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Summary

The musculoskeletal system is a striking example of how cell identity and position is coordinated 

across multiple tissues to ensure function. However, it is unclear upon tissue loss, such as 

complete loss of cells of a central musculoskeletal connecting tendon, whether neighboring tissues 

harbor progenitors capable of mediating regeneration. Here, using a zebrafish model, we 

genetically ablate all embryonic tendon cells and find complete regeneration of tendon structure 

and pattern. We identify two regenerative progenitor populations, sox10+ perichondrial cells 

surrounding cartilage and nkx2.5+ cells surrounding muscle. Surprisingly, laser ablation of sox10+ 

cells, but not nkx2.5+ cells, increases tendon progenitor number in the perichondrium, suggesting 

a mechanism to regulate attachment location. We find BMP signaling is active in regenerating 

progenitor cells and is necessary and sufficient for generating new scxa+ cells. Our work shows 

that muscle and cartilage connective tissues harbor progenitor cells capable of fully regenerating 

tendons and this process is regulated by BMP signaling.
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Introduction

Tendons provide crucial connections within the musculoskeletal system and are essential for 

movement. Human tendons are highly prone to injury and heal imperfectly through scar 

formation. These injuries can be challenging to treat clinically as the highly ordered tendon 

extracellular matrix organization is rarely restored, resulting in re-injury and limited 

mobility. Knowledge of tendon formation and repair has been advanced by the identification 

of the basic helix-loop-helix transcription factor Scleraxis (Scx) [1–3], which is the earliest 

marker of tendon fate. The expression of Tenomodulin (Tnmd), a type II transmembrane 

glycoprotein [4–6], and the assembly and growth of type I collagen fibrils signifies the 

beginning of tendon differentiation and functional maturation [7–10]. Throughout these 

processes, interactions between the forming muscles, tendons, and bones are essential for a 

properly formed musculoskeletal system [11–15], but their role in tendon healing has been 

less well defined.

Multiple mammalian models of tendon injury have improved our understanding of the 

tendon healing process. However, our ability to gain knowledge of regenerative mechanisms 

for tendon repair is restricted by the limited innate regenerative capabilities of adult 

mammalian tendons. Recent studies using mouse neonatal models of tendon injury have 

demonstrated regenerative healing that is dependent upon the involvement of Scx-lineage 

cells [16,17]. Adult studies have also identified multiple cell populations from the tendon as 

contributors to adult tendon repair [18–23], yet it is unknown if cells from adjacent tissues 

can participate in tendon regeneration upon complete loss or damage to the tissue. Zebrafish 

have robust regenerative potential, but their ability to regenerate tendons is unknown. 

Previous studies have shown that zebrafish tendons have molecular, structural, and 

mechanical similarities to mammalian tendons [24–27]. If zebrafish can regenerate their 

tendon tissue, this model would be ideal for identifying mechanisms underlying regenerative 

tendon healing, which would impact therapeutic approaches to treat tendon disease and 

injury.

Using a new genetic model that removes all scxa+ tendon cells and live imaging of the 

regenerative process, we show tendon cell regeneration is mediated by progenitors from 

neighboring tissues. Tendon cell ablation disrupts the morphology of the tendon matrix as 

well as the connecting cartilage and muscle. We find that zebrafish completely regenerate 

tendon attachment pattern and extracellular matrix structure and the morphology of the 

cartilage and muscle is restored. We determine that new tendon progenitor cells are recruited 

from sox10+ and nkx2.5+ cells surrounding the adjacent cartilage and muscle tissues. BMP 

signaling is active in the recruited progenitor cells and is sufficient and necessary for robust 

tendon cell regeneration. Collectively, our data show that after complete tendon cell loss, the 

surrounding tissues respond and serve as reservoirs of progenitor cells that mediate 

regeneration.
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Results

Tendon cell ablation disrupts cartilage and muscle morphology

To investigate tendon regeneration in the context of a functioning musculoskeletal system, 

we have generated a genetic inducible tendon cell ablation model (Figures 1A and 1B) [28–

32]. At 3 days post-fertilization (dpf), Tg(scxa:gal4-vp16; uas:epNTR-RFP), abbreviated as 

Tg(scxa:epNTR-RFP), is robustly expressed in all tendon populations in the craniofacial, 

pectoral fin, and myoseptal regions (Figures 1B and S1A). Expression of Tg(scxa:epNTR-
RFP) resembles Tg(scxa:mcherry) and endogenous scxa expression (Figure S1A), and 

colocalizes with tenomodulin (tnmd) and collagen type 1a2 (col1a2), two mature tendon 

extracellular matrix (ECM) components [6,33], in the craniofacial and trunk myoseptal 

tendons (Figures S1B–S1E). We treated Tg(scxa:epNTR-RFP) embryos with Mtz from 3–5 

or 5–7 dpf, stages at which the fish swim and move their jaws [34]. Following Mtz 

treatment, virtually all scxa+ tendon cells in Tg(scxa:epNTR-RFP) embryos were ablated, as 

demonstrated by the loss of RFP fluorescence (Figures 1C and S1I) and absence of tnmd 
transcripts (Figures 1D, 1E, and S1F). Terminal deoxynucleotidyl transferase-dUTP nick 

end labeling (TUNEL) assays confirmed apoptotic cell death following Mtz treatment 

(Figures S1G and S1H). To determine effects of tendon cell loss on the collagen fibrils of the 

tendon ECM, we examined collagen organization and density using second harmonic 

generation (SHG) imaging microscopy [35]. Due to its anatomical accessibility and 

functional contribution to craniofacial movements [36], we focused on the sternohyoideus 

(SH) tendon, which connects the SH muscles to the cartilages of the ventral pharynx [24,34]. 

We found that the SHG signal was disrupted in the SH tendon in ablated versus unablated 

controls (Figure 1F), demonstrating requirements for tendon cells in collagen matrix 

organization. Consistent with the tendon cell ablation, the embryos showed diminished 

swimming capacity, which may be due to disruption to the musculoskeletal system.

We next examined muscle and cartilage morphology in ablated Tg(scxa:epNTR-RFP; 
col2a1a:eGFP) fish. Analysis of col2a1a:eGFP+ chondrocytes revealed malformations in 

Meckel’s and ceratohyal cartilage of the lower jaw in tendon cell ablated animals compared 

with unablated controls at 7 dpf (Figures 1G and 1H). These included an increased width 

(distance between palatoquadrates)/length (distance between Meckel’s and ceratohyal) ratio 

of 1.21 ± 0.32 in ablated animals compared with 0.72 ± 0.14 in unablated controls (Figures 

1I–1K) at all time points examined (Figures S2A and S2B). In contrast, the ethmoid plate, 

which also derives from cranial neural crest cells [37–39] and to which there are many fewer 

connected tendons (Figures S2C and S2D), was morphologically less affected by tendon cell 

ablation (Figures S2E and S2F). Craniofacial muscles also appeared abnormal, particularly 

the interhyal muscle, in ablated animals compared with unablated controls (Figures 1C, 1L, 

1M, S2A, and S2B). Using a previously described muscle attachment assay [26], we found 

that the axial muscles of ablated animals had increased detachment frequency when 

challenged by electrical stimulation (Figures 1N and 1O). This indicates that tendon cells are 

required to maintain functional myotendinous junctions. Collectively, these analyses 

demonstrate a pivotal role for tendon cells in maintaining proper cartilage and muscle 

morphology. These results also suggest, in principle, that abnormalities observed in muscle 

or skeletal tissues could instead result from defects in tendons.
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Zebrafish completely regenerate tendon pattern and structure

To determine if zebrafish can regenerate tendon cells, we monitored ablated animals at 

multiple time points. At 7 and 9 dpf, a few scattered scxa:epNTR-RFP+ cells were observed, 

and by 11 dpf, these cells became more prominent and organized (Figures 2A–2C). This 

regenerative response was very robust with 84.62% of the ablated animals showing a “strong 

scxa cell regeneration” response at 11 dpf, (Figures 2D and 2G), and 100% of the ablated 

animals resembling unablated controls by 26 dpf in terms of the distribution of scxa.epNTR-
RFP+ tendon cells (Figures 2E, 2F, and 2H). We also observed tendon cell proliferation 

during regeneration (Figures S1J and S1K) and ablated animals were viable to adulthood 

(Figures S3D and S3E). Adults showed normal swimming, mating, and feeding behaviors. 

Tendon regeneration also restored cartilage and muscle defects, as analyzed using Alcian 

Blue staining and muscle-expressing Tg(mylz2:Amcyan) fish. At 26 dpf, there were no 

significant differences in cartilage and muscle morphology between ablated and control 

animals (Figures S2G–S2J), suggesting that regenerated tendon cells restored the attachment 

pattern of all components of the musculoskeletal system. Notably, at this stage, we observed 

recovered swimming capacity, with no difference with that of control animals. We also 

performed ablation at later stages, including 5–7 dpf, 30–33 dpf, and 90–93 dpf and 

observed the return of scxa:epNTR-RFP cells in all conditions (Figures S5J–S5L). The 5–7 

dpf ablation showed similar regeneration to the 3–5 dpf ablation in terms of scxa:epNTR-
RFP cells (Figure S5J). However, the later cell ablations at 30–33 dpf, and 90–93 dpf only 

resulted in qualitatively less scxa:epNTR-RFP cells returning after several days (Figures 

S5K and S5L). We also noticed variable expression of scxa:epNTR-RFP at adult stages in 

unablated animals, which is consistent with reports of silencing of Gal4/upstream activating 

sequence (UAS) systems in adult zebrafish [40]. Therefore, it is unclear whether the reduced 

scxa:epNTR-RFP cell number after adult ablation is due to alteration in regenerative 

capacity or reduced expression from the Gal4/UAS system.

