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Objective: Cartilage, as the majority of adult mammalian tissues, has limited regeneration capacity. Cartilage degradation consecutive to joint injury or aging then leads to irreversible joint damage and diseases. In contrast, several vertebrate species such as the zebrafish have the remarkable capacity to spontaneously regenerate skeletal structures after severe injuries. The objective of our study was to test the regenerative capacity of Meckel’s cartilage (MC) upon mechanical injury in zebrafish and to identify the mechanisms underlying this process.
Methods and Results: Cartilage regenerative capacity in zebrafish larvae was investigated after mechanical injuries of the lower jaw MC in TgBAC(col2a1a:mCherry), to visualize the loss and recovery of cartilage. Confocal analysis revealed the formation of new chondrocytes and complete regeneration of MC at 14 days post-injury (dpi) via chondrocyte cell cycle re-entry and proliferation of pre-existing MC chondrocytes near the wound. Through expression analyses, we showed an increase of nrg1 expression in the regenerating lower jaw, which also expresses Nrg1 receptors, ErbB3 and ErbB2. Pharmacological inhibition of the ErbB pathway and specific knockdown of Nrg1 affected MC regeneration indicating the pivotal role of this pathway for cartilage regeneration. Finally, addition of exogenous NRG1 in an in vitro model of osteoarthritic (OA)-like chondrocytes induced by IL1β suggests that Nrg1/ErbB pathway is functional in mammalian chondrocytes and alleviates the increased expression of catabolic markers characteristic of OA-like chondrocytes.
Conclusion: Our results show that the Nrg1/ErbB pathway is required for spontaneous cartilage regeneration in zebrafish and is of interest to design new therapeutic approaches to promote cartilage regeneration in mammals.
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INTRODUCTION
Cartilage is a connective tissue whose main function is to withstand mechanical loading in the joints. As cartilaginous tissue has limited capacity to repair, traumas and aging often lead to irreversible cartilage erosion and disabling joint pathologies. A challenge for regenerative medicine is to promote the formation of new functional cartilage in patients to avoid the development and/or progression of osteoarticular diseases, alleviate pain and restore movements. Several approaches such as cell therapy have been used to prevent cartilage degradation but, so far, no effective treatment to regrow functional cartilage has been identified. An alternative strategy to counteract cartilage degradations might consist in identifying the mechanisms involved in the regeneration of cartilage in species endowed with this capacity and to propose new therapeutic targets that will enrich drug discovery pipeline.
In contrast to adult mammals, several vertebrate species display robust capacity to regenerate complex structures after amputation or severe injury. For instance, adult zebrafish can regenerate organs such as the brain, liver, heart (Poss et al., 2002; Gemberling et al., 2013; Marques et al., 2019) and skeletal elements such as its caudal fin, skull and jawbone after large-scale lesions (Geurtzen et al., 2014; Paul et al., 2016). At larval stages, caudal fin regeneration is achieved via similar molecular mechanisms as in adult (Kawakami et al., 2004) but regenerative events are more rapid and can be easily manipulated and monitored in real-time due to the small size, permeability and transparency of the young individuals. The zebrafish larva thus offers an advantageous system to study at a high resolution and in a high-throughput manner the mechanistic of regenerative processes for a wide range of tissues or cell types.
In this study, we examine the regenerative ability of cartilage in zebrafish larvae at 3 days post-fertilization (dpf) by performing mechanical wounds of the lower jaw that remove approximately 50% of MC and identify the underlying mechanisms. Together our results revealed that zebrafish larvae exhibit the capacity to regenerate their cartilage after injury through the Nrg1/ErbB pathway.
MATERIALS AND METHODS
Zebrafish
Animal experiments using zebrafish were performed at the University of Montpellier according to the European Union guidelines for the handling of laboratory animals and were approved by the Comité d’éthique en expérimentation animale n°036 (approval number: A3417237, reference: APAFIS #32511-2021072114172657 v2).
Zebrafish lines were kept under standard conditions (Nguyen-Chi et al., 2014). Larvae were obtained by natural spawning from pairs or adults then raised at 28.5°C. The zebrafish lines used were as follows: AB wild type zebrafish (ZIRC), TgBAC(col2a1a:mCherry) allele hu5910 Tg (Hammond and Schulte-Merker, 2009) abbreviated Tg(col2a1:mCherry), Tg(sox10:GFP) allele ba4Tg (Huc-Brandt et al., 2014) and Tg(Xla.Eef1a1:H2B-Venus) allele zf499 Tg (Recher et al., 2013).
Lower jaw injury
Lower jaw injury was performed in 3 dpf larvae anaesthetized with 0.016% Tricaine (MS222, Sigma) diluted in zebrafish water and mounted ventral side up in 1.5% low melting point agarose (LMP agarose, Sigma). Briefly, the lesion was done using a sterile syringe needle (27Gx3/4‘’(0.4 mm × 19 mm)) under a classical macroscope by cutting only the most anterior part of the lower jaw to obtain a amputation of approximately 50% of the total length of the MC. Accuracy of the lesion was checked in the larvae kept anesthetized and mounted under a MVX10 Olympus macroscope.
