonrecoverable (post-yield) unfolding of col-
lagen fibers (46). After five consecutive days of 20-min daily loading
bouts, young loaded tendon and enthesis had higher CHP intensity
(Fig. 4B) and, therefore, collagen denaturation than contralateral
controls (P = 0.0074). Collagen type III is correlated with increased
remodeling; however, the attachments did not have quantitatively
more collagen-type III" cells or aggrecan within the enthesis com-
pared to controls (Fig. 4, C and E) following 3 weeks (19 days) of
loading. Histologically, we also observed thinning of the young fi-
brocartilage enthesis and smaller, but not fewer, cells with loading
(Fig. 4, D and F). We did not observe any major morphological dif-
ferences between loaded young entheses with 5-min daily loading
bouts compared to 20-min bouts (fig. S1).

Daily bouts of optogenetic loading leads to acutely down-
regulated gene expression in both tendon and bone
We performed bulk RNA sequencing (RNA-seq) with RNA isolated
from Achilles tendons and calcanei of naive and optogenetically
loaded young mice (loaded and contralateral limbs) at 4 hours
post-final loading bout to investigate the molecular changes under-
lying the structural enthesis and bone morphology. We used prin-
cipal components analyses (PCAs) to evaluate data quality in an
unsupervised approach (Fig. 5A). To avoid any compensatory
effects of the contralateral limb and because we saw a discrete sep-
aration of naive from loaded (5 and 12 days) tendons in PCA, we
used naive data to measure fold change between optogenetically
loaded and cage activity tendons and bones (Fig. 5A). We identified
1193 and 312 genes in tendon and bone, respectively, that were dif-
ferentially expressed at both 5 and 12 days of loading (Fig. 5, B and
C), and both tendon and bone had more differentially expressed
genes (DEGs) at 12 days compared to 5 days of daily loading. A
full list of DEGs is provided in data S1.

We used the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID) to further analyze biological processes
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and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
We found that several biological processes were enriched in both
tendon and bone, including angiogenesis, ECM organization, cellu-
lar response to transforming growth factor—f stimulus, and re-
sponse to mechanical stimulus (Fig. 6). In addition, in tendon, we
found that fibroblast growth factor (FGF) receptor signaling was en-
riched after 5 days of loading, and canonical glycolysis was enriched
after 12 days of loading (Fig. 6A). In bone, we found that integrin-
mediated signaling and inflammatory response were enriched after
12 days of loading and collagen fibril organization, and DNA rep-
lication initiation was enriched after 12 days of loading (Fig. 6B).
We found that optogenetic loading resulted in down-regulation
of numerous genes associated with tendon stem cells, including
Tppp3, Tnc, and Fbnl, which were down at both 5 and 12 days
(Fig. 7). Of the top 20 down-regulated genes [based on log,-trans-
formed fold change (Iog2FC)] in tendon following loading, most
were associated with ECM synthesis at one or both time points, in-
cluding Matn3, Acan, Col8al, Thbsl, Col9a2, Bglap, Mmp9, Col2al,
and Adamts19 (Fig. 7). This was further confirmed using KEGG
pathway analysis in DAVID, in which focal adhesion, ECM-recep-
tor interaction, and regulation of actin cytoskeleton were signifi-
cantly enhanced at both 5- and 12-day time points (Fig. 8A).
ECM-receptor interaction was significantly down-regulated with
loading in tendon at both 5 and 12 days compared to naive
control tendons (Fig. 8C). In bone, daily bouts of loading resulted
in increased expression of Il1ra2, Ccl21c, Ccl21a, Gpnmb, and Ccl19
and other pro-inflammatory markers at one or both time points
(Fig. 7). We also found that Ihh was one of the top 20 down-regu-
lated genes in bone at both 5 and 12 days with loading (Fig. 7). Ac-
tivation of the KEGG pathway, focal adhesion, identified bout-
dependent changes in gene expression, especially for Tnc, Collal,
Colla2, and Thbs4 in bone (Fig. 8D). Expression of Tnc, as well as
Collal, Colla2, and Col2al, were consistent in follow-up experi-
ments using real-time quantitative reverse transcription polymerase
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Fig. 2. Optogenetic activation of triceps surae muscle group is not invasive and does not negatively influence animal weight or generated isometric ankle joint
torque in young mice. (A) Young mice, regardless of exposure to daily bouts of optogenetic muscle stimulation (5- or 20-min duration), gained weight for the duration of
the experiment. However, adult mice lost weight (~10%) from onset to end of the experiment. Controls were naive mice at similar ages as the young group. (B) Normalized
torque significantly increased in adult but not young mice with daily bouts of 20-min optogenetic muscle stimulation. Each data point denotes the average weekly
change in generated ankle torque normalized to the weight of the animal. (C) Steady state-generated ankle torque (at the end of the 20-min loading bout), measured
during isometric ankle plantarflexion, was ~30% of the peak torque in young mice for the first week of daily optogenetic muscle loading. (D) EDL muscle from an adult (3-
month-old) ActaCre;Ai32 mouse had a duration-dependent force response to blue light exposure measure contraction when tested in vitro (5 to 70 ms). For (A) and (B),
data were compared using two-way analysis of variance (ANOVA) with mixed models (repeated measures between weeks within groups, Sidak correction). Error bars

