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Establishing in vivo and ex vivo 
chick embryo models to investigate 
fetal tendon healing
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Catherine K. Kuo 1,2,3,4,5*

Injured adult tendons heal fibrotically and possess high re-injury rates, whereas fetal tendons appear 
to heal scarlessly. However, knowledge of fetal tendon wound healing is limited due in part to the 
need for an accessible animal model. Here, we developed and characterized an in vivo and ex vivo 
chick embryo tendon model to study fetal tendon healing. In both models, injury sites filled rapidly 
with cells and extracellular matrix during healing, with wound closure occurring faster in vivo. 
Tendons injured at an earlier embryonic stage improved mechanical properties to levels similar to 
non-injured controls, whereas tendons injured at a later embryonic stage did not. Expression levels of 
tendon phenotype markers, collagens, collagen crosslinking regulators, matrix metalloproteinases, 
and pro-inflammatory mediators exhibited embryonic stage-dependent trends during healing. 
Apoptosis occurred during healing, but ex vivo tendons exhibited higher levels of apoptosis than 
tendons in vivo. Future studies will use these in vivo and ex vivo chick embryo tendon injury models to 
elucidate mechanisms of stage-specific fetal tendon healing to inform the development of therapeutic 
approaches to regeneratively heal adult tendons.

Tendons play a critical role in enabling body movements by transmitting forces from muscles to bones. Unfortu-
nately, tendon injuries are highly prevalent and lead to scar tissue with inferior mechanical properties and high 
re-injury  rates1–3. An estimated 65 million physician visits involve tendon and ligament injuries each year in the 
United  States4. These include Achilles (calcaneal) tendon injuries, which are increasing in  frequency5. High rates 
of injuries and poor healing ability have led to a critical need for approaches to regeneratively heal adult tendons.

In contrast to adult tendons, injured fetal sheep tendons appear to heal  scarlessly6,7. Injured tendons of 80–85 
gestational day sheep fetuses recovered normal extracellular matrix (ECM) organization after 7 days of heal-
ing, whereas adult tendons healed as scar tissue with disorganized  ECM6. Injured adult tendons also possessed 
more immune cell infiltrates and elevated expression levels of inflammatory mediators compared to injured 
fetal  tendons7. When injured fetal and adult sheep tendons were transplanted subcutaneously into adult severe 
combined immunodeficient (SCID) mice, which mount a compromised inflammatory response, fetal tendons 
still healed scarlessly whereas adult tendons healed with  scar7. Based on these findings, the authors suggested 
scarless healing capacity is intrinsic to fetal tendons and not reliant upon the immune system, but the underlying 
mechanisms of fetal tendon scarless healing are still unknown. Uncovering mechanisms of fetal tendon scarless 
healing could inform the development of therapeutics to heal injured adult tendons regeneratively. To pursue 
such studies, a more accessible and economical animal model is needed.

We propose to use the chick embryo to study fetal tendon healing. The chick embryo is frequently used to 
study limb development because the process shares significant overlap with  mammal8–16. However, unlike mam-
mals, the chick embryo is attractive because it develops independently within an eggshell and its limb tendons 
can be accessed directly during development without the complications of in utero  surgery17. Additionally, chick 
embryos are more economical than the sheep and many other models. We and others have used the chick embryo 
to elucidate key aspects of tendon development including collagen fibrillogenesis, collagen crosslinking, ECM 
contributions, and mechanical property  elaboration8–26. Finally, the chick embryo develops in only 21 days. Taken 
together, the chick embryo is an attractive option to study mechanisms of fetal tendon healing.
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Adult tendon healing includes inflammatory, proliferative, and remodeling phases (reviewed  in27,28). It is 
unknown if these events also occur in fetal tendon healing. During the inflammatory phase of adult tendon heal-
ing, inflammatory cells release cytokines, leading to proliferation of tendon cells and recruitment of macrophages 
that produce additional pro-inflammatory  mediators29,30. In adult tendons, interleukin (IL)-1β is one of the most 
significantly upregulated pro-inflammatory cytokines immediately following  injury31. IL-1β binds IL-1 receptor 
1 (IL-1R1) to transduce IL-1β signaling  intracellularly32. IL-1β appears to regulate tendon phenotype as well as 
ECM elaboration during healing, as IL-1β treatment significantly downregulated scleraxis, tenomodulin, and 
collagen types I and III, and upregulated mohawk and matrix metalloproteinase (MMP)13 expression in injured 
adult mouse Achilles tendon  cells33. While collagen type I is the dominant fibrillar collagen type in healthy adult 
tendon, an abnormally low collagen type I-to-III ratio is associated with adult tendons after  healing34–36. ECM 
remodeling during tendon healing appears to involve MMP3, MMP9, and MMP13 based on their expression 
patterns and effects of their inhibition on adult tendon  healing31,37–41. It would be interesting to examine pro-
inflammatory molecules, collagens, and MMPs in embryonic tendon healing.

Lysyl oxidase (LOX) is present during adult tendon healing, though its role is  unknown42. Interestingly, 
LOX is hypothesized to play a role in fetal wound healing of other tissues. For example, LOX levels are higher in 
fetal mouse skin when wounded at embryonic day (E) 19 which heals with scar, compared to E16 which heals 
 scarlessly43,44. Based on these results, LOX was hypothesized to play a role in stage-dependent healing of fetal 
skin, although perturbation studies were not performed to confirm this hypothesis. We previously discovered 
LOX plays a critical role in embryonic tendon development by regulating collagen crosslinking to control tendon 
mechanical  properties14,15. Characterizations showed tendon elastic modulus correlates highly with LOX-medi-
ated collagen crosslink density  (r2 = 0.8, p < 0.0001) and LOX activity levels  (r2 = 0.97, p = 0.016) during embry-
onic  development15,21. Furthermore, inhibition of LOX activity by β-aminopropionitrile (BAPN) significantly 
decreased crosslink density and tendon elastic modulus without affecting collagen content or  organization14,15,21. 
Given that LOX is a critical regulator of mechanical properties during tendon development, LOX and its regula-
tors (BMP-1, fibronectin, periostin) should be investigated in embryonic tendon healing.

Expression of tendon phenotype markers, including scleraxis and tenomodulin, changes significantly after 
injury in adult  tendons31,45,46. Knockdown of these markers or depletion of cells expressing these markers has 
led to altered adult tendon healing  outcomes35,47. Specifically, depletion of scleraxis-expressing cells enhanced 
stiffness and maximum loads of injured adult mouse flexor  tendons35. On the other hand, knockout of tenom-
odulin impaired adult mouse Achilles tendon healing and caused excessive fibrovascular scarring and heterotopic 
 ossification47. Based on their roles in adult tendon healing, the roles of tendon phenotype markers in embryonic 
tendon healing should be explored.

Several studies with adult tendons have reported the presence of apoptotic cells during  healing48,49, although 
the role of apoptosis in adult tendon healing is currently unknown. While not yet examined in embryonic tendon 
healing, apoptosis has been implicated in scarless healing of fetal skin healing based on higher expression levels 
of apoptosis markers in scarlessly healing E15 fetal mouse skin as compared to scarred healing E18 fetal  skin50. 
It would be interesting to examine apoptosis in embryonic tendon healing after injury.

Here, we developed and characterized in vivo and ex vivo chick embryo models to study embryonic tendon 
healing. While the in vivo model provides a physiological environment, an ex vivo model enables greater control 
over the culture environment without the myriad of unknown and uncontrollable factors that are present in vivo. 
Tendons of Hamburger-Hamilton51 (HH) 40 and HH43 (incubation days 14 and 17) chick embryos were injured, 
and healing responses were assessed using histological staining and image analyses, gene expression analyses, and 
mechanical testing. We chose these stages because collagen content and LOX-mediated crosslink density increase 
by factors of 2 and 5, respectively, from HH40 to  HH4314,15, and because HH43 is the first timepoint after HH40 
when tensile modulus and peak stress become statistically different from  HH4023. We hypothesized that embry-
onic tendons would heal rapidly after injury and that healing responses would be dependent on developmental 
stage. Our data establish the feasibility of chick embryo in vivo and ex vivo tendon injury models and reveal 
new insights into embryonic tendon healing. Future studies will use these models to identify critical regulators 
of embryonic tendon healing to inform the development of therapeutics for regenerative adult tendon healing.