Imaging
Confocal imaging of the growing and regenerating MC in live anesthetized or fixed larvae was done by acquisition of Z-stacks series on inverted confocal microscopes: Leica TCS SP5 and Leica TCS SP8 (Leica Application Suite V3.2 and V3.5, respectively). Images were then analyzed using Fiji Software (ImageJ 1.52p). For time-lapse imaging, fish were mounted in 1% LMP agarose and covered with zebrafish water containing 0.016% Tricaine in 35 mm glass-bottom dishes sealed with parafilm to avoid drying.
BrdU incorporations
Uninjured and injured larvae were transferred in 10 mM bromodeoxyuridine (BrdU, Sigma, Catalog #: 59-14-3) diluted in zebrafish water containing 1.5% DMSO and incubated for 4, 8, or 16 h at 28.5°C. For pulse-fix experiments, larvae were rinsed three times in fresh zebrafish water, then immediately anesthetized and fixed in 4% PFA in PBS for 2 h at room temperature or overnight at 4°C. For pulse-chase experiments, larvae were allowed to recover in fresh zebrafish water until 6 dpf/72 hpi after BrdU incorporations and rinsing. Fish were finally dehydrated in ethanol and stored at −20°C and processed for immunohistochemistry.
Immunofluorescence and in situ hybridization
BrdU immunohistochemistry were performed as previously described (Ma et al., 2008) with the following modifications for double immunostainings: fish were rinsed, permeabilized and processed for blocking then incubated overnight at 4°C in blocking solution containing two primary antibodies: Anti-DsRed rabbit (Living Colors® DsRed Polyclonal Antibody, Catalog #: 632,496) at 1:500, Anti-BrdU from mouse IgG1 (Roche, Catalog #: 11170376001) at 1:100. After extensive washes at room temperature, the larvae were incubated in blocking solution containing a mix of secondary antibodies: Goat anti-Rabbit IgG Alexa Fluor Plus 488 (Thermofisher, Catalog #: A32731) and Goat anti-Mouse IgG, Alexa Fluor Plus 594 (Thermofisher, Catalog #: A32742) diluted at 1:500.
To perform whole mount ISH, larvae were fixed at desired stages in 4% PFA in PBS overnight at 4°C then processed through standard protocol (Nguyen-Chi et al., 2015).
Pharmacological treatment
Larvae were treated with 3.75 μM PD168393 (Sigma, catalog #: 194,423-15-9) in zebrafish water containing 0.2% DMSO immediately after injury and until 5 dpf/48 hpi. Control larvae were incubated in zebrafish water containing 0.2% DMSO for the same period of time. Fish were then rinsed three times for 5 min in fresh zebrafish water and let to recover until 6 dpf/72 hpi before being anesthetized and mounted for in vivo confocal imaging.
Mosaic morpholino injections
Early embryos were injected either with 1 nL of a mix containing Mo-nrg1 (final concentration: 300 μM, sequence: 5′-GCT​GCT​GCA​CAG​AGG​AAC​ACA​AC-3’; Gene Tools) and green fluorescent dextran (OG; Oregon Green) or with OG alone at 8 to 16-cell stage. We then selected at 3 dpf the fish that displayed OG fluorescence at the level of the skin covering the lower jaw, which corresponds to the region of injury-induced nrg1 expression, and performed amputations. Fish were let to recover until 6 dpf/72 hpi before being anesthetized and mounted for in vivo confocal imaging.
Cell counting
For topological mapping, three main zones of interest were defined on the confocal z-stacks analyzed: the anterior zone (100 µm, centered on the tip of MC), the joints (50 µm × 50 µm square containing the entire head of Meckel’s cartilage) and the lateral parts of MC. The number of cells was then quantified manually using Fiji software to mark the cells.
Murine articular chondrocyte culture
3-day-old Swiss mouse knees and femoral heads were dissected as previously described (Gosset et al., 2008). In 12-well culture plates from TPP (Techno Plastic Products, Switzerland), chondrocytes were plated and cultured for 5 days within a defined proliferative medium. After 5 days of culture, murine chondrocytes were exposed to a degenerative stimulus mimicking osteoarthritic-like changes induced by 1 ng/mL IL-1β (R&D Systems) for 24 h and then treated or not with 50 ng/mL NRG1 (Recombinant Human Neuregulin-1, NRG1, R&D Systems) before recovering chondrocytes for RT-qPCR analysis 3 days after.