A critical part of successful regeneration is structural restoration of the tissue’s extracellular 

matrix (ECM). To compare the structural characteristics of regenerated tendons with that of 

controls, we employed two strategies. First, we visualized fibrillar collagen density and 

organization with multiphoton confocal microscopy. At 80 dpf, the intact SH tendon consists 

of two lobes, each of which is composed of scxa:epNTR-RFP+ tendon cells and collagen 

fibrils (Figure S3A). Although these tendons appeared smaller in size, the ablated animals 

regenerated two-lobed SH tendons containing scxa:epNTR-RFP+ tendon cells with densely 

organized collagen fibrils (Figure S3A). Second, we visualized collagen fibrils using 

transmission electron microscopy (TEM), and found that in 80 dpf regenerated SH tendons 

there were more small diameter fibrils at the expense of large diameter fibrils (Figures S3B 

and S3C). Interestingly, in both control and regenerated SH tendons at this stage, we 

observed cells with fibripositor morphology, which is a common feature of embryonic 

tendon [7,8] (Figure S3B). By 180 dpf, the ablated animals fully regenerated two-lobed SH 

tendons that had a size comparable to controls (Figures S3F and S3G). Moreover, TEM 

analysis revealed a similar distribution of collagen fibril diameter between regenerated and 

controls (Figures 2I–2L). At this stage, there was no increase in small sized diameter fibrils, 

which is characteristic of adult mammalian tendon healing [41] (Figures 2M, 2N, and S3H). 
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Taken together, these findings indicate that tendon cell ablated zebrafish regenerate a 

functional SH tendon in terms of morphology and structure.

Tendon cell regeneration conserves developmental lineage relationships and identifies a 
unique contribution from two germ layers to the sternohyoideus tendon

To identify the source of the regenerated tendon cells, we used an inducible Cre/Loxp 

recombination system to perform genetic fate-mapping experiments. We labelled neural 

crest or mesoderm cells and their progeny using Hydroxytamoxifen (4-HT)-inducible Cre 

drivers sox10 Tg(sox10:ERT2-Cre), draculin Tg(drl:creERT2) and nkx2.5 
Tg(nkx2.5:ERT2CreERT2) with the Tg(ubi:Zebrabow) reporter, which efficiently labels 

cells with CFP or YFP after tissue-specific Cre-mediated recombination [42,43]. All the 

three driver lines have been previously shown to label specific cell lineages [44–47] and we 

could successfully label neural crest, mesoderm, and anterior lateral plate mesoderm, 

respectively (Figures S4A–S4G). We found that many cranial tendons and ligaments [25], as 

well as part of the regenerated SH tendon were derived from the sox10+ lineage (Figures 4A, 

4B, and S4D). The mesoderm labeling drivers, draculin Tg(drl:creERT2) and nkx2.5 
Tg(nkx2.5:ERT2CreERT2) [45,46,48] (Figures S4E–S4G), demonstrated that a subset of 

regenerated SH tendon cells originates from draculin+ and nkx2.5+-lineage mesodermal cells 

(Figures 3A and 3B). We also observed draculin-lineage mesodermal cells contributing to 

control unablated SH, pectoral fin, and axial tendons but not to other craniofacial tendons or 

ligaments (Figures S4H–S4K). Although both mesoderm-labeling lines were previously 

shown to mark lateral plate mesoderm, the Tg(drl:creERT2) line can also sporadically label 

somitic mesoderm [45], making it unclear which specific type of mesoderm contributes to 

the SH tendon. However, our results indicate that the SH tendon is unique to the cranial 

tendons in being derived from two germ layers, the neural crest and mesoderm. This result is 

consistent with studies showing mesodermal contributions to pharyngeal regions in other 

vertebrates [49,50]. Together, our work shows that the regenerated tendon cells of SH 

tendons derive from the same cellular lineages that form them during embryonic 

development.

To determine if regenerating SH tendon cells derive from the scxa+-lineage, we generated a 

Tg(uas:creERT2) transgenic line and combined it with Tg(scxa:gal4-vp16) to mark tendon 

cells. We first assessed the specificity of expression and recombination efficiency of this 

line. Upon crossing to Tg(ubi:Zebrabow) and hydroxytamoxifen treatment, we observed 

reporter expression in tendon regions (Figures S4L and S4M). When focused on SH tendon, 

we found a subset of cells were labelled by YFP after recombination (Figure S4L). The 

inability to label all tendon cells could be due to our detection methods, level of transgene 

expression, and/or recombination rate of the reporter in our tissue. Nevertheless, we found 

that this transgene was specific in only labeling scxa+ tendon cells as we never observed 

recombination in other tissues. Upon complete ablation of the tendon cells with two-day 

treatments of Mtz from 5–7 dpf, we never observed scxa+/YFP+ tendon cells in the 

regenerated SH tendon region (Data not shown). To determine if scxa+ cells have the 

potential to contribute to regeneration, we performed a partial ablation with one-day Mtz 

treatments from 5–6 dpf. Here, pre-existing scxa+ cells partially contributed to SH tendon 

cell regeneration (Figure S4N). Together, this indicates that scxa+ cells have the potential to 
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contribute to SH tendon cell regeneration, but under conditions of complete ablation, it 

appears that the regenerated SH tendon derives from non-scxa+-lineage cells.

Tendon cell regeneration is mediated by progenitor cells that surround muscle and 
cartilage at musculoskeletal attachment sites

To visualize cells being recruited to tendon fates during regeneration, we performed live-

imaging and focused on two components of the SH tendon, the SH muscle and ceratohyal 

cartilage attachment sites. In the SH muscle attachment site, live imaging of the ablated 

Tg(scxa:epNTR-RFP; col2a1a:eGFP) fish demonstrated cells turning on scxa:epNTR-RFP 
(Figure S5A). We thought these cells might be from connective tissue surrounding muscle 

based on the observations that nkx2.5+ cells contribute to the SH tendon in unablated and 

ablated animals (Figures 3B and 3C) and that the Tg(nkx2.5:ZsYellow) reporter line labels 

cells in the SH tendon and surrounding the muscle in unablated fish (Figure 3D). Therefore, 

we live imaged Tg(scxa:epNTR-RFP; nkx2.5:ZsYellow) fish. Immediately after ablation we 

only observed nkx2.5:ZsYellow+ cells surrounding the muscle near the attachment site 

(Figure 3E). At 4 days post ablation, we observed nkx2.5:ZsYellow+ cells co-expressing 

scxa:epNTR-RFP (Figure 3F), indicating the nkx2.5:ZsYellow+ cells surrounding the muscle 

turn on scxa.epNTR-RFP during the regenerative process. Laser ablation of 

nkx2.5:ZsYellow+ cells after scxa:epNTR-RFP+ cell ablation did not alter the numbers of 

newly generated nkx2.5:ZsYellow+ cells or nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cells 

compared with controls (Figures 3G–3I). It is possible that this result is due to our inability 

to completely eliminate all cells surrounding the muscle capable of forming tendon or that 

cells originate from locations outside the ablated region.

At the cartilage attachment site, we observed many sox10:eGFP+ cells in the ceratohyal 

cartilage perichondrium attachment site compared with other regions of the ceratohyal after 

ablation (Figure 4C). We next observed sox10:eGFP− perichondrial cells become 

sox10:eGFP+/scxa:epNTR-RFP+ cells (Figures 4D and 4E), and sox10:eGFP+ perichondrial 

cells turn on scxa:epNTR-RFP and appear to reduce sox10:eGFP expression (Figures 4D 

and 4F), indicating the sox10:eGFP+ perichondrial cells may represent a progenitor cell 

source for regeneration and upon becoming tendon cells they decrease sox10:eGFP 
expression. Interestingly, there were also some sox10:eGFP+/scxa:epNTR-RFP+ cells in 

unablated animals, putative perichondrial cells transitioning to tendon cells (Figures S5B 

and S5C). To test whether ablating sox10:eGFP+ perichondrial cells affected scxa+ cell 

induction, we used a two photon laser ablation system [51] to remove only sox10:eGFP+ 

perichondrial cells from one ceratohyal cartilage, leaving the contralateral side unablated 

(Figure 4G). Unexpectedly, 4 days post ablation, we observed increased numbers of 

sox10:eGFP+ and sox10:eGFP+/scxa:epNTR-RFP+ cells compared with the contralateral 

control (Figures 4H and 4I). Although we did not allow these fish to develop beyond 9 dpf, 

it would be interesting to test whether laser ablation of these and/or the nkx2.5:ZsYellow+ 

cells affects tendon maturation compared to the control unablated side. We next tested 

whether the increase in scxa:epNTR-RFP+ cells was specific to ablating sox10:eGFP+ 

perichondrial cells or occurred after deleting any perichondrial cell population. Because 

runx2+ marks perichondrial cells becoming osteoblasts [52,53] (Figures S5D–S5G), we used 

laser ablation to remove runx2:eGFP+ perichondrial cells from one ceratohyal after 
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scxa:epNTR-RFP+ cell ablation. We did not see significant changes in the number of 

runx2:eGFP+, scxa:epNTR-RFP+, or runx2:eGFP+/ scxa:epNTR-RFP+ cells (Figures 4J–

4L), suggesting the runx2+ cells are not required for regeneration. Moreover, an osc.eGFP 
reporter line visualizing osteoblast formation demonstrated these scxa:epNTR-RFP+ cells 

were not osteoblasts (Figures S5H and S5I). This indicates that the increase in scxa:epNTR-
RFP+ cells is a unique response to the laser ablation of the sox10:eGFP+ perichondrial cells. 