Methods
Animals. All animal experiments were performed in accordance with relevant guidelines and regulations 
and received approval from the University of Maryland Institutional Animal Care and Use Committee (IACUC). 
All methods are reported in accordance with ARRIVE guidelines. HH40 and HH43 fertilized White Leghorn 
chicken eggs (University of Maryland Department of Animal and Avian Sciences) were cultured in humidified 
rocking incubators at 37.5 °C. At specified timepoints, chick embryos were sacrificed by decapitation, staged 
based on anatomical features, and used for ex vivo cultures and assays. 48 h and 120 h timepoints were selected 
based on when wound closure was evident in each model.

In ovo injury. At HH40 and HH43, a 3 cm-diameter window was created over the air cell. A high tempera-
ture cautery (Bovie) created a 0.5 cm-diameter opening in the chorioallantoic membrane while cauterizing sev-
ered blood vessels. A V-hook lifted the limb through the opening in the membrane, and a custom-made brace 
held the ankle at a 90° angle above the window. Our established “marking protocol”23 identified and used India 
ink to mark the length of the calcaneal tendon mid-substance based on anatomical features (Fig. 1). We identi-
fied the midpoint of the tendon mid-substance using calipers set to one half the length and then to one half the 
width of the mid-substance. At the midpoint, micro-scissors dipped in India ink created an injury site spanning 
25% of the tendon width (Fig. 1). A custom metal tool inserted between the tibia and tendon protected the bone 
during the transection. The limb with the tendon injury was returned below the membrane. The intact contralat-
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eral tendon was the non-injured control. We covered the window with tape and incubated the egg in a humidi-
fied incubator at 37.5 °C. After 48 h, embryos were sacrificed and calcaneal tendons harvested for the assays.

Ex vivo injury. HH40 and HH43 limbs were harvested by cutting halfway along the tibia length and remov-
ing the digits of the foot. The skin was removed but muscles and bones were kept intact to maintain the resting 
tension on the calcaneal tendon. Limbs were placed in sterile saline and the ankle held at a 90° angle to demar-
cate the calcaneal tendon mid-substance using the marking  protocol23 and create an injury (described above, 
Fig. 1). The contralateral limb was the non-injured control. Limbs were cultured in Dulbecco’s modified Eagle’s 
medium (Life Technologies) with 10% fetal bovine serum (Atlanta Biologicals) and 1% antimycotic-antibiotic 
(Gibco). Medium was changed every 12 h. Calcaneal tendons were harvested for RT-PCR at 12 h; histology and 
imaging at 48 h and 120 h; and tensile mechanical testing at 0 h and 120 h.

Histology, imaging, and quantification. Tendons were cryopreserved and cryosectioned at 20  μm 
thickness, as previously  described14,24. Injury sites were identified by India ink and the tissue depth of these sec-
tions recorded. Contralateral non-injured control sections at the same tissue depth as in the injured samples were 
selected for staining alongside injured samples. Hematoxylin and eosin (H&E) staining were used to quantify 
cell density, and picrosirius red (PSR) staining to quantify collagen properties, as previously  described13,14,22,24. 
Stained sections were imaged under brightfield and polarized light microscopy (20X objective, ZEISS Axio Scan) 
and shown with the wound site only (without adjacent uninjured tissue). Briefly, cells were counted in H&E-
stained sections by three reviewers in a blinded fashion using the Cell Counter plug-in in ImageJ (NIH)22,24. To 
quantify collagen content in PSR-stained sections, brightfield images were converted to RGB stacks using ImageJ 
(NIH) and the total signal intensity in the red channel was  measured22,24. To quantify collagen density, the per-
centage of PSR-positive staining areas per image was measured after applying the same thresholding to every 
image to distinguish PSR-positive from PSR-negative staining areas. To quantify collagen alignment, brightfield 
images were converted into 8-bit format, and fiber orientation was assessed using the Directionality plugin in 
FIJI (NIH). We quantified collagen maturity based on percentage of green, yellow, and red pixels as immature, 
intermediate, and mature fibers, as previously  described24. Briefly, polarized images were converted into 8-bit 
format. A custom MATLAB code classified a pixel as red if the intensity ratio of red to green signal  (Ir/Ig) ≥ 1.8, 
yellow if 1.1 <  Ir/Ig < 1.8, and green if  Ir/Ig ≤ 1.1. We stained and quantified apoptotic cells using the In Situ Cell 
Death Detection Kit (Roche) and all cell nuclei with Hoechst 33,342 (Thermo Fisher), as previously  described24. 
Red-fluorescing TUNEL-positive cells and blue-fluorescing Hoechst 33,342-positive nuclei (pseudo-colored 
green in images) were imaged on a FLUOVIEW FV3000 laser scanning confocal system (Olympus) and counted 
using the Analyze Particle function in ImageJ (NIH). Apoptotic cell percentage was calculated by dividing 
TUNEL-positive cell number by Hoechst 33,342-positive cell number.

Second Harmonic Generation (SHG) imaging and quantification. Fibrillar collagen was visualized 
in sections by forward SHG (800 nm excitation, 400 ± 10 nm emission; TCS SP8 MP multiphoton microscope, 
Leica) with a 100X oil immersion objective and analyzed, as previously  described14–16,21,24. Briefly, collagen con-
tent was quantified as the total SHG signal intensity per image (Image J). Collagen density was quantified as the 
percentage of SHG signal-positive area per image after applying the same thresholding to every image to distin-
guish SHG signal-positive from signal-negative areas. Collagen alignment was quantified using the Directional-
ity plugin in FIJI (NIH) that generated an average fiber dispersion per image.

Mechanical testing. Tendons were tensile tested as previously  described23,24 by stretching uniaxially at 1% 
strain/s until failure (5542 Advanced Material Testing System, Instron). Elastic modulus was calculated from the 

Figure 1.  Injury was created by transecting 25% of tendon width at the midpoint of the calcaneal tendon mid-
substance. (A) Markers 1 and 2 were placed to label the length of the tendon mid-substance, excluding adjacent 
muscle and fibrocartilage, using an established  protocol23. The midpoint of the tendon mid-substance was 
identified using calipers that were set to one half the length of the mid-substance, and then to one half the length 
of the mid-substance width. At this midpoint, a pair of micro scissors was used to transect 25% of tendon width. 
(B) Photo of an injury (within red circle) in the calcaneal tendon of an HH43 embryo (India ink not included 
for better viewing of the tendon).



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9600  | https://doi.org/10.1038/s41598-023-35408-w

www.nature.com/scientificreports/

slope of the linear region of the stress–strain curve. Peak stress was the maximum load normalized to tendon 
cross-sectional area. Peak strain was determined as the strain value at peak stress.

Reverse‐transcription polymerase chain reaction (RT‐PCR). Tendons were homogenized in TRIzol 
LS (Life Technologies), total RNA isolated and reverse-transcribed using the Superscript III First Strand Syn-
thesis kit (Invitrogen), and PCR performed with PlatinumTM Taq DNA Polymerase High Fidelity (Invitrogen) 
using a Mastercycler® (Eppendorf). Gallus gallus-specific primers (newly and previously  designed21,25,52) were 
used to characterize gene expression levels (Table 1).

Statistical analyses. Power analysis was performed with power = 0.9 and significance level α = 0.05 using 
1 sample, 2-sided equality, and 2-sample equivalence scenarios. Effect size was 1.1 for tensile testing and 1.8 for 
RT-PCR and image analysis data. Based on power analysis results, N = 5 tendons for tensile mechanical test-
ing and N = 3 tendons for image analysis and RT-PCR were required per condition and embryonic stage. Each 
biological replicate (N) was from a different animal. Final data set was tested for and met both normality and 
homogeneity of variance criteria. Two-tailed Student t-test was used to analyze statistical differences between 
injured and non-injured tendons at the same timepoint and injured tendons at different timepoints. One-way 
ANOVA followed by Tukey’s test (for nuclei density comparisons) and two-way ANOVA followed by Sidak’s test 
(for viability and mechanical property comparisons) were used to analyze statistical differences between injured 
and non-injured tendons at different timepoints. Statistical analyses were performed using Graphpad Prism v8 
(CA, United States).