RT-qPCR analyses
Total RNA was isolated from zebrafish or mouse chondrocytes using the RNeasy kit and according to the supplier’s protocol (Qiagen, Courtaboeuf). Using 100 U of M-MLV reverse transcriptase (Bioline) we reverse transcribed total RNA (0.5 μg) and performed PCR reactions as previously described (Maumus et al., 2013). Primer sequences (SYBR Green Technologies) can be provided upon request. All values were normalized to the Rps9 or ef1a housekeeping genes, for mouse and zebrafish, respectively, and expressed as relative expression using the respective formulae: 2−ΔΔCT.
cDNA was synthesized by reverse transcribing 500 ng of RNA into cDNA using the SensiFAST™ cDNA Synthesis Kit (Bioline, Meridian Life Science© Company). Quantitative PCR was performed on 6.25 ng or 12,5 ng of cDNA, for mouse and zebrafish, respectively, using the SensiFAST™ SYBR® No-ROX kit (Bioline, Meridian Life Science© Company).
Statistical analyses
Unpaired Mann-Whitney tests were performed using GraphPad Prism 6 software (San Diego, CA, United States) to test the significance of the data presented in this study.
RESULTS
Meckel’s cartilage (MC) fully regenerates in larval zebrafish
To address the regenerative capacity of MC in the zebrafish larva, we performed mechanical amputations of the anterior part of the lower jaw at 3 dpf. To confirm the efficiency of our injury protocol and to further monitor in vivo the regenerative capacity of MC, we used TgBAC(col2a1a:mCherry) (Mitchell et al., 2013) transgenic larvae, herein abbreviated as Tg(col2a1:mCherry), in which all the chondrocytes are labelled by a red fluorescent tag. The fish in which 30%–60% of the col2a1:mCherry+ fluorescent MC were lost in the lower jaw were selected as successfully injured (average length of injured MC at T0 is 53.48% of the uninjured: Uninjured: 275.6 ± 20.0 µm; Injured: 147.4 ± 22.1 µm).
Confocal analysis of injured and uninjured Tg(col2a1:mCherry) larvae at different time points during 4 dpi allowed us to quantify the recovery of mCherry fluorescence in injured fish. At 2 dpi, low mCherry+ cells were detected at the anterior end of each lesioned MC branch (Figure 1A, white arrow) indicating that new chondrocytes have formed. Detailed observations of the regrowth dynamics distinguishing the “intact” and “regenerated” parts (Supplementary Figure S1) suggest that while the intact part elongate progressively mainly by chondrocyte division, the “regenerated” part grows rapidly and massively at the amputation site between 24 and 48 hpi.
[image: Figure 1]FIGURE 1 | Regrowth of the Meckel’s cartilage (MC) following mechanical injury of the lower jaw in Tg(col2a1:mCherry) line (A) Confocal analysis of the normal growth of MC between 3 and 7 dpf (upper panel) and formation of new chondrocytes (lower panel) at equivalent stages after surgical amputation of the anterior half of the MC at 3 dpf. The upper row of each panel are maximal projections of z-stacks in ventral views, whereas the lower rows are 3D reconstructions corresponding to each ventral view, oriented in lateral views of the MC. The asterisk marks the amputated anterior part of MC and the white dotted line indicates the site of amputation. Note that a group of new chondrocytes are visible at the tip of the cut MC at 2 dpi (white arrow). (B) Time course of MC elongation after injury and comparison with normal growth in age-matched controls from 3 to 7 dpf. (C) Time course of MC area increase after injury and comparison with normal growth in age-matched controls from 3 to 7 dpf. Scale bar: 100 µm. Graphs indicate the means ± SEM. N = 10 individuals minimum were analyzed for each condition. Mann-Whitney test was used to compare the length and area in injured and uninjured individuals. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
From 3-4 dpi, injured cartilage has further elongated and, in most of the cases, the two cut parts have fused together at their anterior extremities. At 4 dpi, injured MC have grown up to 86.2% of the control average length (Uninjured: 437.3 ± 34.7 µm; Injured: 376.8 ± 30.0 µm) and 129.4% of the control average area (Uninjured: 9,331 ± 1,116 µm2; Injured: 12,074 ± 1,994 µm2), showing that the resulting cartilage is significantly shorter and wider than uninjured MC at an equivalent stage (Figures 1B, C). In addition, injured MC displayed complete fusion of the two lateral mCherry+ parts suggesting that mandibular symphysis is absent at this stage (compare 4 dpi and 7 dpf; Figure 1A).