It also suggests the possible presence of a mechanism that limits the induction of additional 

cells in the peri chondrium to restrict the location of the regenerating attachment site. 

Finally, to confirm that the new cells in the attachment sites differentiated into tendon, we 

examined tnmd expression and detected transcripts in both attachment regions (Figures 3J 

and 4M). Taken together, the induction of new tendon cells in areas surrounding cartilage 

and muscle would suggest that multiple anatomic locations contain progenitor cells capable 

of mediating tendon regeneration.

BMP signaling is required and sufficient for tendon cell regeneration

To identify key molecular mechanisms regulating this regenerative process, we performed a 

candidate screen of signaling pathways with roles in musculoskeletal development. We 

analyzed expression between 5–6 dpf of transgenic reporters for Notch [54], Wnt [55], and 

BMP [56] signaling and Sonic hedgehog [57] expression, following ablation. No discernible 

changes were observed between ablated and control fish transgenic for Notch, Sonic 

hedgehog, and Wnt reporters (Figures S6A–S6C), suggesting these pathways may not be 

involved in early tendon cell regeneration or that these transgenic lines were unable to detect 

changes in signaling. In contrast, ablated animals showed an increase in the activation of the 

BMP-responsive element (bre.eGFP) reporter at 6 dpf (Figures 5A, S6D, S6J, and S6K). 

Further investigation found that bre.eGFP was co-expressed with scxa:epNTR-RFP+ tendon 

cells in the SH tendon (Figure S6E) and staining for phospho-Smad1/5 confirmed active 

BMP signaling in the SH tendon and surrounding cells at 3 dpf in unablated fish (Figure 

S6F). bre.eGFP signal was also active in tissues surrounding the developing mouth, 

Meckel’s cartilage, and in the mandibulohyoid junction, which connects the 

intermandibularis posterior muscles to interhyal muscles (Figure S6G). Treatment with 

Dorsomorphin, a potent inhibitor of BMP signaling [58], compromised SH tendon 

development (Figures S6H and S6I). Together, these results suggest BMP signaling is 

involved in SH tendon development and that the pathway reinitiates during tendon cell 

regeneration.

To test the function of BMP signaling in tendon cell regeneration, we used chemical and 

genetic approaches to inhibit the BMP pathway. First, we used LDN-193189, an inhibitor of 

BMP signaling [59], to treat the ablated animals at 6–8dpf. In contrast to the DMSO control, 

LDN-193189-treated animals had compromised SH tendon cell regeneration, with a 54.72% 

reduction in the number of regenerating cells (Figure S6L). This phenotype could be 

reproduced by Dorsomorphin treatment, which reduced the number of regenerating tendon 

cells by 34.52% (Figure S6M). Interestingly, treating the unablated fish with LDN-193189 at 

the same stage did not affect SH tendon cell development (Figure S7A). Next, we used 

genetic mis-expression of noggin through the heat shock promoter Tg(scxa:epNTR-RFP; 
hsp70:nog3) to antagonize the BMP pathway. Consistent with the pharmacological 
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inhibition, embryos found to carry the hsp70:nog3 allele by subsequent genotyping had a 

diminished regenerative response, with a 43.47% decrease in the number of regenerating 

cells (Figures 5B and 5C). To test if activation of the BMP pathway could promote the 

regenerative response, we used the Tg(hsp70:bmp2b) reporter line and found a significant 

increase of 133.33% in the number of scxa:epNTR-RFP+ cells (Figures 5D and 5E). 

Notably, BMP activation also increased the number of bre:eGFP+/scxa:epNTR-RFP+ cells 

(Figures 5F–5H). Our finding that activating BMP signaling promotes SH tendon cell 

appearance is surprising given previous studies suggesting BMP signaling negatively 

regulates tendon formation and is pro-osteogenic [2,60]. However, our work is consistent 

with other studies that have shown BMP and, in particular, GDF family members can 

promote tendon formation and enhance tendon repair in a chicken injury model [61–64]. 

Collectively, our analyses show that the BMP pathway is both necessary and sufficient for 

early tendon cell regeneration.

BMP inhibition blocks the induction of new tendon cells at musculoskeletal attachment 
sites

Next, to better understand how BMP signaling is affecting the regenerative process, we 

focused on both attachment sites. The reasons for focusing on the attachment sites are based 

on fluorescent in situ hybridization results and live imaging data. We screened the 

expression of BMP ligands and receptors, including bmp2b, bmp4, bmp7b, acvr1l, bmpr1aa, 
bmpr1ab, bmpr1ba, and bmpr1bb, in the ablated animals. Among these, bmp2b, bmp4, and 

bmpr1ba were found to be highly expressed in the attachment sites (Figures S7B–S7K), and 

bmp2b and bmpr1ba were slightly upregulated in SH muscle attachment sites in the ablated 

animals compared to controls (Figures S7H–S7K). qPCR also revealed significant 

upregulation of bmp2b and bmpr1ba in the craniofacial region (Figure S7L), suggesting a 

potential involvement of bmp2b and bmpr1ba in regeneration. To confirm localized BMP 

signaling at the attachments, we examined Tg(scxa:epNTR-RFP; bre:eGFP) fish and found 

bre:eGFP+/scxa:epNTR-RFP+ cells in attachment sites surrounding cartilage and muscle 

(Figures 6A–6D). Similarly, scxa.epNTR-RFP+ cells surrounding muscle and cartilage were 

also phospho-Smad1/5 staining positive (Figures 6E–6H), indicating these cells are directly 

responding to BMP signaling. To ask whether inhibiting BMP signal might block new cell 

induction in these sites, we treated the ablated animals with either DMSO or LDN193189 

and quantified the number of sox10:eGFP+/scxa:epNTR-RFP+ and nkx2.5:ZsYellow+/
scxa:epNTR-RFP+ cells. As a result, we found LDN193189 treatment impeded new 

scxa:epNTR-RFP+ cell induction in both sites (Figures 6I–6N), indicating BMP signaling is 

required for robust induction of scxa.epNTR-RFP+ cells at attachment regions.

Discussion

Tendon injuries present many clinical treatment challenges, mainly due to their poor 

regenerative potential in humans and a limited understanding of their biology. Most studies 

investigating tendon repair have used adult animals such as the mouse, rat, and rabbit, where 

tendon injuries were induced through overuse by treadmill running [65], through induction 

of inflammation and degeneration of the matrix by collagenase injection [66], or acutely 

through partial or complete physical injury [21,22,67]. Although these studies have 
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advanced our understanding of how mammalian tendons respond to injury and have 

identified endogenous cues for repair [21,22], rarely do these animal models achieve 

complete regeneration which limits our understanding of the processes guiding regenerative 

healing.

Unlike adult mammals, zebrafish can fully regenerate almost all injured organs [42,68–74]. 

However, their ability to regenerate tendon and the underlying cellular mechanisms have not 

been studied. In this study, we have established a new model of tendon regeneration to reveal 

what cell types and molecular pathways could replace the missing tendon cells (Figure 7). 

Using this system, we find that after selectively ablating all tendon cells at 3–5 dpf, tendon 

matrix organization and the morphology of its connecting muscle and cartilage tissues are 

subsequently disrupted. These defects are later restored upon the re-articulation of new 

tendon cells to the muscle-skeletal interfaces and the regeneration of the tendon matrix. We 

find that, at late embryonic and larval stages, progenitors located in neighboring regions 

surrounding cartilage and muscle are activated to replace the missing tendon cells. Laser 

ablation of the perichondrial sox10:eGFF+ cells results in increased scxa:epNTR-RFP+ cells. 

In addition, BMP signaling is required and sufficient for the early recruitment of the 

attachment progenitor cells to become scxa+/tnmd+ tendon cells. Together, this work 

identifies new sources of progenitor cells capable of becoming tendon and highlights the 

plasticity of connective tissues surrounding the musculoskeletal system.