Results
H&E staining and SHG imaging showed wounds filled with cells and disorganized ECM by 48 h in vivo and 
120 h ex vivo, with fibrillar collagen as a significant component of the ECM (Fig. 2). In vivo, injured HH40 and 
HH43 tendon cell densities were 129% and 139% of non-injured controls, respectively (Fig. 2A). Based on SHG 
imaging, fibrillar collagen content, density, and dispersion in in vivo injured HH40 tendons were 54%, 40%, and 
259% of non-injured controls, respectively (Fig. 2B), and in HH43 injured tendons were 41%, 36%, and 304% 
of non-injured controls, respectively (Fig. 2B).

Ex vivo, injured tendon cell densities were similar between 48 and 120 h for both HH40 and HH43 (Fig. 2C). 
At 120 h, cell densities were not different between injured and non-injured tendons for both HH40 and HH43 
(Fig. 2C). Based on SHG imaging, fibrillar collagen content, density, and dispersion in injured HH40 tendons 
were 44%, 24%, and 206% of non-injured controls, respectively, and in injured HH43 tendons were 42%, 31%, 
and 262% of non-injured controls, respectively (Fig. 2D).

We performed PSR staining of in vivo injured tendons to analyze collagen content and maturity at 48 h of 
healing (Fig. 3). Relatively high content of immature and intermediate collagen fibers suggested healing was 
ongoing in both HH40 and HH43 injured tendons. Specifically, collagen content, density, and dispersion in 
HH40 injured tendons were 61%, 26%, and 186% of non-injured controls, respectively (Fig. 3A), and in HH43 
injured tendons were 65%, 37%, and 283% of non-injured controls, respectively (Fig. 3B), which agreed with SHG 
imaging analyses (Fig. 2). Polarized microscopy revealed immature, intermediate, and mature collagen fibers 
in injured HH40 tendons were 2,190%, 228%, and 14% of non-injured controls, respectively (Fig. 3A), and in 
injured HH43 tendons were 2,383%, 366%, and 33% of non-injured controls, respectively (Fig. 3B).

TUNEL staining revealed differences in the in vivo and ex vivo models. HH40 and HH43 tendons injured 
in vivo both possessed 7 ± 2% TUNEL-positive cells compared to 0% in non-injured controls by 48 h (Fig. 4A). 

Table 1.  Forward and reverse primer sequences.

Gene Accession # Forward sequence Reverse sequence

18 s ribosomal RNA gene (18S)21,25,52 AF173612.1 CGG GGC CAT GAT TAA GAG GG CTT TAG TTC GTC TTG CGC CG

Bone morphogenic protein 1 (BMP1) U75331.1 GTT CTG CGG CTA CGA GAA AC AAC ATT CGT CCA CCT CCT TG

Collagen type I alpha 2(I) chain (COL1A2)52 NM_001079714.1 CCA GGA CAA CCT GGT GCT CGC CAG CGC TGC CAT CAC TCC CA

Collagen type III alpha 1 chain (COL3A1)52 NM_205380.2 TTC AGG AGC AAG GGG TCC ACC AGG GAA GCT ACG CCA CCA CCA 

Fibronectin (FN1) NM_001198712.1 CGT TCG TCT CAC TGG CTA CA GGT CCT CTG GAT GGG ATT CT

Interleukin 1 beta (IL-1β) NM_204524.2 CCA GAA AGT GAG GCT CAA CA GTA GCC CTT GAT GCC CAG T

Interleukin 1 receptor type 1 (IL-1R1) NM_205485.1 TGA TTC TCA AGA ATT TAC ATC ATA CAT CTT CTC CTG CTA AAT CAT TCCTC 

Lysyl oxidase (LOX)21,52 NM_205481.2 TCG GGC GGA TGT TAG AGA CT AGC TGG CGT CTA ACA AGT CA

Matrix metalloproteinase 3 (MMP3) XM_417175.2 ATC AGG CTC TAC AGT GGT G ATG GGA TAC ATC AAG GCA C

Matrix metalloproteinase 9 (MMP9) NM_204667.1 ATG AAC TAC TCC CCC GAC CTG AGT CCA GAA CTC ATC ATC ATCG 

Matrix metalloproteinase 13 (MMP13) NM_001293090.1 TTT GGG CTA TGA ATG GCT AT TAG TAT GCA GGA TGC GGA CA

Mohawk homeobox transcript variant X1 (MKX) XM_015282064.3 AGG ATT ACG TGT CAC CTC CC TCT GTT AGC TGC GCT TTC AC

Periostin (POSTN) NM_001030541 GTG CTG TCC TGG CTA CAT GA TGT GGT GGT GGA GAG CAT TA

Scleraxis (SCX)25,52 NM_204253.1 CGC GAC AGG AAG ACG GCG AT CTG GCA GCG GGG TGA AGA CG

Tenascin-C (TNC) NM_205456.4 GCG GCT ACA ACA GAG GCA G CCC ATC ATC TGC AGT CCA GG

Tenomodulin (TNMD)25,52 NM_206985.2 CAT GGT CTG GGT GCC TGG CG TCC GGA GCT GCT ATC GGG GT
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Ex vivo, injured HH40 tendons possessed 40 ± 6% and 40 ± 3% TUNEL-positive cells at 48 h and 120 h, respec-
tively. HH40 non-injured controls possessed 3 ± 2% TUNEL-positive cells at 48 h and increased to 21 ± 6% 
TUNEL-positive cells by 120 h (Fig. 4B). HH43 tendons injured ex vivo possessed 45 ± 8% and 37 ± 4% 

Figure 2.  H&E staining and SHG imaging revealed cells and disorganized fibrillar collagen filled in HH40 
and HH43 tendon wounds in vivo by 48 h (A,B) and ex vivo by 120 h (C,D). (A) Representative H&E stains 
and image analyses show in vivo injured HH40 and HH43 tendon wounds filled by 48 h, and that wounds had 
higher cell density than non-injured controls at 48 h. Potential immune cells were also observed. Green arrows 
point to India Ink. Yellow arrowheads point to potential immune cells. (B) Representative SHG images and 
image analyses of in vivo injured HH40 and HH43 tendon wound sites at 48 h show lower fibrillar collagen 
content and density but higher dispersion than non-injured controls (p < 0.05). (C) Representative H&E stains 
and image analyses show ex vivo injured HH40 and HH43 tendons wounds filled by 120 h, and that wounds 
had similar cell densities between 48 and 120 h. At 120 h, cell densities were also similar between injured and 
non-injured tendons for both HH40 and HH43. (D) Representative SHG images and image analyses of ex vivo 
injured HH40 and HH43 tendon wound sites at 120 h show lower fibrillar collagen content and density but 
higher dispersion than non-injured controls (p < 0.05). Statistically significant differences between injured and 
non-injured tendons of the same stage at the same timepoint and between injured tendons of the same stage at 
different timepoints were determined by two-tailed Student t-test with p < 0.05. N = 3 per stage and condition.
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TUNEL-positive cells at 48 h and 120 h, respectively. HH43 non-injured controls possessed 5 ± 2% TUNEL-
positive cells at 48 h and increased to 21 ± 5% TUNEL-positive cells by 120 h (Fig. 4B).