In contrast to repair processes that may replace some lost tissue with structural changes and functional loss, regeneration implies the recovery of the mass, cell type composition and organization, and of the function of the original structure (Londono et al., 2018). To determine whether the new cartilage produced after mechanical injury in zebrafish is dysmorphic, we performed later observations at 8, 11, 14 and 26 dpi and compared these data with age-matched controls. Quantification of MC length and area showed that injured MC recovered proportions similar to controls from 14 dpi (Figures 2A, B, G, H). The roundness (L/W ratio) of col2a1+ chondrocytes located at the most anterior position in the MC were also similar between injured and uninjured at 14 dpi/17 dpf, suggesting that the cells recover at this stage an elongated shape in the regrown area, similar to control cells that are stacked (Figure 2I). Observations of cell organization at these later stages revealed in addition that a gap in mcherry+ fluorescence is again found from 14 dpi at the most anterior portion of MC (Figures 2C, D), a region in which only sox10 expressing cells are found in control uninjured MC (Figures 2E, F), suggesting de novo formation of the mandibular symphysis at this stage.
[image: Figure 2]FIGURE 2 | Late observations of MC at 14 and 26 dpi indicate full regeneration of injured cartilage (A, B) Confocal maximal projections of z-stacks in ventral views and corresponding lateral 3D reconstructions of the uninjured (A) and injured (B) MC at 17 dpf (14 dpi). (C, D) 3D reconstructions of the distal tip of the uninjured (C) and injured (D) MC at 11 dpf (8 dpi) and 17 dpf (14 dpi). The yellow asterisks mark the absence of col2a1:mCherry expression at the level of the central cells of the distal tip until late stages of development in uninjured controls. Note the absence of col2a1 fluorescence in the central cells prefiguring the mandibular symphysis, whereas the regenerated MC harbors a continuum of cells expressing col2a1 at 8 dpi. Later on, central cells at the tip had lost col2a expression at 14 dpi. (E, F) 3D reconstructions of the distal tip of the uninjured (C) and injured (D) MC at 6 dpf (3 dpi) and 14 dpf (11 dpi) in the double Tg(sox10:GFP;col2a1:mCherry) line. The central cells of the distal tip contains GFP expressing cells during development in uninjured controls. Note that the regenerated MC harbors a continuum of cells expressing low levels of GFP at 3 dpi but higher expression at the tip at 11 dpi. (G, H) Graphs comparing MC length (G) and area (H) in injured versus uninjured fish at 14 and 26 dpi. N = 11 to 22 individuals for each condition. (I) Graphs comparing the L/W ratio of MC col2a1+ cells within the 100 µm region located at the anterior tip of MC in injured versus uninjured fish at 14 dpi. Note that the col2a1+ cells are similarly elongated (the dotted blue line indicates a ratio of 1 which would correspond to round cells. Scale bar: 100 µm. Graphs indicate the means ± SEM. N = 50 cells were analyzed in uninjured, n = 70 cells in injured for the graph in I. Mann-Whitney test was used to compare the MC lenght and area and the L/W ratio of cells in injured and uninjured individuals. p > 0.05.
In summary, quantitative and qualitative analysis of MC regrowth after amputation led us to conclude that MC can fully regenerate in zebrafish larvae after surgical amputation.
Injury triggers cell cycle re-entry of MC chondrocytes
We then sought to examine the mechanisms involved in the regeneration of MC and to test whether cell proliferation dynamics change in the MC upon injury to compensate the lost tissue. To test this hypothesis, we used incorporations of BrdU in pulses for different time periods during 3 dpi and compared the number of double labeled MC cells between injured and uninjured fish with anti-DsRed and anti-BrdU stainings. This experiment revealed that the number of chondrocytes entering S-phase increases significantly within the first hours following injury (4–20 hpi; Figures 3A, B) as compared to controls. The presence of doublets of chondrocytes labelled with anti-BrdU in the injured cartilage suggests that chondrocytes have already divided at 20 hpi, whereas they did not in the uninjured age-matched control (Figure 3A). These results indicate that injury triggers cell cycle re-entry of MC chondrocytes, that contribute to the regrowth of this structure.