denote means + 95% confidence interval. *P < 0.05, **P < 0.001, ***P = 0.0004, and ****P < 0.0001.

chain reaction (qQRT-PCR) on cDNA from tendon RNA samples
used in RNA-seq (fig. S2).

DISCUSSION

In this study, we evaluated the mechanically induced adaptation of
both the young and adult enthesis to repeated loading using opto-
genetic stimulation. Previous studies have explored the effects of re-
peated loading on the structural and functional adaptation of
healthy and repaired tendon and enthesis in adult and aging
tissues (29, 49-52). Yet, the effect of repeated loading on immature
tendon and enthesis was previously unknown. We used optogenetic
stimulation of triceps surae muscle to induce ankle joint plantar
flexion with comparable generated joint torques to electrically
induced nerve stimulation (44). We leveraged pulsatile light-
induced activation of ChR2 in skeletal muscle cells for repeated
tensile loading of the Achilles tendon and enthesis. Optogenetic

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

activation of skeletal muscle was noninvasive and did not cause
weight loss or gross macroscopic damage to the tendon or enthesis
after 3 weeks. Repeated loading did result in microscopic changes
and disruption of the structure and function of the young, but
not the adult enthesis. Repeated loading also led to opening of the
growth plate, disruption of the enthesis tidemark, and impaired me-
chanical properties in young mice. This may have been caused by
disruption of the continuous transition between the mineralized
and unmineralized fibrocartilage of the enthesis that contributes
to the tissue’s mechanical toughness (53) and is the primary deter-
minant of enthesis mechanics and stress transfer between tendon
and bone (54).

In tendons, aging leads to impaired self-renewal potential (55),
tissue turnover (56), increased prevalence of proteoglycans and
mineral (57), and degenerative structural adaptations (e.g.,
reduced cellularity, disruption of collagen fiber orientation, and fi-
broblastic changes) (56, 57). In mice, reduced tendon stem cell
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Fig. 3. Repeated daily loading of Young mouse
Achilles tendons results in expansion and
warping deformation and impaired mechanical
toughness at the enthesis. (A) Deformation maps
of the posterior, lateral, and medial views of loaded
(average shape; right calcaneus) compared to
control (average shape, left calcaneus, mirrored for
overlay/shape representation) showed reduced
height of the calcaneal tuberosity with loading
(posterior view; shown in blue) and increased bone
expansion and warping (lateral and medial views;
shown in red). (B) Total volume of the calcaneal
region of interest was significantly reduced with
loading (paired t test; P = 0.0338), and BV/TV (%)
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proliferation has been reported as early as 5 months of age (55). In
previous studies, degenerative changes of the adult tendon and en-
thesis in response to increased loading include increased cross-sec-
tional area (CSA) (29), higher cellularity (49, 51I),
neovascularization (49), and reduced fiber organization (29, 49,
51). Excessive repeated loading can also lead to reduced stiffness
and strength (52). However, in our study, repeated muscle-
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induced loading of the adult enthesis did not lead to pathological
adaptation. This could be a result of physiological and isometric
loading or post-loading compensatory recovery after dosing.
Increased and repeated loading leads to dose-dependent degen-
eration in tendon and enthesis by the accumulation of subfailure
damage. Collagen is the primary stabilizing constituent of the
tendon, bone, and enthesis ECM and the key contributing factor
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Fig. 4. Repeated loading led to denatured collagen fibers and increased prevalence of ECM components at the enthesis and growth plate. (A) Schematic shows
the experimental design for evaluation of the effect of repeated loading on ECM of the young tendon and enthesis. HRP, horseradish peroxidase. DAB, 3,3'-Diamino-
benzidine. (B) Repeated loading resulted in the accumulation of collagen denaturation in loaded tendon and enthesis. Data were compared using paired t test (two-tailed;
assuming Gaussian distribution, parametric; **P = 0.0062. a.u., arbitrary units. (C and E) Loaded entheses did not exhibit differences in localized aggrecan or type lll
collagen at the enthesis compared to controls. Type Il collagen cell count data were compared using unpaired t tests (nonparametric; Mann-Whitney test; two-
tailed; P > 0.9999). (D) However, loading qualitatively influenced the pericellular matrix and cell shape, but not cell number, at the enthesis in young mice. (F) Cell
number was not affected by the duration of loading (5 min versus 20 min; unpaired nonparametric t test; Mann-Whitney, two-tailed; P = 0.1342). Scale bars, (B) 10