To analyze mechanical properties during healing, uniaxial tensile testing was performed with ex vivo tendons. 
Injury immediately compromised mechanical properties of both HH40 and HH43 tendons, but only HH40 
injured tendons exhibited improvements during healing (Fig. 5). Specifically, HH40 injured tendon elastic modu-
lus was 37% and peak stress was 24% of non-injured controls at 0 h, but by 120 h elastic modulus and peak stress 
were similar to non-injured controls (Fig. 5A,B), whereas peak strains appeared unaffected by injury or time 
(Fig. 5C). Injured HH43 tendon elastic modulus was 50% and peak stress was 41% of non-injured controls at 0 h 
(Fig. 5D,E). At 120 h, elastic modulus and peak stress of HH43 injured tendons still were 40% and 31% of non-
injured controls, respectively (Fig. 5D,E), whereas peak strains appeared unaffected by injury or time (Fig. 5F).

To further investigate differences in HH40 and HH43 tendon healing, we examined gene expression levels of a 
range of molecules. In HH40 tendons injured ex vivo, scleraxis expression was lower than in non-injured controls 
(Fig. 6A). In contrast, tenomodulin, mohawk, tenascin-C, IL-R1, collagen types I and III, MMP3, MMP9, MMP13, 
LOX, BMP-1, fibronectin, and periostin were higher than in non-injured tendons, and IL-1β levels were not 
affected (Fig. 6A). In HH43 tendons injured ex vivo, scleraxis, IL-1β, MMP3, and MMP9 expression levels were 
higher than in non-injured controls, whereas expression levels of the other markers were not affected (Fig. 6B).

Discussion
This study established in vivo and ex vivo chick embryo tendon injury models and used these models to discover 
insights into stage-specific events of embryonic tendon healing. We demonstrated the ability to create a partial 
thickness wound in the mid-substance of the calcaneal tendon at earlier and later stages of development and 
observed rapid wound closure both in vivo and ex vivo. While healing was more rapid in vivo than ex vivo, we did 
not observe scarless or regenerative healing at the timepoints examined. Whether chick embryonic tendons heal 
regeneratively will be examined in future studies. We developed the ex vivo model to study healing in isolation of 
unknown and uncontrollable factors that are present in vivo. Our data also suggest embryonic tendon responses 
to injury are stage-specific, which will be interesting to investigate further. Based on our findings, the in vivo 

Figure 3.  PSR staining and polarized microscopy revealed HH40 and HH43 tendon wounds in vivo possessed 
mostly immature and intermediate collagen fibers at 48 h. Representative PSR stains and image analyses for 
collagen content, density, dispersion, and fibril maturity of HH40 (A) and HH43 (B) tendons injured in vivo. 
Both HH40 (A) and HH43 tendons (B) possessed disorganized collagen at 48 h that was lower collagen 
content and density, but higher dispersion than non-injured controls (p < 0.05). Polarized microscopy and 
image analyses revealed injured HH40 (A) and HH43 tendons (B) possessed more immature and intermediate 
collagen fibers and fewer mature collagen fibers in comparison with non-injured controls (p < 0.05). Statistically 
significant differences between injured and non-injured tendons at each stage were determined by two-tailed 
Student t-test with p < 0.05. N = 3 per stage and condition.
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and ex vivo chick embryo tendon injury models will be useful for future studies to elucidate key mechanisms 
and regulators of embryonic tendon healing.

Wounds filled with cells and ECM after injury in both HH40 and HH43 tendons by 48 h in vivo and 120 h 
ex vivo. Because the same initial wound-to-tendon width ratio was created in both models (Fig. 1), a difference in 
wound size was not the reason for different healing rates. Slower healing ex vivo could be due to reduced nutrient 
supply and waste exchange and other compromised factors. PSR staining and SHG imaging indicated collagen 
was a significant component of the new ECM in HH40 and HH43 wounds, although lower content and maturity 
and less organized in both in vivo and ex vivo injured tendons compared to non-injured controls (Figs. 2 and 3). 
It is possible the ECM will become more collagenous, dense, and organized with longer time to heal, as others 
have shown fetal sheep tendon can heal scarlessly. In particular, 80 gestation day sheep fetuses healed partially 
transected tendons in 7 days with recovery of normal ECM organization in  utero6. Future studies should examine 

Figure 4.  Apoptosis was higher in HH40 and HH43 tendon wounds than in contralateral non-injured 
tendons both in vivo and ex vivo. Representative TUNEL stains and image analyses shown for in vivo (A) and 
ex vivo (B) injured tendons. (A) In vivo injured HH40 and HH43 tendon wounds possessed apoptotic cells 
whereas non-injured controls had none at 48 h (p < 0.05). (B) Ex vivo injured HH40 and HH43 tendon wounds 
possessed higher TUNEL-positive cell percentages than non-injured controls at 48 h and 120 h (p < 0.05). In 
addition, TUNEL-positive cell percentages in non-injured HH40 and HH43 tendons increased from 48 to 120 h 
(p < 0.05). Statistically significant differences between injured and non-injured tendons at each stage in vivo were 
determined by two-tailed Student t-test with p < 0.05. Statistically significant differences between injured and 
non-injured tendons at each stage and between timepoints ex vivo were determined by 2-way ANOVA followed 
by Sidak’s multiple comparisons test with p < 0.05. N = 3 per stage and condition.
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collagen elaboration over longer healing durations. It would also be interesting to examine how different wound 
sizes heal, as previous studies report fetal tendon scarless healing ability is dependent on wound  size53.

Similar to adult tendon healing, embryonic tendons injured in vivo exhibited increases in cell density and 
apoptosis by 48 h of healing. In vivo injured HH40 and HH43 tendons possessed higher cell densities than non-
injured controls (Fig. 2). Furthermore, apoptotic cells were observed in injured tendons only (Fig. 4). During 
adult tendon healing, resident tendon cells and immune cells increase in number and release factors that affect 
ECM  synthesis27,28,54. Adult tendons also experience apoptosis during  healing48,49,55. For example, TUNEL-pos-
itive cells were reported to be 1.6-fold higher in injured human Achilles tendons compared to healthy  controls48. 
Fetal tendon healing studies have not examined  apoptosis6,7,53, but a study in fetal skin reported higher levels of 
apoptosis markers caspase 7 and poly ADP-ribose polymerase in scarlessly healing E15 fetal mouse skin com-
pared to scarred healing E18  skin50. Future studies should examine a potential role for apoptosis in stage-specific 
embryonic tendon healing at later timepoints.

More apoptotic cells in ex vivo injured tendons than non-injured controls suggests injury triggered apoptosis. 
In addition, ex vivo injured tendon viabilities were similar between HH40 and HH43 and remained constant 
over time despite different expression profiles of pro-inflammatory mediators (Figs. 4 and 6). Meanwhile, non-
injured tendon cell viability declined slowly from 95 to ~ 79% from 48 to 120 h (Fig. 4). Our results differ from 
a report in which tendons of adult bone-tendon-muscle explants decreased rapidly to 0% viability by 120  h56. 
Future studies using the ex vivo model should consider viability over time.

Mechanical properties of ex vivo injured HH40 tendons became similar to those of non-injured controls by 
120 h of healing, whereas those of HH43 tendons did not (Fig. 5). We would expect non-injured tendon mechani-
cal properties to elaborate over 120 h if the tendons were developing normally, as occurs in vivo23. However, lack 
of increases in elastic modulus and peak stress in control tendons suggests compromised development ex vivo, 
which was also reflected by the increase in apoptosis over time (Fig. 4 and 5). Interestingly, injured HH40 tendon 
mechanical properties were statistically similar to control tendons at 120 h despite abnormally low collagen con-
tent and disorganized collagen, whereas injured HH43 tendon mechanical properties remained inferior to con-
trols (Fig. 2 and 5). Normally, HH43 tendons have more developed ECM and mechanical properties than HH40 
 tendons14,23, thus after injury may need additional time to synthesize, remodel, and crosslink collagen to achieve 
similar properties as control tendons. Previously, we discovered that tendons with normal collagen content and 
organization will have inferior mechanical properties if LOX-mediated crosslink density is abnormally  low14,15, 
and that rLOX treatment of tendons can increase LOX-mediated crosslink density to, in turn, enhance mechani-
cal  properties24. In vivo, active LOX enzyme is produced when bone morphogenetic protein (BMP)-1 cleaves 
 proLOX57–59, a process that is enhanced via interactions between BMP-1 with fibronectin and  periostin58,60,61. 
Here, LOX, BMP-1, fibronectin, and periostin levels increased in healing HH40 tendons relative to non-injured 
controls, but not in HH43 tendons (Fig. 6). Based on these results, we hypothesize that HH40 tendons increased 