Additionally, there are many critical questions that would be interesting to investigate on 

how the dynamic processes of regeneration are achieved. For example, how do the new cells 

communicate with each other to establish a functional tendon and re-establish the proper 

attachment pattern? Are the cells surrounding cartilage and muscle heterogeneous with 

differing abilities to regenerate tendon and are there other cell sources that are able to 

contribute to tendon regeneration? It is also unknown how BMP signaling regulates these 

specific cell populations at their distinct locations. Although our data suggests BMP 

signaling is required for the specification of scxa+ cells from nkx2.5+ or sox10+ cells 

(Figures 6I–6N), we cannot rule out a role for BMP signaling in scxa+ cell proliferation. It is 

also unclear whether prolonged BMP inhibition or activation affect the long term 

regenerative response and if BMP activation generally promotes scxa+ cell number and 

tendon formation in non-regenerative conditions. Certainly, transforming growth factor β 
(TGFβ) family members, such as GDF5 can promote tendon formation in other assays 

[61,64]. In our loss of function experiments, BMP inhibition had no effect on non-ablated 

animals at later stages (6–8 dpf), suggesting BMP is required for the appearance of scxa+ 

cells specifically during regeneration. It also should be noted that although the matrix is 

disrupted following scxa+ cell loss, some matrix remains, and it would be interesting to test 

whether this remnant matrix contains signals that direct cell recruitment at the proper 

locations.

Another question that remains is whether this plasticity is an inherent property of their 

developmental lineage relationships in forming the connections between the tendon and 

cartilage or muscle. Notably, the presence of doubly positive perichondrial sox10:eGFP+; 
scxa:epNTR-RFP+ cells in non-ablated animals could suggest that cells in the perichondrium 

normally contribute to the attachment and tendon during zebrafish development. Moreover, 
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the existence of sox10:eGFP-cells in the perichondrium that turn on sox10:eGFP and 

scxa:epNTR-RFP implies a complex cellular composition at the tendon and cartilage 

interface that is capable of contributing to tendon regeneration. In developing mouse limb 

regions, Sox9+/Scx+ cells form the tendon-bone attachment structure, termed enthesis 

[75,76], but the identity of the equivalent cells in the zebrafish is unclear. In addition, the 

role of Sox9+/Scx+ cells in murine tendon healing is unknown. Multipotent stem or 

progenitor cells have been identified in the periosteum and these cells have been shown to 

differentiate into chondrocytes, osteoblasts, and adipocytes, and contribute to bone fracture 

healing in mice [77], or participate in zebrafish jawbone regeneration and axolotl skeletal 

regeneration [74,78]. However, these studies did not examine the ability of these cells to 

contribute to tendon. Lineage tracing in mice using an alpha smooth muscle actin (αSMA) 

inducible Cre, revealed an expansion of αSMA+ cells in the periosteum towards the bone 

insertion and patellar tendon injury [20]. This suggests that the mammalian periosteum may 

contribute to tendon healing and would be consistent with the perichondrium/periosteum 

containing progenitors with multilineage differentiation potential.

For the muscle-associated connective tissue, there is a developmental association between 

the forming muscle connective tissue and tendon. Co-expression of Scx and the muscle 

connective tissue marker, Tcf4, is observed in embryonic limb and craniofacial regions 

[79,80]. However, the lineage relationship between cells in these expression domains and 

whether Tcf4+ cells can contribute to tendon in injury models is unknown. Recent single cell 

analysis has identified two connective tissue cell populations in the adult muscle interstitial 

compartment: fibroadipogenic progenitors that are marked by Pdgfra and Scx+ cells capable 

of tenogenic differentiation [81]. In this single cell analysis study, it was hypothesized that 

Scx+ cells in the muscle may serve as potential reservoirs for repair after injury, but this was 

not tested. The relationship of these cells to the nkx2.5+/scxa+ cells in our work is unknown 

as we do not observe scxa+ cells in muscle tissue. Altogether, little is known regarding 

zebrafish muscle connective tissue cells, and direct analysis of muscle connective tissue 

markers such as pdgfra and tcf4 is confounded by their expression in other cell types, 

including neural crest [82], tendon cells themselves [83], and the branchial arches [84].

It is becoming clear that cell fate transitions or plasticity has emerged as a potential 

mechanism for tissue repair following injury. Depending on the type of injury, there may be 

differences in the cell types recruited and whether fate-transition is observed. In most cases 

of partial damage or chronic inflammation, cells remaining in or surrounding the damaged 

tissue respond, undergo transitions in fate and contribute to new cell formation. Examples of 

this include dedifferentiation of specialized cell types in epithelia tissues [85], heart 

regeneration in fish [68,69], and transdifferentiation in liver regeneration [71,86]. In the 

cases where part of or entire tissues are removed such as fin regeneration in fish [87] and 

limb regeneration in axolotl [88,89], a blastema forms and drives regeneration. However, 

many studies have shown that the blastema contains multiple progenitor cells that are 

lineage restricted [72,90], which, together, points to limited inter-tissue cellular plasticity 

during regeneration. Interestingly, connective tissue cells appear to be the exception in that 

they can form dermal and muscle connective tissues as well as skeletal tissues in the 

regenerating axolotl limb [78]. Our findings provide new molecular insights into cellular 

plasticity during tissue repair outside the context of a blastema and suggest that progenitor 
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cells from adjacent and distinct connective tissues can serve as reservoirs to replace the lost 

tendon cells. In the future, it would be interesting to evaluate if mouse and human adult bone 

and muscle connective tissues have cells that could function in tendon repair and may 

provide a new cell source for the development of treatments for tendon injuries.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for reagents and resources should be directed to and will be fulfilled by the Lead 

Contact Jenna Galloway (jenna_galloway@hms.harvard.edu). Plasmids and zebrafish lines 

used in this study are available upon request.

DATA AND CODE AVAILABILITY

The published article includes all datasets generated or analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish husbandry and transgenic lines—Zebrafish were raised and maintained 

under standard laboratory conditions at 28.5°C. The transgenic lines used in this study are 

listed in key resources table. All animal work was approved by the MGH IACUC (protocol 

#2012N000167).

METHOD DETAILS

Generation of transgenic lines for tendon cell ablation and fate mapping—To 

generate the Tg(scxa:gal4-vp16) transgenic line, a BAC harboring the cis-regulatory 

elements of scxa (CH211 251g8; Accession #BX255894) was modified to contain Tol2 sites 

and gal4-vp16 in place of the first exon, and this construct was co-injected into one-cell 

stage Tg(uas-E1b:Kaede) embryos with Tol2 transposase mRNA. The positive F0 founders 

demonstrated Kaede expression in the craniofacial region and myosepta and were raised to 

adulthood. Upon sexual maturity, the Tg(scxa:gal4-vp16; uas-E1b:Kaede) fish were out-

crossed to Tg(uas:epNTR-RFP) to generate the ablation line Tg(scxa:gal4-vp16; 
uas:epNTR-RFP). We generated multiple ablation lines (line 1, 2, 3, 4, 5) with similar 

expression patterns and line 5 was chosen for this study based on the most faithful and 

specific expression in the tendons.

To generate the Tg(10xUAS:creERT2) strain, abbreviated as Tg(uas:creERT2), gateway 

cloning technology (Life Technologies) was used to perform the LR recombination reaction 

with the pENTR5’−10xUAS, pME-CreERT2 and p3E-polyA. The entire uas:creERT2 
construct containing a gamma-crystallin GFP cassette [99] was co-injected with Tol2 

transposase mRNA into one-cell stage wild-type AB embryos. The successful F0 founders 

were identified three days later based on the green lens and stable F1 transgenic lines were 

established by out-crossing to wild-type AB fish and raised to adulthood.

Tamoxifen treatment and genetic fate mapping—The following transgenic fishes: 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; uas:creERT2; ubi.Zebrabow), Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; uas.nfsb-mcherry; sox10:ERT2-Cre; ubi.Zebrabow), Tg(scxa:gal4-vp16; 
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uas:epNTR-RFP; uas.nfsb-mcherry; drl:creERT2; ubi.Zebrabow), and Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; uas.nfsb-mcherry; nkx2.5:ERT2creERT2; ubi.Zebrabow) at indicated time 

points were treated with 20uM (Z)-4-Hydroxytamoxifen (4-HT) solution (Sigma, H7904) 

for 34h (14hpf-2dpf for sox10:ERT2-Cre), 48h (1dpf-3dpf for uas:creERT2), 42h (6hpf-2dpf 

for drl:creERT2), and 38hpf (10hpf-2dpf for nkx2.5:ERT2creERT2) at 28.5°C. The Cre/

loxP-mediated recombination efficacy was confirmed by examining the fluorescence change 

following treatment. After 4-HT treatment, ablation was performed for 1 or 2 days at 

indicated time points and ablated animals were then transferred to housing system for 

regeneration.

Chemical treatments—For tendon cell ablation, animals at indicated time points were 

treated with 5mM Mtz (Sigma, M3761) in embryo medium in the dark for 1 or 2 days at 

28.5°C. The efficacy of ablation was confirmed by checking the RFP fluorescence. At the 

end of ablation, the treated animals were fixed for staining and analysis or transferred to 

petri dishes or the zebrafish housing system to raise for regeneration assays. For 

Dorsomorphin (Cayman, 866405–64-3) treatments, 6 dpf ablated embryos (1 day post 

ablation) were incubated in 10uM Dorsomorphin for 3 days. For LDN-193189 (Cayman, 

1062368–62-0) treatment, 6 dpf ablated embryos were bathed in 10uM LDN-193189 for 2 

days. For Dorsomorphin treatment at 1–3 dpf, 1 dpf embryos were bathed in 20uM 

Dorsomorphin for 2 days.