mm and (C) and (D) 100 pm. Error bars denote mean + 95% confidence interval. Created with BioRender.com.

to the elastic behavior of the tendon (58) and toughness of the bone
(59). In the tendon, structural reorganization of collagen fibers can
be exacerbated into nonreversible molecular level denaturation of
the collagen fiber collagen, ultimately leading to inferior mechanical
properties (46). CHPs are synthetic single-strand peptides that have
recently been developed to hybridize with denatured collagen triple
helix. In tendon, CHPs can specifically bind to nonrecoverable
(post-yield) sites of collagen fibril unfolding (27, 46). Enzymatic
and mechanical factors drive tendon ECM degradation and remod-
eling processes (60). In the present study, we found that repeated
loading did not result in the up-regulation of genes associated
with matrix metalloproteinases, rather, loading down-regulated

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

Mmp9 and several other genes associated with ECM remodeling.
These findings suggest that the increased in vivo labeling of the
Achilles tendon with CHPs may be caused by increased collagen de-
naturation, and not enzymatic degradation. Similar to findings from
repeatedly loaded tendon ex vivo (61), our results show that
loading-induced collagen denaturation does not coincide with
altered tissue stiffness. These findings suggest a compensatory
mechanism (e.g., collagen fiber sliding) rather than a fiber-domi-
nant pre-yield mechanism of load transfer in the tendon and enthe-
sis. Alternatively, repeated loading in growing enthesis leads to
reduced mineral deposition at subchondral and apophyseal bone
and disruption of ECM composition in young enthesis that
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functionally translate to significant decrease of enthesis toughness
and tensile strength. These results are in agreement with the role of
mineral as the primary toughening constituent of the enthesis (4).

The ECM disruption and altered calcaneal shape in the Young-
loaded calcaneus suggest an unexplored role of mechanical loading
in enthesis and apophysis adaptation during growth. The role of in-
creased loading on the formation and maturation of the mineraliz-
ing growth plate during postnatal maturation was elucidated in our

Ganiji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

bulk RNA-seq studies, and we identified key pathways that are tran-
scriptionally activated in the growing calcaneus and tendon. We ob-
served down-regulation of genes associated with mechanosensitive
pathways and processes, such as ECM-receptor interaction, focal
adhesion, etc. Overuse of tendon can disrupt mechanotransduction
by altering cell signaling structures and the surrounding matrix en-
vironment (62). Type VI collagen and type II fibrillin, two major
constituents of the tenocyte pericellular matrix (63), were
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consistently down-regulated with loading, indicating that tendon
overloading and associated ECM disruption may have compro-
mised the interaction between the cell and ECM (62, 64). Sun
et al. (65) showed that the expression of integrins in tendon did
not correlate with the increase of loading dose, suggesting an
overuse-induced ECM damage that regulates mechanosensitivity.
Our findings model the structural and mechanical changes
similar to those occurring in pediatric apophyseal pathologies and
in young athletes (66, 67). This study provides the first small animal
model of pediatric apophyseal pathologies and can be leveraged for
future systematic examination of mechanisms of injury and repair
in the growing skeleton. Establishing the time course of gene expres-
sion of mechanosensitive pathways following loading and during
key periods of remodeling will be important next steps for
future studies.