Figure 5.  Tensile mechanical properties of ex vivo injured HH40 tendon improved to the same levels as non-
injured controls by 120 h, whereas HH43 tendons did not. Injured HH40 tendon elastic modulus (A) and peak 
stress (B) were lower than those of non-injured controls at 0 h (p < 0.05), but increased to the same levels of 
non-injured controls by 120 h (p > 0.05). Injured HH40 tendon peak strains were similar to non-injured controls 
at 0 h and 120 h (p > 0.05) (C). Injured HH43 tendon elastic modulus (D) and peak stress (E) were lower than 
those of non-injured controls at both 0 h and 120 h (p < 0.05). Injured HH43 tendon peak strains were similar to 
non-injured controls at 0 h and 120 h (p > 0.05) (F). Statistically significant differences between injured and non-
injured tendons at each stage and between timepoints were determined by 2-way ANOVA followed by Sidak’s 
multiple comparisons test with *p < 0.05. N = 5 per stage and condition.
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Figure 6.  Gene expression levels were differentially regulated in HH40 and HH43 tendons after injury ex vivo. 
(A) In injured HH40 tendons, scleraxis expression levels were lower than in non-injured controls (p < 0.05). 
In contrast, IL-1β expression levels were similar between injured and non-injured HH40 tendons (p > 0.05), 
and expression levels of all other markers were higher than in non-injured controls (p < 0.05). (B) In injured 
HH43 tendons, scleraxis, IL-1β, MMP3, and MMP9 expression levels were higher than in non-injured controls 
(p < 0.05). In contrast, expression levels of all other markers were similar between injured and non-injured 
HH43 tendons. Statistically significant differences between injured and non-injured tendons were determined 
by two-tailed Student t-test with p < 0.05. N = 3 per condition.
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LOX-mediated collagen crosslinking during healing to improve mechanical properties, despite abnormal collagen 
content and organization. Future studies should perturb LOX in vivo to test how LOX-mediated crosslinking of 
collagen regulates embryonic tendon mechanical properties during healing in a stage-specific manner.

HH40 tendon healing may have involved more active collagen synthesis and remodeling by MMPs than HH43 
tendons. HH40 tendons upregulated collagen types I and III, and MMP3, MMP9, and MMP13 during healing 
(Fig. 6a). In contrast, healing HH43 tendons only upregulated MMP3 and MMP9, and to a lesser extent (Fig. 6b). 
Perhaps regulation of collagen types I and III contributed to the improvements in healing HH40 tendon mechani-
cal properties. Collagen type III is present in embryonic tendons and may play a role in regulating collagen fibril 
 diameter9,13. During healing, adult tendons possess a high collagen type III-to-I  ratio34–36, but persistence of 
the high ratio after healing is associated with abnormal tendon function and  health9,34,62. Future studies should 
examine collagen type III contributions to embryonic tendon healing. It is also possible that MMP remodeling 
of ECM played a role in HH40 tendon healing. MMPs have been implicated in adult tendon healing across ten-
don  types31,37–41. For example, MMP inhibition by doxycycline compromised injured adult rat Achilles tendon 
mechanical  properties41. Having previously detected active and pro-forms of MMPs in embryonic  tendons22,63, 
it would be interesting to determine the roles of MMPs in embryonic calcaneal tendon healing.

Phenotype markers exhibited stage-dependent expression patterns during HH40 and HH43 tendon heal-
ing. Scleraxis decreased during HH40 tendon healing, while tenomodulin and other phenotype marker levels 
increased (Fig. 6a). In contrast, scleraxis levels increased during HH43 tendon healing while other phenotype 
markers were unaffected(Fig. 6b). Although not previously examined in embryonic healing, phenotype markers 
may play roles in postnatal tendon  healing31,35,45–47. For example, injured adult mouse flexor tendons improved 
stiffness and maximum loads when scleraxis-expressing cells were  depleted35. It is interesting that in our study, 
injured HH40 tendons downregulated scleraxis expression levels and improved mechanical properties to the same 
levels as non-injured controls (Fig. 5). In contrast, injured HH43 tendons, which upregulated scleraxis expression 
levels, did not improve mechanical properties (Fig. 5). Future studies should perturb scleraxis and other tendon 
markers to determine their roles in embryonic tendon healing.

IL-1β signaling may have influenced HH40 tendon healing outcomes. We examined IL-1β and IL-1R1 as 
early markers of inflammation. IL-1β is one of the most upregulated and earliest detected pro-inflammatory 
cytokines after adult tendon  injury31. IL-1β effects on embryonic tendon healing are unknown, but IL-1β-treated 
embryonic and postnatal tendon cells both upregulate IL-1R164, which transduces IL-1 signaling. Injured adult 
mouse Achilles tendon cells respond to IL-1β by downregulating scleraxis, tenomodulin, and collagen types I and 
III, and upregulating MMP3  levels33. Here, injured HH43 tendons upregulated IL-1β but not IL-1R1, whereas 
injured HH40 tendons upregulated IL-1R1 but not IL-1β levels, relative to non-injured controls (Fig. 6). Based on 
these results, HH40 healing might involve more IL-1 signaling and downstream effects than HH43 healing, but 
this needs further investigation. This is interesting because scarlessly healing sheep fetal tendons exhibit minimal 
pro-inflammatory response to injury compared to postnatal  tendons7. Therefore, one might expect injured HH40 
tendons to have a reduced pro-inflammatory response compared to older injured HH43 tendons. However, 
the sheep study focused on only later  timepoints7, and thus may have missed an early inflammatory response. 
Interestingly, H&E-staining revealed cells with smaller, rounder, and darker nuclei and pinker cytoplasm (Fig. 2) 
which are characteristic of  leukocytes7,65–67, but cell surface marker characterization would more accurately 
evaluate cell populations. Future studies should also examine IL-1β protein levels and IL-1R1 localization on 
the cell membrane and perturb IL-1β and IL-1R1 to determine their roles during embryonic tendon healing.

While we discussed various limitations of this study and potential next steps throughout this report, we 
have additional recommendations. Future studies should perform flow cytometry characterization to identify 
immune cell populations, followed by cell-depletion studies to determine their contributions to embryonic ten-
don healing. To determine the regenerative capacity of each embryonic stage, longer healing durations should be 
evaluated. We discovered expression of phenotype markers and ECM development during healing is embryonic 
stage-dependent, suggesting earlier and later stage embryonic tendons may heal via different mechanisms. Thus, 
transcriptomic and proteomic characterizations followed by perturbation experiments should be performed at 
various timepoints following injury at specific embryonic stages, which could identify embryonic stage-specific 
pathways and regulators of tendon healing outcomes. Finally, the in vivo model should be more comprehen-
sively characterized in future studies, including longer timepoints and analyses of gene expression, mechanical 
properties, and other tissue properties.

Taken together, our studies established the feasibility of in vivo and ex vivo chick embryo tendon injury mod-
els to study tendon healing at different developmental stages. Embryonic tendons possess a remarkable ability to 
heal rapidly both in vivo and ex vivo, with healing occurred more rapidly in vivo. Studies with these in vivo and 
ex vivo chick embryo tendon injury models could enable new insights into accelerated, and potentially regen-
erative, healing of tendons. We anticipate using these novel models to elucidate novel mechanisms of tendon 
healing during functional tissue formation to inform the future development of therapeutics to regeneratively 
heal adult tendons.

Data availablity
The datasets generated during the current study are available from the corresponding author on reasonable 
request.