EdU labeling and TUNEL—For EdU labeling assays, embryos at 9 dpf were soaked in 

500uM EdU solution in DMSO for 20 minutes on ice or were injected with EdU into the 

heart or intestine, followed by 4 hours at 28.5°C and then fixed 1 hour at room temperature. 

EdU positive cells were visualized after staining using the Click-iT® EdU Alexa Fluor® 

488 Imaging Kit (Thermo Fisher Scientific, C10337). For TUNEL assay, embryos at the 

indicated stages were stained using the Click-iT® Plus TUNEL Assay (Life Technologies, 

C10617) with properly extended treatment of Proteinase K.

Whole-mount in situ hybridization (WISH)—WISH was performed as previously 

described [25] using DIG (Roche, 11277073910) labeled anti-sense RNA probes against 

scxa, tnmd, col1a2. Probes were synthesized using Sp6 or T7 RNA polymerase (Roche, 

10810274001 or 10881767001). Signals were visualized using BCIP/NBT (Fisher, 

OB020501/FERR0841) at a concentration of 175/225ug/ml or using a TSA Plus Fluorescein 

Evaluation Kit (PerkinElmer, NEL741E001KT). After staining, embryos were positioned 

with the ventral or lateral side facing the objective and images were taken from single plane 

using a ZEISS Axio Imager.D2 microscope.

Fluorescent in situ hybridization (FISH) on isolated lower jaw—FISH was 

performed as previously described [25] using DIG (Roche, 11277073910) labeled anti-sense 

RNA probes against bmp2b, bmp4, bmp7b, bmpr1aa, bmpr1ab, bmpr1ba, bmpr1bb, acvr1l. 
Probes were synthesized using Sp6 or T7 RNA polymerase (Roche, 10810274001 or 

10881767001). Signals were visualized using a TSA Plus Cyanine 3 System (PerkinElmer, 

NEL744001KT). After staining, lower jaws were washed 1–4 hours in 2% H2O2 and 

positioned with the ventral side facing the objective and images were taken using a Leica 
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SP8 inverted confocal scanning microscope. The primer sequences used for making BMP 

probes are listed in Table S2.

Heat-shock—Tg(scxa:gal4-vp16; uas:epNTR-RFP) line was crossed to Tg(hsp70:nog3) or 

Tg(hsp70:bmp2b) lines and tendon cells were ablated at 3–5dpf and ablated animals were 

heat shocked by transferring them into a pre-warmed incubator and heat shock was 

performed for 1 hour at 37°C at indicated time points (See figure legend). After heat shock, 

the animals were transferred into housing system for regeneration. For testing the 

responsiveness of Tg(bre:eGFP) embryo to BMP activation and inhibition, Tg(bre:eGFP) 
was crossed to Tg(hsp70:nog3) or Tg(hsp70:bmp2b) lines and embryos were heat shocked 

for 1 hour at 37°C at indicated time points (See figure legend). The primer sequences used 

for geno- typing Tg(hsp70:nog3) and Tg(hsp70:bmp2b) fish are listed in Table S1.

Whole-mount antibody staining—Whole-mount antibody staining was performed at 

4°C unless otherwise stated. Embryos were fixed in 4% PFA for 1 hour at room temperature 

(RT) or overnight at 4°C, followed by PBST (PBS+0.6% Triton X-100) washes and 

dehydration to methanol series, and stored in 100% methanol for at least 30 minutes at 

−20°C. Embryos were then rehydrated to methanol series and washed with PBST and 

subjected to Proteinase K treatment. Following PBST washes and re-fixation with 4% PFA 

for 20 minutes at RT, embryos were washed with PBST and blocked with PBST/10% 

normal goat serum/1% DMSO for 1 hour at RT. Embryos were incubated with primary 

antibodies diluted in blocking solution overnight at 4°C (4 days for 26 day fish). Embryos 

were washed with PBST at least 2 hours with changes every 30 minutes and then incubated 

with secondary antibodies overnight at 4°C (2 days for 26 day fish at RT). Hoechst (Thermo 

Scientific, H3570) was added to the secondary antibody solution if nuclear staining was 

needed. Embryos were washed with PBST for 2X 30 minutes before imaging. The primary 

antibodies used were: Rabbit anti RFP (Rockland, 600–401-379), Mouse anti RFP (abcam, 

ab109809), Rabbit anti Phospho-Smad1/5 (Cell Signaling, 9516T), Mouse anti mcherry 

(Living Colors, 632543), Mouse anti MF 20 (DSHB, University of Iowa), Mouse anti 

Collagen II (DSHB, II-II6B3), Mouse anti myosin heavy chain (MHC) (A1025, DSHB), 

Rabbit anti GFP (Thermo Scientific, A21311). Secondary antibodies used were: Goat anti-

Rabbit Alexa Fluor 488 (Thermo Scientific, A-11008), Goat anti-Mouse Alexa Fluor 488 

(Thermo Scientific, A21121), Goat anti-Rabbit Alexa Fluor 594 (Thermo Scientific, 

A11012), Goat anti-Mouse Alexa Fluor 647 (Thermo Scientific, A21241), Donkey anti-

Rabbit Alexa Fluor 647 (Abcam, ab150067).

Phospho-Smad1/5 staining—Staining was performed at 4°C unless otherwise stated. 

Embryos were fixed in 4% PFA for 1 hour at RT or overnight at 4°C, followed by PBST 

(PBS+0.1% Tween 20) washes and dehydration to methanol series, and stored in 100% 

methanol for at least 30 minutes at −20°C. Embryos were rehydrated to methanol series and 

washed with PBST. Lower jaws were collected for PBST washes and re-fixation with 4% 

PFA for 20 minutes at RT, Lower jaws were washed with PBST and blocked with 4% BSA 

(Fisher Scientific, BP1605–100) for 2 hours at RT. Lower jaws were incubated with Rabbit 

anti Phospho-Smad1/5 overnight at 4°C. Lower jaws were washed with PBST at least 2 

hours with changes every 30 minutes and then incubated with secondary antibodies 
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overnight at 4°C. Hoechst was added to the secondary antibody solution to stain the nucleus. 

Lower jaws were washed with PBST for 2 hours at RT before imaging. For imaging, lower 

jaw was embedded in 4% methylcellulose and imaging was taken using a Leica SP8 inverted 

confocal scanning microscope.

Total RNA isolation, RT-PCR and qPCR—Zebrafish total RNA was extracted from 

embryo heads of indicated time points using Trizol reagent (Life Technologies, 15596026) 

as described previously [100]. Reverse transcription was performed using a reverse 

transcriptase kit (Thermo Scientific, 18091200) according to the manufacturer’s protocol. 

Transcribed cDNA and primers were added to SYBR green PCR master mix (Life 

Technologies, 4367659). The StepOnePlus real-time PCR system (Applied Biosystems) was 

used to obtain the cycle threshold value. The relative expression of each gene was 

determined after being normalized to beta actin. The primer sequences used for qPCR are 

listed in Table S3.

Muscle stimulation—Tg(scxa:gal4-vp16; uas:epNTR-RFP) embryos were incubated in 

Mtz for tendon cell ablation at 3–5dpf and were then subjected to electrical stimulation at 

7dpf as previously described [26].

Transmission Electron Microscopy—SH tendons were collected and prepared for 

electron microscopy by immersion in 1.5% formaldehyde/1.5% glutaraldehyde (Tousimis 

Research Corporation, #1010A) in DMEM (Gibco, 21063029) containing 0.05% tannic acid 

(Fisher Scientific, MK-1674–125) overnight followed by an extensive rinse in Dulbecco’s 

serum-free media (SFM), then post fixation in 1% OsO4 for 1 hour at room temperature. 

The samples were washed in SFM and then dehydrated in a graded series of ethanol from 

30% to 100%, rinsed in propylene oxide and infiltrated in Spurrs epoxy over a total time of 2 

hours, accelerated via microwave energy. Samples were polymerized at 70°C over 18 hours. 

40nm ultra-thin sections were cut on a Leica EM UC7 ultramicrotome using a Diatome 

diamond knife and sections were mounted on formvar-coated copper palladium grids and 

post-stained in 8% ethanolic uranyl acetate followed by lead citrate. Sections were imaged in 

FEI G20 TEM at 120kV and photographed using a side-entry model XR41 AMT 2K x 2K 

camera. Montaging was accomplished using proprietary AMT software with 20% overlap 

and reconstructed with FIJI. Measurement of collagen fibril diameters was performed 

manually on montage images using ImageJ. Specifically, four to eight montage images were 

analyzed for each sample. For analysis at 80 dpf, a total of 122531 and 184242 fibrils were 

measured for control (n=2) and regenerated (n=3) SH tendons. For analysis at 180dpf, a total 

of 147007 and 155856 fibrils were measured for control (n=2) and regenerated (n=2) SH 

tendons, respectively. For area calculation for each collagen fibril, the formula A=π(D/2)22 

(A, Area; D, Diameter) was used.