Although muscle contraction was confirmed throughout the ex-
perimental loading duration, the translated loads from muscle to
tendon, enthesis, and bone during loading are unknown. Berman
et al. (68) showed that comparable ankle torques to what we mea-
sured can induce osteogenic strains in the tibial mid-diaphysis in
adult mice. In addition, step cycle and triceps surae activation du-
rations were previously reported as approximately 300 to 400 ms in
adult C57BL6] mice (69, 70). In this study, we have used optical
stimulation at supraphysiological duration of 1000 ms and 10-Hz
optical cell activation frequency, which is within and in the lower
range of motor unit frequencies in the triceps surae muscle in
adult mice (71). Future studies should investigate ways to improve
transgenic strains for sustained contractile fusion using optogenetic
stimulation. Last, there may be unknown physiological changes that

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

directly or indirectly affect the mechanoadaptation of the tendon
and enthesis.

In summary, this work provides an understanding of enthesis
and calcaneal bone adaptation to mechanical loading, induced by
optogenetic control of skeletal muscle contraction. This useful
tool to control tendon, enthesis, and bone loading is advantageous
for understanding the mechanobiology of the immature musculos-
keleton that provides an easily translatable approach to other ana-
tomical sites.

MATERIALS AND METHODS

All procedures were approved by the Institutional Animal Care and
Use Committees at the University of Delaware (AUP 1296) and the
University of Michigan (PRO00009507). Doxycycline-inducible
ACTAI1-rtTA;tetO-cre mice (Actal-Cre; C57BL6] background;
Jackson Lab ID: 012433) and Ai32 reporter mice (Jax ID: 024109,
C57BL6]J background) were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA). Actal-Cre and Ai32 reporter mice were
bred to generate F2 (Ai32 homozygous) lines that expressed a
yellow fluorescent protein (YFP)—fused ChR2 light-sensitive opsin
(455-nm sensitivity) in skeletal muscle when treated with tetracy-
cline. Dams were treated with doxycycline chow at the time of
mating and maintained on chow until offspring were weaned. Pre-
viously, we have shown that the muscle-specific and nerve-indepen-
dent expression of ChR2-EYFP is maintained in adult mice (up to
6-month-old offspring) when treated with doxycycline during ges-
tation and before weaning only (44). Offspring were genotyped
using PCR (Transnetyx, Cordova, TN, USA). A total of 57 mice
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were used in this study. Mice were randomized across various exper-
iments. ActaCre;Ai32 homozygous mice (n = 38 total) were used for
unilateral light-induced stimulation of muscle in young (3 to 4
weeks old, n = 30; 12 females and 18 males) or adult (6 to 8
months old, n = 8; 2 females and 6 males) mice. Contralateral
(within-animal) limbs were used as paired controls. In addition, a
second group of ActaCre;Ai32 mice was used to compare age-
matched littermates as naive controls for both young (n = 11; five
females and six males) and adult (n = 4; two females and two males)
groups (Fig. 7). An additional 3-month-old ActaCre;Ai32 mouse
was used to test muscle contractility response to blue light in
vitro. Unless otherwise stated, all animals were included for the re-
spective analyses described below.

Optogenetics stimulation for daily tendon enthesis loading

Mice were anesthetized with isoflurane, and hair was removed using
chemical hair remover from their right triceps surae muscles (Nair,
Church and Dwight, Ewing, NJ, USA). Animals were placed on a
heating pad in the prone position, and body temperature was main-
tained at 37°C (Stoeling, Wooddale, Il, USA). The right limb was
stabilized at the knee joint with a clamp, and the right foot was