Received: 4 January 2023; Accepted: 17 May 2023



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9600  | https://doi.org/10.1038/s41598-023-35408-w

www.nature.com/scientificreports/

References
 1. Arya, S. & Kulig, K. Tendinopathy alters mechanical and material properties of the Achilles tendon. J. Appl. Physiol. 1985(108), 

670–675. https:// doi. org/ 10. 1152/ jappl physi ol. 00259. 2009 (2010).
 2. Derwin, K. A. & Thomopoulos, S. Discovery to delivery in tendon research. J. Orthop. Res. 38, 5–6. https:// doi. org/ 10. 1002/ jor. 

24549 (2020).
 3. Sarmiento, P. & Little, D. Tendon and multiomics: Advantages, advances, and opportunities. NPJ Regen. Med. 6, 61. https:// doi. 

org/ 10. 1038/ s41536- 021- 00168-6 (2021).
 4. Andersson, G. The Burden of Musculoskeletal Diseases in the United States: Prevalence, Societal and Economic Cost (American 

Academy of Orthopaedic Surgeons, 2008).
 5. Lantto, I., Heikkinen, J., Flinkkila, T., Ohtonen, P. & Leppilahti, J. Epidemiology of Achilles tendon ruptures: Increasing incidence 

over a 33-year period. Scand. J. Med. Sci. Sports 25, e133-138. https:// doi. org/ 10. 1111/ sms. 12253 (2015).
 6. Beredjiklian, P. K. et al. Regenerative versus reparative healing in tendon: A study of biomechanical and histological properties in 

fetal sheep. Ann. Biomed. Eng. 31, 1143–1152. https:// doi. org/ 10. 1114/1. 16169 31 (2003).
 7. Favata, M. et al. Regenerative properties of fetal sheep tendon are not adversely affected by transplantation into an adult environ-

ment. J. Orthop. Res. 24, 2124–2132. https:// doi. org/ 10. 1002/ jor. 20271 (2006).
 8. Schweitzer, R. et al. Analysis of the tendon cell fate using Scleraxis, A specific marker for tendons and ligaments. Development 128, 

3855–3866 (2001).
 9. Birk, D. E. & Mayne, R. Localization of collagen types I, III and V during tendon development. Changes in collagen types I and 

III are correlated with changes in fibril diameter. Eur. J. Cell Biol. 72, 352–361 (1997).
 10. Edom-Vovard, F., Schuler, B., Bonnin, M. A., Teillet, M. A. & Duprez, D. Fgf4 positively regulates Scleraxis and tenascin expression 

in chick limb tendons. Dev. Biol. 247, 351–366 (2002).
 11. Canty, E. G. et al. Actin filaments are required for fibripositor-mediated collagen fibril alignment in tendon. J. Biol. Chem. 281, 

38592–38598. https:// doi. org/ 10. 1074/ jbc. M6075 81200 (2006).
 12. Banos, C. C., Thomas, A. H. & Kuo, C. K. Collagen fibrillogenesis in tendon development: Current models and regulation of fibril 

assembly. Birth Defects Res. C Embryo Today 84, 228–244. https:// doi. org/ 10. 1002/ bdrc. 20130 (2008).
 13. Kuo, C. K., Petersen, B. C. & Tuan, R. S. Spatiotemporal protein distribution of TGF-betas, their receptors, and extracellular matrix 

molecules during embryonic tendon development. Dev. Dyn. 237, 1477–1489. https:// doi. org/ 10. 1002/ dvdy. 21547 (2008).
 14. Marturano, J. E., Arena, J. D., Schiller, Z. A., Georgakoudi, I. & Kuo, C. K. Characterization of mechanical and biochemical prop-

erties of developing embryonic tendon. Proc. Natl. Acad. Sci. U. S. A. 110, 6370–6375. https:// doi. org/ 10. 1073/ pnas. 13001 35110 
(2013).

 15. Marturano, J. E., Xylas, J. F., Sridharan, G. V., Georgakoudi, I. & Kuo, C. K. Lysyl oxidase-mediated collagen crosslinks may be 
assessed as markers of functional properties of tendon tissue formation. Acta Biomater. 10, 1370–1379. https:// doi. org/ 10. 1016/j. 
actbio. 2013. 11. 024 (2014).

 16. Schiele, N. R. et al. Actin cytoskeleton contributes to the elastic modulus of embryonic tendon during early development. J. Orthop. 
Res. 33, 874–881. https:// doi. org/ 10. 1002/ jor. 22880 (2015).

 17. Stein, M. J. et al. Design of a bioreactor to assess the effect of passive joint loading in a live chick embryo in ovo. Tissue Eng. Part 
C Methods 25, 655–661. https:// doi. org/ 10. 1089/ ten. TEC. 2019. 0114 (2019).

 18. Young, B. B., Gordon, M. K. & Birk, D. E. Expression of type XIV collagen in developing chicken tendons: Association with 
assembly and growth of collagen fibrils. Dev. Dyn. 217, 430–439. https:// doi. org/ 10. 1002/ (SICI) 1097- 0177(200004) 217:4% 3c430:: 
AID- DVDY10% 3e3.0. CO;2-5 (2000).

 19. Kardon, G. Muscle and tendon morphogenesis in the avian hind limb. Development 125, 4019–4032 (1998).
 20. Nguyen, P. K., Pan, X. S., Li, J. & Kuo, C. K. Roadmap of molecular, compositional, and functional markers during embryonic 

tendon development. Connect. Tissue Res. 59, 495–508. https:// doi. org/ 10. 1080/ 03008 207. 2018. 15117 10 (2018).
 21. Pan, X. S., Li, J., Brown, E. B. & Kuo, C. K. Embryo movements regulate tendon mechanical property development. Philos. Trans. 

R. Soc. Lond. B Biol. Sci. https:// doi. org/ 10. 1098/ rstb. 2017. 0325 (2018).
 22. Korntner, S. H. et al. Craniofacial tendon development-characterization of extracellular matrix morphology and spatiotemporal 

protein distribution. Front. Cell Dev. Biol. 10, 944126. https:// doi. org/ 10. 3389/ fcell. 2022. 944126 (2022).
 23. Navarro, J. et al. Method development and characterization of chick embryo tendon mechanical properties. J. Biomech. 133, 110970. 

https:// doi. org/ 10. 1016/j. jbiom ech. 2022. 110970 (2022).
 24. Nguyen, P. K. et al. Tendon mechanical properties are enhanced via recombinant lysyl oxidase treatment. Front. Bioeng. Biotechnol. 

10, 945639. https:// doi. org/ 10. 3389/ fbioe. 2022. 945639 (2022).
 25. Nguyen, P. K. et al. Phenotype stability, expansion potential, and senescence of embryonic tendon cells in vitro. J. Orthop. Res. 40, 

1584–1592. https:// doi. org/ 10. 1002/ jor. 25180 (2022).
 26. Peterson, B. E., Rolfe, R. A., Kunselman, A., Murphy, P. & Szczesny, S. E. Mechanical stimulation via muscle activity is necessary 

for the maturation of tendon multiscale mechanics during embryonic development. Front. Cell Dev. Biol. 9, 725563. https:// doi. 
org/ 10. 3389/ fcell. 2021. 725563 (2021).

 27. Voleti, P. B., Buckley, M. R. & Soslowsky, L. J. Tendon healing: Repair and regeneration. Annu. Rev. Biomed. Eng. 14, 47–71. https:// 
doi. org/ 10. 1146/ annur ev- bioeng- 071811- 150122 (2012).

 28. Schulze-Tanzil, G. G., Cáceres, M. D., Stange, R., Wildemann, B. & Docheva, D. Tendon healing: A concise review on cellular and 
molecular mechanisms with a particular focus on the Achilles tendon. Bone Jt. Res. 11, 561–574. https:// doi. org/ 10. 1302/ 2046- 
3758. 118. Bjr- 2021- 0576. R1 (2022).

 29. Freedman, B. R. et al. Nonsurgical treatment reduces tendon inflammation and elevates tendon markers in early healing. J. Orthop. 
Res. 40, 2308–2319. https:// doi. org/ 10. 1002/ jor. 25251 (2022).

 30. Hays, P. L. et al. The role of macrophages in early healing of a tendon graft in a bone tunnel. J. Bone Jt. Surg. Am. 90, 565–579. 
https:// doi. org/ 10. 2106/ JBJS.F. 00531 (2008).