Imaging—All live or fixed embryos from WISH or antibody staining were mounted in 4% 

methyl cellulose (Sigma, M0387) on a thin glass slide (Gold Seal, 3323), or in 1% low melt 

agarose (RPI, 9012–36-6) in an imaging dish, or mounted in glycerol (Sigma, G7757) on a 

glass slide, or put into a slot made from 4% agarose (Bio-Excell, 61133056), depending on 

the experiment. Embryos were positioned with the ventral or lateral side facing the objective 
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and images were taken either from single plane or Z-Stack using a ZEISS Axio Zoom.V16 

Stereo microscope, Nikon ECLIPSE Ti-E inverted confocal microscope, and Leica SP8 

inverted confocal laser scanning microscope, depending on the experiment.

Multiphoton imaging—0.2% tricaine-anesthetized 5dpf embryos were put into a slot 

made from 4% agarose and embryos were positioned with the ventral side of the head facing 

the objective. 1% low melt agarose was added to the slot to immobilize the embryos and a 

thin coverslip was put on the low melt agarose to facilitate the imaging. For imaging the SH 

tendons at 80 and 180dpf, fishes were tricaine-anesthetized and fixed in 4% PFA for 1 hour 

at room temperature and SH tendons were either incompletely or completely dissected and 

collected using two forceps (Fine Science Tools, 11252–00). Dissected SH tendons were put 

on a flat agarose surface and covered with a coverslip. Images were taken from a Z-Stack 

acquisition using an Olympus FVMPE-RS multiphoton microscopy system.

Multiphoton laser cell ablation—0.2% tricaine-anesthetized 5dpf embryos were 

embedded in 1% low melting agarose and embryos were positioned with the ventral side 

facing the objective. To perform the cell ablation, the individual target cell either from 

perichondrium or muscle junction area was selected and focused in a single plane and 

irradiated for 3s by a multiphoton laser at 800nm (35%). The ablation was confirmed by the 

loss of transgene expression and activation of second harmonic generation signal. After 

ablation, embryos were transferred into system for regeneration.

Alcian blue staining—26 dpf juveniles were fixed with 4% PFA at room temperature 

(RT) for 2hours. Fish were washed with PBS for 5 minutes at RT, treated with 50% ethanol 

for 10 minutes at RT on a rotating platform, and stained with staining solution (66.5% 

ethanol, 0.19M MgCl2, 0.02% alcian blue stock) overnight at RT on rotating platform. Fish 

were washed with ddH2O for 15 minutes at RT, and bleached (0.8% W/V KOH, 0.1% 

Tween20, 0.9% H2O2) until pigmentation was removed. Fish were washed with PBS for 5 

minutes at RT and fixed with 4% PFA for 1 hour at RT. Images were taken using a Nikon 

Eclipse 80i microscope with a Nikon DS Ri 1 camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Embryos at each time point were randomly grouped into different treatments for each 

experiment. No treated embryos were excluded from the analysis unless they died during the 

process. No statistical method was used to predetermine sample size and sample sizes were 

indicated in each figure legend. For meas urements of tnmd fluorescence area, the whole 

craniofacial region of each embryo was selected and properly thresholded in ImageJ and the 

whole area was used for analysis. For quantifying the SH tendon cell number in heat shock 

experiments, samples and analysis were blinded to treatments prior to genotyping. For 

analysis of two conditions, two-tailed, unpaired Student’s t-tests were used and for multiple 

conditions comparison, one-way ANOVA with tukey’s post-hoc analysis was used. For 

analyzing muscle detachment phenotype, statistical analysis was performed using Chi test. P 

values were indicated in each figure legend and data were presented as mean or mean ± s.d.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Generation of a zebrafish tendon cell ablation line

Robust tendon cell regeneration in zebrafish

sox10+ and nkx2.5+ cells from attachment sites contribute to tendon cell regeneration

BMP signaling is sufficient and required for tendon cell regeneration

Using a new tendon cell ablation model, Niu et al. show that zebrafish can fully 

regenerate properly patterned and structurally correct tendons. Cellular regeneration of 

the tendon is driven by BMP signaling and newly recruited progenitors from connective 

tissue surrounding cartilage and muscle, specifically at musculoskeletal attachment sites.
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Figure 1. Tendon cell ablation disrupts the collagen matrix and cartilage and muscle 
morphology.
(A) Cartoons of a 3 dpf zebrafish embryo and the craniofacial muscle (Blue), tendon (Red), 

and cartilage (Green).

(B) Confocal images of craniofacial tendon (red), cartilage (green), and muscle (white) in 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; col2a1a:eGFP) fish. Insets show higher magnification 

views of the sternohyoideus (SH) tendon region (white box 1 and 1’, red arrow, SH tendon. 

green arrow, ceratohyal cartilage. white arrow, SH muscle) and palatoquadrate region (white 

box 2 and 2’, red arrow, tendon. green arrow, palatoquadrate cartilage. white arrow, adductor 

mandibulae muscle).

(C) Tendon cell ablation in Tg(scxa:gal4-vp16; uas:epNTR-RFP; col2a1a: eGFP) fish. Top, 

unablated (DMSO). Bottom, ablated (Mtz). Blue in merged image is Hoechst staining.

(D) Fluorescent in situ for tnmd and Hoechst stained craniofacial regions in unablated 

(DMSO) and ablated (Mtz) embryos. White box 1, 3, 1’, 3’, palatoquadrate ligament region. 

White box 2, 4, 2’, 4’, SH tendon region.
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(E) Quantification of tnmd fluorescence area in craniofacial region in unablated (DMSO, 

n=7) and ablated (Mtz, n=7) embryos. Two-tailed, unpaired Student’s t-test and data are 

mean ± s.d. ****, p<0.0001.

(F) Multiphoton images of SH tendons (red), fibrillar collagen (white arrow), and SH muscle 

(yellow arrow) in unablated (DMSO) and ablated (Mtz) embryos. SHG, second harmonic 

generation. Scale bar, 25 μm.

(G) Cartoon illustrating craniofacial region, ventral view with lines indicating areas used to 

measure width (W) and length (L) Red box shows the area analyzed in (H).

(H) Higher magnification views of lower jaw cartilage in control Tg(col2a1a: eGFP) 
(DMSO) and ablated (Mtz) embryos. White arrow, dysmorphic palatoquadrate cartilage.

(I-K) Quantification of width (I), length (J), and width/length ratio (K) for lower jaw 

cartilage in unablated (DMSO, n=8) and ablated (Mtz, n=8) embryos. Two-tailed, unpaired 

Student’s t-test and data are mean ± s.d. *, p<0.05. **, p<0.01. ***, p<0.001.

(L) Ventral views of craniofacial muscle in unablated (DMSO) and ablated (Mtz) embryos. 

White arrow, curved interhyal muscle.

(M) Percentage of embryos showing a curved interhyal muscle phenotype in unablated 

(DMSO, n=5, 0%) and ablated (Mtz, n=4, 100%) embryos.

(N) Confocal images of axial muscle in unablated (DMSO) and ablated (Mtz) embryos. 

White arrow, detached muscle.

(O) Percentage of embryos showing attachment and detachment phenotypes in unablated 

(DMSO, n=109) and ablated (Mtz, n=110) embryos. Grey bars show percentages of muscle 

fibers that remain attached in both conditions. Red and blue bars showed percentages of 

muscle fibers that detached in both conditions. Chi-squared test. ***, p<0.001.

dpf, days post fertilization. All images, anterior to the left. All scale bars are 100μm, except 

in (F) where noted. Tendon cell was ablated with Mtz at 3–5 dpf.

See also Figures S1 and S2
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Figure 2. Robust regeneration of zebrafish SH tendon pattern and composition
(A) Experimental design of tendon cell ablation and regeneration. Tendon cells were ablated 

at 3–5dpf and regeneration was observed at multiple timepoints.

(B) Live images of craniofacial tendon cells at indicated time points in Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; col2a1a:eGFP) fish. White boxes, SH tendon region in magnified view 

underneath. Scale bar, 100 μm.

(C) Live images of craniofacial tendon cell regeneration at indicated time points in ablated 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; col2a1a:eGFP) fish. White boxes, SH tendon region in 

magnified view underneath. White arrows, regenerated tendon cells. Scale bar, 100 μm.

Niu et al. Page 25

Curr Biol. Author manuscript; available in PMC 2021 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Live images of tendon cell regeneration at 11 dpf. Left panel, weak regeneration. Right 

panel, strong regeneration. Weak (around 80 cells per head) versus strong (around 200 cells 

per head) was quantitatively defined. White box, SH tendon region. Scale bar, 100 μm.

(E) Live images of tendon cell regeneration at 26 dpf. Left panel, control. Right panel, 

regenerated. Green and white box, SH tendon region. Scale bar, 200 μm.

(F) Higher magnification views of SH tendon cell regeneration (from E) at 26 dpf. Left 

panel, control. Right panel, regenerated. Dashed green and white line demarcates the SH 

tendon.