[image: Figure 3]FIGURE 3 | Analyses of cell proliferation in growing versus regenerating MC in Tg(col2a1:mCherry) line (A) Double immuno-stainings against BrdU (green) and Ds-Red (red) after BrdU incorporations performed during 16 h between 4 and 20 hpi. The pictures are confocal maximal projections of z-stacks in ventral views of MC in injured at 20hpi versus age-matched uninjured fish. The white arrowheads mark the BrdU+ chondrocytes highlighted in the orthogonal views. (B) Countings of double BrdU+/mCherry+ cells in injured MC at 20hpi (immediately after a 16 h pulse at 4–20 hpi) versus uninjured MC at an equivalent stage. (C, D) Countings of double BrdU+/mCherry+ cells in injured MC at 3 dpi after sequential periods of BrdU incorporations in pulse-chase strategy. The double positive cells counted in graph (C) correspond to cells found in each MC half, whereas the cells counted in (D) are double positive cells mapped at 3 dpi in the anterior tip of each MC half. (E) Time lapse analysis of chondrocyte cell division at the wound in a double transgenic Tg(col2a1:mCherry;XIa.Eef1a1:H2B-venus) fish taken from 1 to 22hpi. The panel on the right describes the successive steps of division of two chondrocytes (white arrowheads) located at the border of the wound at the anterior end of cut MC (dotted white line in the left picture). Scale bar: 100 µm. Graphs indicate the means ± SEM. Mann-Whitney test was used to compare the number of BrdU+ cells in injured and uninjured individuals. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
To better characterize the timing and pattern of new chondrocyte formation, we used BrdU pulse-chase strategy. Double anti-DsRed and anti-BrdU immunostainings performed at 3 dpi/6 dpf after sequential periods of BrdU incorporations during regeneration showed a significant increase in the number of labelled chondrocytes in regenerating MC compared with controls (Figure 3C). Our results also indicate that a high number of new chondrocytes present at 3 dpi are generated during the first 28 h following injury. Detailed mapping of the BrdU/DsRed double positive cells located in joints, lateral and anterior parts of the regenerating MC at 3 dpi showed that the increased production of chondrocytes is sustained at the anterior end of regenerated MC (Figure 3D), a region which is scarcely labelled in uninjured control fish at the different stages examined. In contrast, we found only a moderate increase at 3 dpi in the production of chondrocytes in the other regions of the injured MC (data not shown). Together, these results suggest that injury triggers both a global increase in cell proliferation in MC and the local addition of new chondrocytes at the anterior ends of the wounded mandibular cartilage.
Wound-associated chondrocytes actively divide during regeneration
To test whether the new chondrocytes that accumulate preferentially at the site of injury originate from pre-existing chondrocytes, we analyzed chondrocyte proliferative behavior in real time during the first 2 days of regeneration. To this end we used double Tg(col2a1:mcherry; Xla.Eef1a1:H2B-Venus) transgenic fish in which all cell nuclei are labelled in green allowing us to follow chondrocyte cell divisions by in vivo video time lapse confocal microscopy. A movie taken immediately after lower jaw injury (Figure 3E) showed that two chondrocytes located at the wound border divide during the first 22 h of regeneration. Closer examination of cell behaviors in the double transgenics indicates that numerous cell nuclei visible in the wounded zone, that most probably correspond to chondrocytes damaged during injury, are eliminated by apoptosis during the first hours post-injury before cell division occurs. Time lapses performed at later stages showed a similar pattern of chondrocyte division (data not sown), indicating that wound-associated chondrocytes divide actively during the regenerative process for an extended period of time.
Contribution of immature chondrocytes during cartilage regeneration
The Tg(sox10:GFP) line labels the migrating neural crest cells (NCC) at early embryonic stages (Dutton et al., 2008). Expression of GFP is reactivated from 48hpf in the differentiating chondrocytes of the jaw, which are NCC cranial skeletal derivatives, and this expression persists for several days (Dutton et al., 2008; Paul et al., 2016; Giovannone et al., 2019; Smeeton et al., 2021). A previous study has determined that distinct populations of chondrocytes can be classified by their relative expression of col2a1:mCherry and sox10:GFP transgenes. First, sox10+/col2a1-cells located at the level of the jaw joint and mandibular symphysis are chondrocytes precursors (Brunt et al., 2016) that proliferate, migrate and differentiate to ensure post-embryonic growth of MC and jaw joint (Brunt et al., 2017). Then, sox10+ high/col2a1+lowchondrocytes located at the joints are articular chondrocytes that maintain low levels of mature chondrocyte markers.
Upon injury at 3 dpf, the sox10+/col2a1- precursors located at the level of the mandibular symphysis have been removed suggesting that other chondrocytes might reactivate proliferative abilities upon injury (Figures 4A, B). To address the potential contribution of the immature versus fully differentiated chondrocytes during the regenerative process, we crossed Tg(col2a1:mCherry) and Tg(Sox10:GFP) zebrafish and examine their relative proportion in regenerating MC. From 3 to 7 dpf, mCherry+ MC chondrocytes in the double transgenics express variable levels of GFP (Figures 4A, B) suggesting heterogeneous levels of differentiation within the developing cartilage. At 4 dpi, we observed that the anterior part of the regenerated MC is almost devoid of cells expressing high levels of GFP (Figures 4B, D, H; average GFP score: 1.62 ± 0.91 in uninjured control versus 1.09 ± 0.82 in injured), indicating that the pool of sox10+ high chondrocytes present in the distal part of injured MC get exhausted during regeneration.