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

placed on a foot pedal for isometric muscle stimulation. Animals
were weighed daily before stimulations. For light stimulation, a col-
limated LED light (455 nm, 900 mW, M455L3, Thorlabs) and a
high-power LED driver (DC2200, Thorlabs, Newton, NJ) were
used for pulse modulation (44). Driver code was adjusted in
LabView (National Instruments, Austin, TX, USA) to add pulsatile
light activation and deactivation controls (bouts of stimulation and
rest) for the period of experiment. Light source was placed above the
triceps surae muscles at a distance to induce a light intensity of ~0.3
mW/mm?®. Triceps surae muscles were stimulated using an approx-
imated 10-Hz pulsed light (70 ms on, 30 ms off; 10 cycles) followed
by 4 s of rest for 20 min (240 consecutive loading cycles) in young (n
= 27, 12 females and 15 males) and adult (n = 8, 2 females and 6
males) groups. Daily bouts of loading were repeated weekly with
5 days of stimulation and 2 days of rest for up to 3 weeks (19
days). A subset of these mice in the young group (n = 7) was also
used to measure ankle torque throughout the stimulation using a
servomotor shaft (Aurora 3-in-1 system, Aurora Scientific,
Ontario, Canada) that was connected to the foot pedal. All other
mice were loaded in a three-dimensional (3D) printed mimic of
the platform. Knee and ankle placements were replicated for the

9 of 14

$202 ‘80 A[n[ U0 S10°00UI0S MMM ,//:Sd}Y WOIJ POPLOTUMO(]



SCIENCE ADVANCES | RESEARCH ARTICLE

A Tendon B Bone

Focal adhesion 4

ECM-receptor interaction -

ON RO

LS00 000080

Regulation of actin cytoskeleton -
Glycolysis/gluconeogenesis -
Hedgehog signaling pathway
TGF-B signaling pathway
VEGEF signaling pathway -

Regulation of actin cytoskeleton 4

Focal adhesion 4

ECM-receptor interaction -

Rap1 signaling pathway -
TGF-B signaling pathway 4
Calcium signaling pathway -

Osteoclast differentiation -

Wht signaling pathway - Cell cycle .
Y s 7
%, %~
DEG count Fold enrichment % % DEG count Fold enrichment S L
(N N ) | c 00 .
20 40 60 2 3456 10 20 35 2 3 4

C Tendon ECM-receptor interaction

=

Lamct [
vwf
Reln
Sv2a
Frem1
Frem2
Lamb3
Itga8
Cd44
Thbs3
Tnxb
Hspg2
Lamb1
Itgh3
Tnc
Itga9
Lama4
Fn1
Col6a3
Col6a1
Col6a2
Colt1at
Thbs1
Itga2
Spp1
Col2a1
Dmp1

D Bone focal adhesion

lgft

X Q- =N N OQU™=NMH®MT QT S-S MO
xww:a?u:>mmsamom S5 T
NoSE 5883520 @duL ESS
o< = o >335 T X 2
2 Q §8= g R 8

Chad

I Naive control
I 5-day loaded

B 12-day loaded

Vitn
Col4a3
Col9a2
Lamb2

High
expression

Comp
Sdc1
Itga11
Thbs2
Col1a2
Col9a1
Col9a3
Itga7
Lamab
Gp1ba
Sv2b
Sv2c

Low
expression

XFEOUTUOTONSY =IO
AR F R SR E
=3I83SIsFFESE

Q oa o 403
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an FDR < 0.05 and enrichment > 1.5. VEGF, vascular endothelial growth factor.

young control group for 20 min daily under anesthesia. After recov-
ery from anesthesia, mice were returned to their cages for unrestrict-
ed cage activity. An additional cohort of young mice was added to
compare the effects of bout duration (5 min “short” loading; 60 con-
secutive cycles; n = 5, two females and three males) loading duration
on weight gain over the 3-week duration of the experiment.

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

In vitro contractility with optogenetic stimulation

Right EDL muscles were dissected from 3-month-old ActaCre;Ai32
mice (doxycycline removed at 3 weeks of age) and were placed in a
buffered Ringer's solution bath. Distal and proximal tendons of
EDL were tied with sutures to a fixed post and force transducer
(BG-50, Kulite Semiconductor), respectively (72). Blue light (455-
nm LED; ~140 mW/cm2; Thorlabs) was shone on the muscle to
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evoke optogenetic twitches. Forces were recorded with and incre-
mental light pulse duration ranging from 5 to 70 ms.