 31. Manning, C. N. et al. The early inflammatory response after flexor tendon healing: A gene expression and histological analysis. J. 
Orthop. Res. 32, 645–652. https:// doi. org/ 10. 1002/ jor. 22575 (2014).

 32. Sims, J. E. et al. Interleukin 1 signaling occurs exclusively via the type I receptor. Proc. Natl. Acad. Sci. U. S. A. 90, 6155–6159. 
https:// doi. org/ 10. 1073/ pnas. 90. 13. 6155 (1993).

 33. Zhang, K., Asai, S., Yu, B. & Enomoto-Iwamoto, M. IL-1β irreversibly inhibits tenogenic differentiation and alters metabolism in 
injured tendon-derived progenitor cells in vitro. Biochem. Biophys. Res. Commun. 463, 667–672. https:// doi. org/ 10. 1016/j. bbrc. 
2015. 05. 122 (2015).

 34. Eriksen, H. A., Pajala, A., Leppilahti, J. & Risteli, J. Increased content of type III collagen at the rupture site of human Achilles 
tendon. J. Orthop. Res. 20, 1352–1357. https:// doi. org/ 10. 1016/ s0736- 0266(02) 00064-5 (2002).

 35. Best, K. T. et al. Scleraxis-lineage cell depletion improves tendon healing and disrupts adult tendon homeostasis. Elife 10, e62203. 
https:// doi. org/ 10. 7554/ eLife. 62203 (2021).

 36. Snedeker, J. G. & Foolen, J. Tendon injury and repair: A perspective on the basic mechanisms of tendon disease and future clinical 
therapy. Acta Biomater. 63, 18–36. https:// doi. org/ 10. 1016/j. actbio. 2017. 08. 032 (2017).

 37. Jones, G. C. et al. Expression profiling of metalloproteinases and tissue inhibitors of metalloproteinases in normal and degenerate 
human Achilles tendon. Arthritis Rheum. 54, 832–842. https:// doi. org/ 10. 1002/ art. 21672 (2006).

https://doi.org/10.1152/japplphysiol.00259.2009
https://doi.org/10.1002/jor.24549
https://doi.org/10.1002/jor.24549
https://doi.org/10.1038/s41536-021-00168-6
https://doi.org/10.1038/s41536-021-00168-6
https://doi.org/10.1111/sms.12253
https://doi.org/10.1114/1.1616931
https://doi.org/10.1002/jor.20271
https://doi.org/10.1074/jbc.M607581200
https://doi.org/10.1002/bdrc.20130
https://doi.org/10.1002/dvdy.21547
https://doi.org/10.1073/pnas.1300135110
https://doi.org/10.1016/j.actbio.2013.11.024
https://doi.org/10.1016/j.actbio.2013.11.024
https://doi.org/10.1002/jor.22880
https://doi.org/10.1089/ten.TEC.2019.0114
https://doi.org/10.1002/(SICI)1097-0177(200004)217:4%3c430::AID-DVDY10%3e3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-0177(200004)217:4%3c430::AID-DVDY10%3e3.0.CO;2-5
https://doi.org/10.1080/03008207.2018.1511710
https://doi.org/10.1098/rstb.2017.0325
https://doi.org/10.3389/fcell.2022.944126
https://doi.org/10.1016/j.jbiomech.2022.110970
https://doi.org/10.3389/fbioe.2022.945639
https://doi.org/10.1002/jor.25180
https://doi.org/10.3389/fcell.2021.725563
https://doi.org/10.3389/fcell.2021.725563
https://doi.org/10.1146/annurev-bioeng-071811-150122
https://doi.org/10.1146/annurev-bioeng-071811-150122
https://doi.org/10.1302/2046-3758.118.Bjr-2021-0576.R1
https://doi.org/10.1302/2046-3758.118.Bjr-2021-0576.R1
https://doi.org/10.1002/jor.25251
https://doi.org/10.2106/JBJS.F.00531
https://doi.org/10.1002/jor.22575
https://doi.org/10.1073/pnas.90.13.6155
https://doi.org/10.1016/j.bbrc.2015.05.122
https://doi.org/10.1016/j.bbrc.2015.05.122
https://doi.org/10.1016/s0736-0266(02)00064-5
https://doi.org/10.7554/eLife.62203
https://doi.org/10.1016/j.actbio.2017.08.032
https://doi.org/10.1002/art.21672


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9600  | https://doi.org/10.1038/s41598-023-35408-w

www.nature.com/scientificreports/

 38. Oshiro, W., Lou, J., Xing, X., Tu, Y. & Manske, P. R. Flexor tendon healing in the rat: A histologic and gene expression study. J. 
Hand Surg. Am. 28, 814–823 (2003).

 39. Loiselle, A. E. et al. Remodeling of murine intrasynovial tendon adhesions following injury: MMP and neotendon gene expression. 
J. Orthop. Res. 27, 833–840. https:// doi. org/ 10. 1002/ jor. 20769 (2009).

 40. Orner, C. A., Geary, M. B., Hammert, W. C., O’Keefe, R. J. & Loiselle, A. E. Low-dose and short-duration matrix metalloproteinase 
9 inhibition does not affect adhesion formation during murine flexor tendon healing. Plast. Reconstr. Surg. 137, 545e–553e. https:// 
doi. org/ 10. 1097/ 01. prs. 00004 75823. 01907. 53 (2016).

 41. Pasternak, B., Fellenius, M. & Aspenberg, P. Doxycycline impairs tendon repair in rats. Acta Orthop. Belg. 72, 756–760 (2006).
 42. Bank, R. A., TeKoppele, J. M., Oostingh, G., Hazleman, B. L. & Riley, G. P. Lysylhydroxylation and non-reducible crosslinking 

of human supraspinatus tendon collagen: Changes with age and in chronic rotator cuff tendinitis. Ann. Rheum. Dis. 58, 35–41. 
https:// doi. org/ 10. 1136/ ard. 58.1. 35 (1999).

 43. Colwell, A. S., Krummel, T. M., Longaker, M. T. & Lorenz, H. P. Early-gestation fetal scarless wounds have less lysyl oxidase expres-
sion. Plast. Reconstr. Surg. 118, 1125–1129. https:// doi. org/ 10. 1097/ 01. prs. 00002 21056. 27536. db (2006).

 44. Colwell, A. S., Krummel, T. M., Longaker, M. T. & Lorenz, H. P. An in vivo mouse excisional wound model of scarless healing. 
Plast. Reconstr. Surg. 117, 2292–2296. https:// doi. org/ 10. 1097/ 01. prs. 00002 19340. 47232. eb (2006).

 45. Howell, K. et al. Novel model of tendon regeneration reveals distinct cell mechanisms underlying regenerative and fibrotic tendon 
healing. Sci. Rep. 7, 45238. https:// doi. org/ 10. 1038/ srep4 5238 (2017).

 46. Freeberg, M. A. T. et al. Transcriptomic analysis of cellular pathways in healing flexor tendons of plasminogen activator inhibitor 
1 (PAI-1/Serpine1) null mice. J. Orthop. Res. 38, 43–58. https:// doi. org/ 10. 1002/ jor. 24448 (2020).

 47. Delgado Caceres, M. et al. Tenomodulin knockout mice exhibit worse late healing outcomes with augmented trauma-induced 
heterotopic ossification of Achilles tendon. Cell Death Dis. 12, 1049. https:// doi. org/ 10. 1038/ s41419- 021- 04298-z (2021).

 48. Pearce, C. J., Ismail, M. & Calder, J. D. Is apoptosis the cause of noninsertional achilles tendinopathy?. Am. J. Sports Med. 37, 
2440–2444. https:// doi. org/ 10. 1177/ 03635 46509 340264 (2009).

 49. Best, K. T. et al. NF-κB activation persists into the remodeling phase of tendon healing and promotes myofibroblast survival. Sci. 
Signal. https:// doi. org/ 10. 1126/ scisi gnal. abb72 09 (2020).