[image: Figure 4]FIGURE 4 | Distribution of cells expressing distinct levels of sox10:GFP and col2a1:mcherry transgenes during MC regeneration (A) Confocal maximal projections of MC in ventral views for control uninjured and injured fish at 0, 2 and 4 dpi. (B) Close-up on the midzones of the control uninjured and injured lower jaws presented in A at 0, 2 and 4 dpi (delineated by the white dotted line). The center of the midzone is indicated by a dotted line that represents the “0” of the x-axis for mapping the cells. (C, D) Mapping of the cell areas depending on their distance to the center of the corresponding MC in injured (D) versus uninjured (C). Data from the two hemi-segments of each MC are placed in the same direction for analyses. Qualitative data about the expression of sox10:GFP and col2a1:mcherry transgenes are color coded on the graph (red: col2a1:mcherry+ only, green: sox10:GFP+ only, yellow: double positive for sox10:GFP and col2a1:mcherry+). A graph on each upper right corner indicates the proportions of each cell population. (E–H) Graphs comparing different parameters of the cells present in injured versus uninjured MC midzones at 4 dpi. The scoring for fluorescence intensities were as follows: 0 = no fluorescence, 1 = detectable fluorescence, 2 = clear fluorescence, 3 = bright fluorescence. Scale bar: 100 µm (A); 25 µm (B). Four individuals of each condition were analyzed for each experiment, 2 independent experiments (n = 8), in total 293 and 390 cells were analyzed for uninjured and injured condition, respectively. Graphs indicate the means ± SEM. Mann-Whitney test was used to compare the indicated parameters in injured and uninjured individuals. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
The anterior part of the MC during normal growth has been defined as the midzone, a zone in which col2a1:mCherry+ cells initially form a disorganized group of small and round cells at 3 dpf, that progressively grow, differentiate and stack to integrate the growing MC (Ling et al., 2017). Here, during MC regeneration, we observed that the anterior part of the regenerated tissue resembles the original midzone of MC at 3 dpf as it contains significantly more cells than the age-matched control (Figure 4F in 100 µm length, uninjured: 36.63 ± 7.09 versus 48.75 ± 6.27 in injured). These cells are smaller (Figure 4E average cell area: 67.31 ± 25.82 µm2 in uninjured versus 57.89 ± 21.47 µm2 in injured) and rounder (Figure 4G average L/W ratio = 2.11 ± 0.75 in uninjured, versus 1.70 ± 0.54 in injured) than the chondrocytes present in the midzone of age-matched controls.
Mapping of the cell areas relative to the distance to the tip of the MC further showed that the cells located in the midzone at 4 dpi in regenerating MC are not arranged linearly with smaller cells closer to the tip and larger cells farther as in controls (Figures 4C, D). When combined with the data of col2a1/sox10 expression, mapping analysis confirm that cells expressing col2a1 only are present in higher proportion in the midzone of newly formed cartilage at all positions. Meanwhile, a population of small cells that express only sox10, although highly reduced compared with controls, is also found in injured MC almost exclusively near the tip of MC. This latter result suggests that the population of immature chondrocytes at the mandibular symphysis is reconstituting at 4 dpi.
Together, these results lead us to conclude that the pool of less mature chondrocytes present in the injured cartilage get exhausted during regeneration. col2a1+/sox10+ high cells might proliferate to give a group of small and poorly differentiated chondrocytes resembling the midzone present at an earlier stage of development that will ultimately replace the lost anterior MC by differentiation and reorganization.
Role of Nrg1/ErbB pathway in cartilage regeneration
To further examine the molecular mechanisms required for MC regeneration, we took a candidate approach. Neuregulin 1 (Nrg1) is a growth factor of the EGF family that has been involved in regeneration in different species and contexts (Bersell et al., 2009; Fricker and Bennett, 2011; Laplace-Builhe et al., 2021). To study a potential role of the Nrg1/ErbB pathway in our model, we first performed an expression analysis of nrg1 by in situ hybridization at different stages in injured and control jaws (Figure 5A). These experiments showed that nrg1 transcript is strongly induced in the wounded region at 4 hpi. This induction of nrg1 persists through 24 hpi at the wound region and expression returns to control undetectable levels at 48 hpi, whereas uninjured age-matched control fish display very faint to no staining in their lower jaw at the corresponding stages. Detailed observation of the stained mandibles showed that nrg1 is expressed mainly in the epithelium covering the wound at 4 hpi and in between the two extremities of injured MC at 24 hpi (inserts in panel A, pictures taken at a superficial focal plane). Although resolution of in situ hybridization did not allow us to conclude for the chondrocytes abutting the wound, it showed that nrg1 is present in tissues adjacent to the wounded cartilage during the first 24 hours following injury.