Micro-computed tomography

Mice were euthanized using carbon dioxide asphyxiation 48 hours
after the final bout of loading. The skin was carefully dissected, and
distal hindlimbs (knee, ankle, and foot) were fixed for 24 hours in
4% paraformaldehyde. Calcaneus-tibial complexes were scanned
using micro—computed tomography (microCT) at the University
of Delaware (microCT, Bruker SkyScan 1276; 59 kV, 175 A,
10.58-pm voxel size, 930-ms exposure, 0.5-mm aluminum filter).

Bone morphometry and statistical shape modeling

Aligned image stacks were reconstructed at the University of Mich-
igan for qualitative and quantitative assessment of calcaneal bone
shape using Dragonfly software (v2022.2, Object Research
Systems, Montreal, Quebec). After reconstruction, the calcaneus
was aligned vertically along its long axis and transversely cropped
to include the peroneal tubercle. Bone morphometry was assessed
within this volume after applying a median filter in 3D (square
median kernel size =3) and “split at Otsu” to identify bone and
non-bone regions. We then calculated TV BV, and BV/TV for
bone morphometry. To generate solid objects for use in statistical
shape modeling, we digitally cleaned the regions of interest
(ROIs) to remove other bones and filled the growth plate and tra-
becular/marrow cavities (complete fill) in Dragonfly. ROIs from left
(control) image datasets were mirrored to anatomically mimic right

Table 1. Antigen retrieval and antibody information for
immunohistochemistry experiments. IgG, immunoglobulin G.

Antibody Source and Dilution Buffer; antigen
catalog # retrieval

Anti-collagen Abcam, ab7778 1:100 Tris-EDTA (pH 9.0),

lli(rabbit 65°C, 2 hours

polyclonal)

Anti- Abcam, 1:100 0.1% trypsin, 37°C,

aggrecan ab216965 30 min

(rabbit

polyclonal)

Biotinylated MilliporeSigma, 1:1000 Room temperature,

goat anti- 20777 10 min

mouse IgG

Biotinylated MilliporeSigma, 1:1000 Room temperature,

goat anti- 20715 10 min

rabbit 1gG

Primer

Tnc PrimeTime IDT Mm.PT.58.8090418
gPCR primers

Collal PrimeTime IDT Mm.PT.58.7562513
qPCR primers

Colla2 PrimeTime IDT Mm.PT.58.5206680
qPCR primers

Col2al PrimeTime IDT Mm.PT.58.10123677
qPCR primers

B2m PrimeTime IDT Mm.PT.39a.22214835

qPCR primers

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

(loaded) image datasets for shape modeling. We then created a
mesh and imported STL files into ShapeWorks Studio (6.3.2;
http://shapeworks.sci.utah.edu). Shapes were groomed to fill
holes, smoothened (Laplacian, 10 iterations, relaxation = 1), re-
meshed (75% number of vertices and 1.00 adaptivity), and
aligned (based on three anatomical landmarks at processes of the
calcaneal tuberosity). Optimization was performed using the fol-
lowing settings: number of particles = 512; initial relative weighting
= 1; relative weighting = 200; starting/ending regularization = 1000;
iterations per split = 1000; optimization iterations = 1000; Procrus-
tes rotation/translation = yes; Procrustes interval = 10; and narrow
band = 4. Quality was assessed via metrics (compactness, specificity,
and generalization) for shape modes, and principal component
analyses were evaluated for young shapes only (control versus
loaded) because of the limited sample size in the Adult group. De-
formation maps were generated to visualize shape changes from the
mean shape of the control group to the mean shape of the loaded
group, with growth or loss in response to loading shown in red or
blue, respectively. Comparisons were made between young (loading
started at 4 weeks of age; control and loaded) samples from 20-min
bouts (3-week duration; n = 7 control and n = 7 loaded) and
between adult (control and loaded) samples from 20-min bouts
(3-week duration; n = 4 control and n = 4 loaded). Because of the
low sample size (n = 4), statistical shape analyses were not per-
formed on adult mice.