 50. Carter, R., Sykes, V. & Lanning, D. Scarless fetal mouse wound healing may initiate apoptosis through caspase 7 and cleavage of 
PARP. J. Surg. Res. 156, 74–79. https:// doi. org/ 10. 1016/j. jss. 2009. 03. 074 (2009).

 51. Hamburger, V. & Hamilton, H. L. A series of normal stages in the development of the chick embryo. J. Morphol. 88, 49–92 (1951).
 52. Marturano, J. E. et al. Embryonically inspired scaffolds regulate tenogenically differentiating cells. J. Biomech. 49, 3281–3288. 

https:// doi. org/ 10. 1016/j. jbiom ech. 2016. 08. 011 (2016).
 53. Herdrich, B. J. et al. Fetal tendon wound size modulates wound gene expression and subsequent wound phenotype. Wound Repair 

Regen. 18, 543–549. https:// doi. org/ 10. 1111/j. 1524- 475X. 2010. 00615.x (2010).
 54. Lemmon, E. A., Locke, R. C., Szostek, A. K., Ganji, E. & Killian, M. L. Partial-width injuries of the rat rotator cuff heal with fibrosis. 

Connect. Tissue Res. 59, 437–446. https:// doi. org/ 10. 1080/ 03008 207. 2018. 14856 66 (2018).
 55. Andarawis-Puri, N., Philip, A., Laudier, D., Schaffler, M. B. & Flatow, E. L. Temporal effect of in vivo tendon fatigue loading on 

the apoptotic response explained in the context of number of fatigue loading cycles and initial damage parameters. J. Orthop. Res. 
32, 1097–1103. https:// doi. org/ 10. 1002/ jor. 22639 (2014).

 56. Connizzo, B. K. & Grodzinsky, A. J. Lose-dose administration of dexamethasone is beneficial in preventing secondary tendon 
damage in a stress-deprived joint injury explant model. J. Orthop. Res. 38, 139–149. https:// doi. org/ 10. 1002/ jor. 24451 (2020).

 57. Uzel, M. I. et al. Multiple bone morphogenetic protein 1-related mammalian metalloproteinases process pro-lysyl oxidase at the 
correct physiological site and control lysyl oxidase activation in mouse embryo fibroblast cultures. J. Biol. Chem. 276, 22537–22543. 
https:// doi. org/ 10. 1074/ jbc. M1023 52200 (2001).

 58. Maruhashi, T., Kii, I., Saito, M. & Kudo, A. Interaction between periostin and BMP-1 promotes proteolytic activation of lysyl 
oxidase. J. Biol. Chem. 285, 13294–13303. https:// doi. org/ 10. 1074/ jbc. M109. 088864 (2010).

 59. Ellingson, A. J., Pancheri, N. M. & Schiele, N. R. Regulators of collagen crosslinking in developing and adult tendons. Eur. Cell 
Mater. 43, 130–152. https:// doi. org/ 10. 22203/ eCM. v043a 11 (2022).

 60. Kalamajski, S., Bihan, D., Bonna, A., Rubin, K. & Farndale, R. W. Fibromodulin interacts with collagen cross-linking sites and 
activates lysyl oxidase. J. Biol. Chem. 291, 7951–7960. https:// doi. org/ 10. 1074/ jbc. M115. 693408 (2016).

 61. Fogelgren, B. et al. Cellular fibronectin binds to lysyl oxidase with high affinity and is critical for its proteolytic activation. J. Biol. 
Chem. 280, 24690–24697. https:// doi. org/ 10. 1074/ jbc. M4129 79200 (2005).

 62. Buckley, M. R. et al. Distributions of types I, II and III collagen by region in the human supraspinatus tendon. Connect. Tissue Res. 
54, 374–379. https:// doi. org/ 10. 3109/ 03008 207. 2013. 847096 (2013).

 63. Jung, J. C. et al. Collagen fibril growth during chicken tendon development: matrix metalloproteinase-2 and its activation. Cell 
Tissue Res. 336, 79–89. https:// doi. org/ 10. 1007/ s00441- 009- 0755-4 (2009).

 64. Li, J. et al. Embryonic and postnatal tendon cells respond differently to interleukin-1β. Ann. N. Y. Acad. Sci. 1442, 118–127. https:// 
doi. org/ 10. 1111/ nyas. 14013 (2019).

 65. Wang, J., MacKenzie, J. D., Ramachandran, R. & Chen, D. Z. Identifying neutrophils in H&E staining histology tissue images. Med. 
Image Comput. Comput. Assist. Interv. 17, 73–80. https:// doi. org/ 10. 1007/ 978-3- 319- 10404-1_ 10 (2014).

 66. Morrison, L. E., Lefever, M. R., Lewis, H. N., Kapadia, M. J. & Bauer, D. R. Conventional histological and cytological staining 
with simultaneous immunohistochemistry enabled by invisible chromogens. Lab. Invest. 102, 545–553. https:// doi. org/ 10. 1038/ 
s41374- 021- 00714-2 (2022).

 67. Matsutani, S. et al. Tumor-infiltrating immune cells in H&E-stained sections of colorectal cancer tissue as a reasonable immuno-
logical biomarker. Anticancer Res. 38, 6721–6727. https:// doi. org/ 10. 21873/ antic anres. 13041 (2018).

Acknowledgements
This study was supported in part by the National Institutes of Health under grant no. NIAMS/NIH R01AR072886 
(to C.K.K.) and NIAMS/NIH R21AR077756 (to C.K.K.).

Author contributions
P.K.N. designed and performed experiments and assays. C.H. developed the protocol that was used to assess 
collagen dispersion that contributed to Fig. 3. K.H. and I.H. performed cell counting to assess cell density that 
contributed to Fig. 2. P.K.N. and C.K.K. designed experiments, performed data analyses, interpreted the data, 
and wrote the manuscript. C.K.K. conceived the project. All authors have read and approved the submitted 
manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1002/jor.20769
https://doi.org/10.1097/01.prs.0000475823.01907.53
https://doi.org/10.1097/01.prs.0000475823.01907.53
https://doi.org/10.1136/ard.58.1.35
https://doi.org/10.1097/01.prs.0000221056.27536.db
https://doi.org/10.1097/01.prs.0000219340.47232.eb
https://doi.org/10.1038/srep45238
https://doi.org/10.1002/jor.24448
https://doi.org/10.1038/s41419-021-04298-z
https://doi.org/10.1177/0363546509340264
https://doi.org/10.1126/scisignal.abb7209
https://doi.org/10.1016/j.jss.2009.03.074
https://doi.org/10.1016/j.jbiomech.2016.08.011
https://doi.org/10.1111/j.1524-475X.2010.00615.x
https://doi.org/10.1080/03008207.2018.1485666
https://doi.org/10.1002/jor.22639
https://doi.org/10.1002/jor.24451
https://doi.org/10.1074/jbc.M102352200
https://doi.org/10.1074/jbc.M109.088864
https://doi.org/10.22203/eCM.v043a11
https://doi.org/10.1074/jbc.M115.693408
https://doi.org/10.1074/jbc.M412979200
https://doi.org/10.3109/03008207.2013.847096
https://doi.org/10.1007/s00441-009-0755-4
https://doi.org/10.1111/nyas.14013
https://doi.org/10.1111/nyas.14013
https://doi.org/10.1007/978-3-319-10404-1_10
https://doi.org/10.1038/s41374-021-00714-2
https://doi.org/10.1038/s41374-021-00714-2
https://doi.org/10.21873/anticanres.13041


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9600  | https://doi.org/10.1038/s41598-023-35408-w

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to C.K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Establishing in vivo and ex vivo chick embryo models to investigate fetal tendon healing
	Methods
	Animals. 
	In ovo injury. 
	Ex vivo injury. 
	Histology, imaging, and quantification. 
	Second Harmonic Generation (SHG) imaging and quantification. 
	Mechanical testing. 
	Reverse‐transcription polymerase chain reaction (RT‐PCR). 
	Statistical analyses. 

	Results
	Discussion
	Data availablity
	References
	Acknowledgements