[image: Figure 5]FIGURE 5 | Role of the Nrg1/ErbB signaling pathway in MC regeneration (A) Expression analysis of nrg1 by in situ hybridization in fish injured at 3 dpf at the different times post-injury indicated (lower panel) and in uninjured control at equivalent stages (upper panel). MC is delineated by a white dotted line. Insert present a close-up on cells expressing nrg1 at the level of the epithelium covering the wound below the pictures with positive signal (superficial focal plane). White arrowheads point to the midline of the lower jaw at which the epithelial cells from the two sides have joined. (B) Levels of mRNA expression of the genes indicated in injured fish at 24 hpi relative to expression in control uninjured larvae at corresponding stages. N = 5–7 for each gene, all the values were normalized relative to the corresponding control uninjured value. (C) Representative pictures of growing uninjured MC and regenerating MC at 3 dpi after incubations of the fish with the pan-ErbB inhibitor PD168393, or with DMSO alone. The treated and untreated MC are presented in ventral views (confocal maximal projections of z-stacks) and lateral views of 3D reconstructed MC. (D) Representative pictures of growing uninjured MC and regenerating MC at 3 dpi after mosaic injections of OG with or without Mo-nrg1. The fish are presented in ventral views (confocal maximal projections of z-stacks) and lateral views of 3D reconstructed MC. (E) Graphs comparing the length and area of uninjured and injured MC, treated with PD168393 or DMSO alone. N = 17-20 for each condition, data from three independent experiments. (F) Graphs comparing the length and area of uninjured and injured MC, co-injected with OG and Mo-nrg1 or injected with OG alone. N = 6–11 for each injured condition, data from two independent experiments. Scale bars: 100 µm. Graphs indicate the means ± SD. Mann-Whitney test was used to compare the data obtained in two conditions. p values are indicated on the graph when significant. *: p < 0.05; **: p < 0.01.
Nrg1 is present in different isoforms that are coded by alternative splicing of the nrg1 gene and specific isoforms have distinct biological activities in a transmembrane or paracrine fashion (Kerber et al., 2003; Gambarotta et al., 2014; El Soury and Gambarotta, 2019). Nrg1 ligand, upon binding to ErbB3 or ErbB4, triggers the formation of active homo- or hetero-dimers of ErbB receptors that will control dowstream signaling pathways responsible for cell survival, differentiation and proliferation. Previous studies have shown that ErbB2/3 is required for the regeneration of the zebrafish larval caudal fin (Rojas-Munoz et al., 2009; Laplace-Builhe et al., 2021). RTqPCR performed at 24 hpi and in age-matched uninjured controls confirmed the expression of four splice variants of nrg1 and of erbb2 and erbb3b mRNA during MC regeneration (Figure 5B). Moreover, the analysis of the expression profile of the nrg1 splice variants described in zebrafish (i.e., nrg1.001, nrg1.002, nrg1.003 and nrg1.004; ZFIN.org) revealed similar amounts of nrg1.001, nrg1.002 and nrg1.003 transcripts in intact and injured tissues, whereas nrg1.004 expression is significantly increased at 24 hpi as compared to uninjured controls (Figure 5B). Regarding the expression profile of erbb2 and erbb3b, we found a trend toward an increase for both receptors 24 hpi (Figure 5B). Together, these results are coherent with a role of Nrg1/ErbB2-3 pathway in the early steps of MC regeneration.
To study the potential implication of ErbB signaling in cartilage regeneration, we incubated Tg(col2a1:mCherry) injured fish with the ErbB inhibitor PD168393 or with vehicle (DMSO) alone and compared the lenght and area of MC regenerates at 3 dpi in these different conditions. This analysis showed that PD168393-treated injured zebrafish display a significant reduction of MC length and area at 3 dpi as compared with injured fish incubated with DMSO alone (Figures 5C, E).
To investigate the specific role of Nrg1 in this process, we performed mosaic injections with a morpholino directed against nrg1 (Mo-nrg1). Injections of Mo-nrg1 at the one-cell stage resulted in a high variability of gene inactivation with frequent malformations that precluded the study of lower jaw regeneration. To bypass the deleterious effects of systemic morpholino injections on general development and to minimize its dilution to suboptimal levels by successive cell divisions between 3 and 6 dpf, we performed morpholino injections in one cell at the 8- to 16-cell stage. We combined the Mo-nrg1 with a green fluorescent dextran (OG; Oregon Green) to track the cells that have received the morpholino at the time of amputation. We then selected the fish that displayed OG fluorescence at the level of the skin in the mandibular region, corresponding to the region of strong injury-induced nrg1 expression, and performed MC amputations. The fish injected with Mo-nrg1 exhibited defective cartilage regeneration as compared with those that only received the green dextran in the same region (Figures 5D, F). Although the defects were less severe than those obtained with the pan-ErbB inhibitor, this result points to a specific role of Nrg1 in cartilage regeneration.
Altogether, these results suggest that Nrg1/ErbB signaling is required for MC regeneration.
Nrg1-ErbB signaling activation protects mammalian chondrocytes from IL1β-induced loss of mature chondrocyte phenotype.