Histology

Distal hindlimbs from mice treated with 20-min of loading for 3
weeks (19 days) as well as from naive controls were decalcified in
14% EDTA and processed for paraffin embedding. Tissues were sec-
tioned at 6 um in the sagittal plane and stained with hematoxylin
and eosin or Toluidine blue and coverslipped with an acrylic
mounting media (Acrymount, StatLab, McKinnery, TX, USA) or
used for immunohistochemistry. For immunohistochemistry, par-
affin sections were deparaffinized and quenched in 0.3% hydrogen
peroxide (Santa Cruz Biotechnology, Dallas, TX), followed by heat-
mediated antigen retrieval and blocking (5% goat serum in phos-
phate buffer saline). Slides were then incubated in primary antibod-
ies (listed in Table 1) overnight at 4°C, followed by washing and
incubation with appropriate secondary antibodies. Horseradish
peroxidase 3,3'-diaminobenzidine system (MilliporeSigma, Billeri-
ca, MA, USA) was used for detection, and slides were counter-
stained with hematoxylin and coverslipped with Acrymount
(Acrymount, StatLab, McKinney, TX, USA). All slides were
imaged on a bright-field microscope (ECLIPSE Ni-U, Nikon).

Biomechanical testing of the Achilles enthesis

After 3 weeks of daily (20 min; five consecutive days per week)
loading, young and adult mice were euthanized, and carcasses
were stored intact at —20°C until testing. Carcasses were thawed
at 4°C for no more than 24 hours, and Achilles tendon-calcaneus
complex was carefully dissected and stored in phosphate-buffered
saline (PBS) for no more than 2 hours at room temperature.
Before mechanical testing, the muscle was carefully dissected
from the Achilles tendon, the plantaris tendon was detached, and
the calcaneus was disarticulated from the foot. CSA measurements
were made using photogrammetry with a custom 3D printed fixture
attached to a motor controller (Arduino, Ivrea, Italy). Forty consec-
utive images of the tendon-bone complex were acquired at 9°
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rotation steps using a macro lens (Basler Fujinon Lens, Ahrensburg,
Germany). Images were converted from sparse to dense point
clouds, and an STL surface mesh of the tendon was generated
using Metashape software (Agisoft, St. Petersburg, Russia). CSA
was measured using Dragonfly software at the Achilles tendon
near the enthesis. The calcaneus was then placed in a custom 3D
printed fixture to secure the bone (FormLabs 3B, Somerville, MA,
USA), and the proximal Achilles tendon was clamped in a thin film
grip (Imada, Northbrook, IL, USA) (73). The assembled tendon-
grip unit was placed in a custom PBS bath maintained at 37°C via
a temperature controller (MA160, Biomomentum Inc., Laval,
Quebec, Canada) and secured with a pin to a tensile testing frame
with multi-axis load cells (+70 N; Mach-1 VS500CST, Biomomen-
tum, Laval, Quebec, Canada). Samples were preloaded to 0.01 N,
and gauge length (L) was measured (4.01 + 0.17 mm) as the dis-
tance between the calcaneal fixture and the thin film grip. Tendons
were preconditioned for 10 cycles (+0.05 N at 0.03 Hz) followed by
load to failure at 0.05 mm/s. Load and torque data (six degrees of
freedom) were collected to assess off-axis loading for the duration of
the experiment. Using Mach-1 Analysis and custom MATLAB
script (R2017 or later, MathWorks, Natick, USA), the mechanical
properties of the entheses were calculated from force-displacement
data. Engineering stress was calculated as the instantaneous force
divided by the original CSA (calculated from photogrammetry). In-
stantaneous grip-to-grip strain was calculated as the displacement
divided by the original gauge length, L,. Stiffness and elastic
modulus were calculated from the linear portion of the load-dis-
placement and stress-strain curves, respectively. Maximum load,
maximum stress, and maximum strain were calculated, as well as
work to maximum force (area under the curve) and toughness
from the area under the force-displacement and stress-strain
curves. Maximum strain was calculated as the strain at
maximum force.

Collagen hybridization and damage visualization

Young mice were loaded for 20 min daily for 5 days (n = 4). Imme-
diately following the last bout of loading, 20 pl of sulfo-Cy7.5 CHP
(3Helix, Salt Lake City, UT, USA) was injected subcutaneously ad-
jacent to the Achilles tendon mid-substance using an insulin syringe
(Exel International, CA, USA). Mice were imaged under anesthesia
(85-pm pixel resolution; 700- and 800-nm wavelength; Li-Cor Pearl
imager) 24 hours after the injection. Intensity measurements were
taken in a user-defined ROI at the Achilles tendon and enthesis
using Li-Cor image acquisition software for both 700- and 800-
nm wavelengths.