(G) Quantification of tendon cell regeneration at 11 dpf (n=13). Strong regeneration (n=11, 

84.62%). Weak regeneration (n=2, 15.38%).

(H) Percentage of fish showing a normal distribution of scxa:epNTR-RFP+ tendon cells at 

26 dpf (n=11, 100%).

(I-L) Transmission electron microscopy analysis of SH tendon collagen fibril in control 

(DMSO) and regenerated (Mtz) at 180 dpf. T, tendon cell. Scale bar, 2 μm (I, K) and 0.2 μm 

(J, L).

(M, N) Distribution of collagen fibril diameter in control (M, DMSO) and regenerated (N, 

Mtz) at 180 dpf.

dpf, days post fertilization. nm, nanometer. All images (A-F), ventral view, anterior to the 

left. All images (I-L), transverse section view.

See also Figure S3
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Figure 3. Newly-induced SH tendon cells have conserved mesodermal developmental origins and 
arise from muscle attachment sites
(A) drl:creERT2 based mesodermal cell lineage tracing for regenerated SH tendon cells 

(white arrows) in ablated Tg(scxa:gal4-vp16; uas:epNTR-RFP; uas-E1b:NfsB-mcherry; 
drl:creERT2; ubi:zebrabow) fish. Red box in cartoon shows region analyzed. Blue color in 

merged image was Hoechst staining. Scale bar, 50 μm.

(B) nkx2.5:ERT2creERT2 based anterior lateral plate mesoderm cell lineage tracing for 

regenerated SH tendon cells (white arrows) in ablated Tg(scxa:gal4-vp16; uas:epNTR-RFP; 
uas-E1b:NfsB-mcherry; nkx2.5:ERT2creERT2; ubi:zebrabow) fish. Blue color in merged 

image was Hoechst staining. Scale bar, 50 μm.

(C) nkx2.5:ERT2creERT2 based cell lineage tracing of ontogenetic SH tendon cells (white 

arrow) in Tg(scxa:gal4-vp16; uas:epNTR-RFP; uas-E1b:NfsB-mCherry; 
nkx2.5:ERT2creERT2; ubi:zebrabow) fish. Black box in cartoon shows the area analyzed. 

Scale bar, 25 μm.

(D) Confocal images of SH muscle attachment site in Tg(scxa:gal4-vp16; uas:epNTR-RFP; 
nkx2.5:ZsYellow) fish. Red arrow, scxa:epNTR-RFP+ cells. Green arrow, nkx2.5:ZsYellow+ 

cells. Yellow arrow, nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cells. Black box in cartoon shows 

the area analyzed. Scale bar, 5 μm.
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(E) Confocal images of SH muscle attachment site in Tg(scxa:gal4-vp16; uas:epNTR-RFP; 
nkx2.5:ZsYellow) fish. Green arrow, nkx2.5:ZsYellow+ cells. Black box in cartoon shows 

the area analyzed. Scale bar, 5 μm.

(F) Confocal images of SH muscle attachment site in Tg(scxa:gal4-vp16; uas:epNTR-RFP; 

nkx2.5:ZsYellow) fish. Yellow arrow, nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cells. Black box 

in cartoon shows the area analyzed. Scale bar, 5 μm.

(G, H) Two photon (5dpf) and confocal (9dpf) images of SH muscle attachment site in 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; nkx2.5:ZsYellow) fish with (+2P, H) and without (−2P, 

G) two photon ablation. Two photon ablation of nkx2.5:ZsYellow+ cells was performed at 

5dpf. Yellow arrow, nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cell. Green arrow, 

nkx2.5:ZsYellow+ cell. Black box in cartoon shows region analyzed. Scale bar, 25 μm.

(I) Quantification of nkx2.5:ZsYellow+, scxa:epNTR-RFP+, and nkx2.5:ZsYellow+/
scxa:epNTR-RFP+ cells in SH muscle attachment site at 9dpf with (+2P) and without (−2P) 

two photon ablation. Two-tailed, unpaired Student’s t-test and data are mean. ns, no 

significance.

(J) tnmd expression in SH muscle attachment site (red arrow) in unablated and ablated fish 

at 21 dpf.

dpf, days post fertilization. Unab, unablated. Ab, ablated. m, SH muscle. 2P, two photon. 

Tendon cell was ablated at 3–5dpf for all, except (C, D). All images, ventral view, anterior to 

the left.

See also Figures S4 and S5
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Figure 4. Newly-induced SH tendon cells have conserved neural crest developmental origins and 
arise from cartilage attachment sites
(A) A cartoon showing the craniofacial region at 9dpf. Red box indicates SH tendon region.

(B) sox10:ERT2-Cre based neural crest cell lineage tracing of regenerated SH tendon cells 

(white arrow) in ablated Tg(scxa:gal4-vp16; uas:epNTR-RFP; uas-E1b:NfsB-mcherry; 
sox10:ERT2-Cre; ubi:zebrabow) fish. Blue color in merged image was Hoechst staining. 

Scale bar, 50 μm.
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(C) Confocal images of tendon cell ablated Tg(scxa:gal4-vp16; uas:epNTR-RFP; 
sox10:eGFP) fish showing sox10:eGFP+ perichondral cells (white arrow) at the ceratohyal 

cartilage attachment site. Scale bar, 25 μm.

(D) A cartoon showing ceratohyal cartilage attachment site with black boxes indicate the 

regions analyzed in (E) and (F). Black arrow, scxa:epNTR-RFP+/sox10:eGFP+ cell.

(E) Live images of new cell induction in Tg(scxa:gal4-vp16; uas:epNTR-RFP; sox10:eGFP) 
fish at indicated time points. White arrow, a perichondral cell that turned on sox10:eGFP and 

scxa:epNTR-RFP during regeneration. Scale bar, 10 μm.

(F) Live images of new cell induction in Tg(scxa:gal4-vp16; uas:epNTR-RFP; sox10:eGFP) 
fish at indicated time points. White arrow, a sox10:eGFP + perichondral cell turned on 

scxa:epNTR-RFP and decreased sox10:eGFP during regeneration. Scale bar, 10 μm.

(G) Two photon images of ceratohyal cartilage attachment site in tendon cell ablated 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; sox10:eGFP) fish showing sox10:eGFP+ perichondral 

cells (white arrow) at one side that was not two photon laser ablated (−2P). Two photon laser 

ablation of sox10:eGFP+ perichondral cells was performed on the contralateral side (+2P) at 

5dpf and on average 10 cells were ablated (with a range of 8 to 14 from fish to fish). Scale 

bar, 25 μm.

(H) Confocal images of ceratohyal cartilage attachment site in tendon cell ablated 

Tg(scxa:gal4-vp16; uas:epNTR-RFP; sox10:eGFP) fish after two photon laser ablation 

(+2P) of one ceratohyal region as in (G). White arrow, sox10:eGFP+ perichondral cells. 

Yellow arrow, sox10:eGFP+/scxa:epNTR-RFP+ tendon cells. Red arrow, scxa:epNTR-RFP+ 

tendon cells. White box area was magnified to the right. Scale bar, 25 μm.

(I) Quantification of sox10:eGFP+, scxa:epNTR-RFP+, and sox10:eGFP+/scxa:epNTR-RFP
+ perichondral cells at 9dpf without two photon (−2P) and the contralateral with two photon 

(+2P) ablation. Two-tailed, unpaired Student’s t-test and data are mean. **, p<0.01. ***, 

p<0.001.

(J) A cartoon showing ceratohyal cartilage region with black box indicates attachment site. 

Green arrow, runx2:eGFP+ perichondral cells. Red arrow, scxa:epNTR-RFP+ tendon cell.

(K) Confocal images of ceratohyal cartilage attachment site in Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; runx2:eGFP) fish. Two photon ablation of runx2:eGFP+ perichondral cells 

was performed at 5dpf. Green arrow, runx2:eGFP+ perichondral cells. Red arrow, 

scxa:epNTR-RFP+ tendon cell. Scale bar, 25 μm.

(L) Quantification of runx2:eGFP+, scxa:epNTR-RFP+, and runx2:eGFP+/scxa:epNTR-RFP
+ perichondral cells at 9dpf without two photon (−2P) and the contralateral with two photon 

(+2P) ablation. Two-tailed, unpaired Student’s t-test and data are mean. ns, no significance.

(M) tnmd expression in ceratohyal cartilage attachment site (red arrow) in unablated and 

ablated fish at 21dpf.

dpf, days post fertilization. Unab, unablated. Ab, ablated. cc, ceratohyal cartilage. m, SH 

muscle. 2P, two photon. Tendon cell was ablated at 3–5dpf. All images, ventral view, 

anterior to the left.

See also Figures S4 and S5
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Figure 5. BMP signaling is necessary and sufficient for SH tendon cell regeneration
(A) Live images of tendon cells (red) and cells responding to BMP signaling (green) in 

unablated (DMSO) and ablated (Mtz) Tg(scxa:gal4-vp16; uas:epNTR-RFP; bre:eGFP) fish. 

Scale bar, 200μm.

(B) Live images of SHT cell regeneration in non hsp70:nog3 and hsp70:nog3 fish. Insets 

show the SHT region analyzed. Scale bar, 100 μm. Ablation was performed at 3–5 dpf and 

for all heat shock experiments (B-E), ablated embryos were heat shocked at 5, 6, and 7 dpf 

and each time for one hour.