RNA-seq of tendon and bone

Young mice were euthanized 4 hours after the 5th or 12th consec-
utive day of loading, and tendon and calcaneal bone from loaded
and contralateral (not loaded) limbs were immediately dissected
under ribonuclease (RNase)—free conditions and snap-frozen (n =
3 male mice per time point). Age-matched Achilles tendons and cal-
caneal bones were also collected as a naive control group (n = 3 male
mice; age matched to the fifth consecutive day time point). Tissues
were mechanically pulverized in TRIzol, and total RNA was isolated
using spin-columns (PureLink RNA mini kit, Thermo Fisher Scien-
tific) with on column genomic DNA digestion (RNase-free DNase,
QIAGEN). RNA Integrity Number (RIN) was measured using Bio-
analyzer (Agilent). Poly-A mRNA libraries were prepared, and

Ganji et al., Sci. Adv. 9, eadf4683 (2023) 23 June 2023

next-generation sequencing was performed using Illumina
NovaSeq shared platform. Reads were mapped to the genome refer-
ence consortium mouse build 38. Differential gene expression was
determined from count matrices with either paired design (loaded
versus contralateral) or unpaired design (loaded or contralateral
versus naive control) in DESeq2 in R/Bioconductor (74).

Gene expression verification with qRT-PCR

We verified gene expression of four genes that were differentially
expressed in tendon with loading: Tnc, Collal, Colla2, and
Col2al (Integrated DNA Technologies) with qRT-PCR. Redundant
RNA following sequencing from naive, 5-day loaded, and 12-day
loaded samples (1 = 3 per group) was reverse-transcribed to
c¢DNA (SuperScript IV VILO Master Mix, Thermo Fisher Scien-
tific). The quality and quantity of RNA were checked with a Nano-
Drop spectrophotometer (Thermo Fisher Scientific) before
conversion. QRT-PCR was performed in CFX96 Real-Time PCR
Detection System (Bio-Rad) with Power SYBR Green PCR Master
Mix (Thermo Fisher Scientific). B2m was used as the reference gene.
Primer information is provided in Table 1.

Statistical analysis

Statistical comparisons were performed using Prism (8.3 or higher,
GraphPad Software, La Jolla, USA) or in R (version 4.1.0). Gaussian
distribution of the data was evaluated using Shapiro-Walik and
D’Agostino-Pearson normality tests. Results from microCT analy-
ses were tested for normality and compared between the loaded and
control samples using an unpaired f tests. For statistical comparison
of the CSA measurements and mechanical testing results, paramet-
ric data were tested using paired two-tailed ¢ test, and Wilcoxon
rank test was used for nonparametric results. To identify DEGs,
we used Wald test of significance and corrected P values for multi-
ple testing using the Benjamini and Hochberg method (P-adj <
0.05). Log2FCs were shrunk to account for high dispersion and
low counts (75). The median ratio algorithm of DESeq2 was used
to normalize counts for sequencing depth and gene length (76).
For functional annotation, list of DEGs with |log2FC| > 0.32 was
input separately for each time point and tissue into DAVID (77,
78) with Mus musculus background. Gene Ontology biological pro-
cesses and KEGG pathways were obtained with a false discovery rate
< 0.05 and fold enrichment > 1.5. For power analysis, the effect size
was calculated from the descriptive statistics of each group, and the
effect size was calculated as the ratio of mean and SD of difference.
Power for each variable was calculated using total sample size (N =
16), significance (o = 0.05), and the calculated effect size for a t test
with match mean values. For power < 0.8, a priori power analysis
was performed to calculate the required sample size to achieve 0.8
power. For most outcomes, statistical significance was considered as
P=o0r<0.05. Means + SD are reported. All images were deidentified
and analyzed by at least one blinded reviewer, and results were ag-
gregated by one of the lead authors (S.N.L., E.G., or M.L.K.)
for sorting.
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