(C) Quantification of SHT cell number in non hsp70:nog3 (n=37, average = 9 cells) and 

hsp70:nog3 (n=11, average = 5 cells) fish at 8 dpf. Two-tailed, unpaired Student’s t-test and 

data are mean. *, p<0.05.

(D) Live images of SHT cell regeneration in non hsp70:bmp2b and hsp70: bmp2b fish. 

Insets show SHT region analyzed. Scale bar, 100 μm.

(E) Quantification of SHT cell number in non hsp70:bmp2b (n=20, average=6 cells) and 

hsp70: bmp2b (n=22, average =14 cells) fish at 8 dpf. Two-tailed, unpaired Student’s t-test 

and data are mean. ***, p<0.001. (B-E) heat shock and SHT cell number quantification were 
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performed blinded to the genotype of the fish, after quantification, fish were genotyped to 

determine the presence of the transgene.

(F, G) Live images of SHT cell regeneration in non-hsp70:bmp2b (F) and hsp70: bmp2b (G) 

fish. Yellow arrow, bre:eGFP+/scxa:epNTR-RFP+ cell. Red box in cartoon showed SHT 

region analyzed. White dashed line demarcated ceratohyal cartilage. Boxes 1 and 2 are 

magnified to the right (1’-2’”) Scale bar, 20 μm.

(H) Quantification of bre:eGFP+/scxa:epNTR-RFP+ SHT cell number in non-hsp70:bmp2b 
(n=16, average = 3 cells) and hsp70:bmp2b (n=15, average = 8 cells) treatment at 7 dpf. 

Each dot represented the cell number from individual fish. Ablation was performed at 3–5 

dpf and ablated embryos were heat shocked at 5, and 6 dpf and each time for one hour. Two-

tailed, unpaired Student’s t-test and data were mean. **, p<0.01.

dpf, days post fertilization. SHT, sternohyoideus tendon. All images, anterior to the left. 

Tendon cell was ablated at 3–5dpf.

See also Figure S6 and Table S1
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Figure 6. BMP signaling is necessary for induction of SH tendon cells at musculoskeletal 
attachment sites
Cartoon (A) and confocal images (B) of ceratohyal cartilage attachment site showing 

bre:eGFP+/scxa:epNTR-RFP+ perichondral cell (purple arrow, 53% of scxa:epNTR-RFP+ 

cells). White dashed line in (B) demarcated ceratohyal cartilage. Scale bar, 25 μm.

Cartoon (C) and confocal images (D) of SH muscle attachment site showing bre.eGFP+/
scxa:epNTR-RFP+ cell (purple arrow). Scale bar, 25 μm.

Cartoon (E) and confocal images (F) of ceratohyal cartilage attachment site showing P-

Smad1/5+/scxa:epNTR-RFP+ perichondral cells (purple arrows). Blue color in merged 

image was Hoechst staining. White dashed line in (F) demarcated ceratohyal cartilage. Scale 

bar, 25 μm.

Cartoon (G) and confocal images (H) of SH muscle attachment site showing P-Smad1/5+/
scxa:epNTR-RFP+ cells (purple arrows). Blue color in merged image was Hoechst staining. 

Scale bar, 25 μm.

(I, J) Confocal images of ceratohyal cartilage attachment site in ablated Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; sox10:eGFP) fish upon DMSO (I) or LDN193189 (J) treatment. Chemical 

treatments were performed 6–8dpf. Green arrow, sox10:eGFP+ perichondral cell. Purple 

arrow, sox10:eGFP+/scxa:epNTR-RFP+ perichondral cell. Scale bar, 25 μm.

(K, L) Confocal images of SH muscle attachment site in ablated Tg(scxa:gal4-vp16; 
uas:epNTR-RFP; nkx2.5:ZsYellow) fish upon DMSO (K) or LDN193189 (L) treatment. 

Chemical treatments were performed 6–8dpf. Green arrow, nkx2.5:ZsYellow+ cell. Purple 

arrow, nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cell. Scale bar, 20 μm.
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(M) Quantification of sox10:eGFP+/scxa:epNTR-RFP+ perichondral cells in ceratohyal 

cartilage attachment site upon DMSO (46% of scxa:epNTR-RFP+ cells) or LDN193189 

(25% of scxa:epNTR-RFP+ cells) treatment. Two-tailed, unpaired Student’s t-test and data 

were mean. ****, p<0.0001.

(N) Quantification of nkx2.5:ZsYellow+/scxa:epNTR-RFP+ cells in SH muscle attachment 

site upon DMSO (75% of scxa:epNTR-RFP+ cells) or LDN193189 (73% of scxa:epNTR-
RFP+ cells) treatment. Two-tailed, unpaired Student’s t-test and data were mean. 

***p<0.001.

dpf, days post fertilization. All images, anterior to the left. Tendon cell was ablated at 3–

5dpf.
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Figure 7. A model for SH tendon cell regeneration in zebrafish
During the initial stage of regeneration, the cells located in the ceratohyal perichondrium 

expressing sox10:eGFP and cells surrounding the SH muscle expressing nkx2.5:ZsYellow 
turn on scxa:epNTR-RFP. There are also sox10:eGFP- perichondrial cells that turn on 

sox10:eGFP and scxa:epNTR-RFP. These cells arise from the neural crest/sox10-lineage and 

the mesoderm/nkx2.5-lineage, respectively. During regeneration, these cells in the 

attachment regions express BMP ligands and receptors, and the scxa:epNTR-RFP+ cells in 

the peri-ochondrium and surrounding the muscle co-express bre:eGFP+ or P-Smad1/5+, 

indicating that they are targets of BMP signaling. Loss of BMP signaling depletes the 

number of cells turning on scxa:epNTR-RFP expression, suggesting BMP signaling is 

necessary to convert sox10:eGFP perichondrium and nkx2.5:ZsYellow cells to tendon fates. 

By 26 dpf, ablated fish regenerate the distribution of scxa:epNTR-RFP+ tendon cells, and 

have restored cartilage and muscle morphology.

See also Figure S7
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti RFP Rockland 600-401-379

Mouse anti mcherry Living Colors 632543

Mouse anti MF 20 Developmental Studies Hybridoma Bank RRID; AB_2147781

Mouse anti Collagen II Developmental Studies Hybridoma Bank II-II6B3

Mouse anti myosin heavy chain (MHC) Developmental Studies Hybridoma Bank A4.1025

Rabbit anti GFP ThermoFisher Scientific A-21311

Phospho-Smad1/5 Cell Signaling Technology 9516T

Goat anti-Rabbit Alexa Fluor 488 ThermoFisher Scientific A-11008

Goat anti-Mouse Alexa Fluor 488 ThermoFisher Scientific A-21121

Goat anti-Rabbit Alexa Fluor 594 ThermoFisher Scientific A-11012

Goat anti-Mouse Alexa Fluor 647 ThermoFisher Scientific A-21241

Donkey anti-Rabbit Alexa Fluor 647 abcam ab150067

Chemicals, Peptides, and Recombinant Proteins

N-Phenylthiourea Sigma P7629

DMSO Sigma 276855

Metronidazole Sigma M3761

(Z)-4-Hydroxytamoxifen Sigma H7904

Dorsomorphin Cayman Chemical 866405-64-3

LDN-193189 Cayman Chemical 1062368-62-0

Experimental Models: Organisms/Strains

scxa:gal4-vp16 This study N/A

uas:creERT2 This study N/A

uas:epNTR-RFP [28] y268Tg

uas-E1b:Kaede [93] s1999tTg

ubi:Zebrabow [43] a131Tg

uas:Eco.Nsfb-mcherry [94] rw0144Tg

sox10:ERT2-Cre [44] zf760Tg

col2a1a:eGFP [95] nu13Tg

scxa:mcherry Galloway lab, MGH, USA fb301Tg

mylz2:Amcyan [96] N/A

mylz2:mcherry [96] N/A

tp1:eGFP [54] um14Tg

shha:eGFP [57] sb15Tg

otm:d2eGFP [55] kyu1Tg

bre:eGFP [56] pt510Tg

hsp70:nog3 [97] fr14Tg

hsp70:bmp2b [97] fr13Tg
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REAGENT or RESOURCE SOURCE IDENTIFIER

drl:creERT2 [45] N/A

runx2:eGFP [72] zf259Tg

osc:eGFP [72] hu4008Tg

nkx2.5:ZsYellow [98] fb7Tg

nxk2.5:ERT2CreERT2 [46] fb8Tg

Tübingen Galloway lab, MGH, USA N/A

Oligonucleotides

Primers, see Table S1–S3 This paper N/A

Recombinant DNA

10xuas-creERT2-polyA This paper N/A

scxa-gal4-vp16 This paper N/A

Software and Algorithms

ImageJ Galloway lab, MGH, USA N/A

GraphPad Prism 5 Galloway lab, MGH, USA N/A

Adobe Photoshop CS6 Galloway lab, MGH, USA N/A

Microsoft Excel Galloway lab, MGH, USA N/A
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