To address a possible role of Nrg1-ErbB axis in mammalian cartilage degradation, we investigated, in vitro, its potential to restore the homeostasis of cartilage after mimicking an injury. To that end, we adapted a model of IL1β-induced loss of mature chondrocyte phenotype that we have previously described (Ruiz et al., 2020) (Figure 6A) in which the treatment of chondrocytes with IL1β resulted in an increase of catabolic marker genes which are characteristics of osteoarthritic (OA) chondrocytes. In the present study, we first confirmed the expression of Nrg1, ErbB2 and ErbB3 mRNA by RT-qPCR in primary control chondrocytes (Figure 6B). Then, we assessed the phenotype of untreated versus degenerated (IL1β) chondrocytes and showed that while NRG1 treatment of chondrocytes did not modify their expression levels of Nrg1 and its two receptors, IL1β treatment significantly increase the expression levels of Nrg1 and ErbB2 (Figure 6B). No effect of IL1β treatment was observed on ErbB3 (Figure 6B). After demonstrating that chondrocytes could respond to NRG1 both in basal conditions and upon IL1β treatment, we investigated the effect of exogenous NRG1 on the phenotype of OA-like chondrocytes. RT-qPCR analysis revealed that NRG1 treatment prevented the increased expression level of catabolic markers such as matrix metalloproteinase (Mmp)-13 and a disintegrin and metalloproteinase motifs 5 (Adamts5) induced by IL1β in chondrocytes (Figure 6C). Of note, the catabolic marker alkaline phosphatase (Alpl) only modestly increased after IL1β treatment. Although this increase did not reached significance, we also observed a tendency to decreased levels in the presence of exogenous NRG1. Altogether, these data reveal a chondroprotective role of NRG1 that prevents the acquisition of OA-like characteristic phenotypes by IL1β-treated chondrocytes. Thus, this study provides the first demonstration that activating the Nrg1/ErbB signaling pathway alleviates IL1β-induced loss of mature mammalian chondrocyte phenotype.
[image: Figure 6]FIGURE 6 | Effect of NRG1 treatment on chondrocytes undergoing an IL1β-dependent degeneration associated with osteoarthritic (OA)-like phenotype in vitro (A) Design of the experiment. (B) Nrg1, ErbB2 and ErbB3 mRNA expression in naïve chondrocytes (CTRL, not treated with IL1β) and chondrocytes impaired by IL1β, treated or not by NRG1. (C) RT-qPCR analysis of CTRL and OA-like chondrocytes (IL1β). Expression profile of hypertrophic (Mmp13, Adamts5 and Alpl) marker genes. Each dot represents one biological replicate, and results are expressed as the mean ± SEM. Mann-Whitney test was used to compare control untreated samples and samples treated with either IL1β or IL1β and NRG1. *: p < 0.05.
DISCUSSION
Our study shows that the zebrafish larva is able to regrow a complete MC after surgical amputation of the jaw removing about half of the anterior cartilaginous tissue. The new chondrocytes originate, at least in part, from the chondrocytes remaining intact in the wounded MC that reentry the cell cycle and proliferate to compensate the loss of cartilage. In addition, our data suggest that active proliferation of the chondrocytes located at the border of the wound generate a cluster of new chondrocytes that will reorganize and grow in few days to reform the mass, shape and cell type composition of the original structure.
We then identified for the first time the involvement of the Nrg1/ErbB pathway in the regeneration of cartilage. Indeed, our experiments demonstrated that the expression of the growth factor Nrg1 is specifically induced in the lesioned tissue in close proximity to the cut cartilage, while both the inhibition of ErbB receptors and the specific knockdown of nrg1 function at the level of the wound epithelium disrupt MC regeneration.
Finally, our in vitro experiments indicated that recombinant human NRG1 attenuates IL1β-induced mammalian chondrocyte loss of mature phenotype. Together, these results highlight that targeting the Nrg1/ErbB pathway might be an interesting alternative for enhancing the regenerative potential of cartilage in other species.
Spontaneous capacity to regenerate complex structures exists in zebrafish at adult stages, and skeletal elements are not an exception. Large-scale bone injuries such as the amputation of caudal fin, calvarian bone perforation or jawbone resection are followed by robust regenerative responses, although this is achieved by different processes depending on the nature of the injured bone and the availability of precursors. For instance, fin and skull bones regrow primarily from wound-associated pre-existing osteoblasts that dedifferentiate, proliferate and migrate (Knopf et al., 2011; Geurtzen et al., 2014). Alternatively, zebrafish that have been chemo-genetically depleted in osteoblasts can also regenerate their fin via recruitment of osteoblasts precursors located at the ray joints, precursors that could be replenished by other reservoirs of mesenchymal cells (Singh et al., 2012; Ando et al., 2017). Regeneration of the adult zebrafish jawbone after resections occurs via a cartilaginous intermediate (Wang et al., 2012; Paul and Crump, 2016; Ohgo et al., 2019), whose precursor cells originate in the periosteum and differ from the development stage as they show hybrid cartilage/bone identity (Paul and Crump, 2016; Paul et al., 2016; Ohgo et al., 2019).
Despite extensive work on skeletal regeneration, the regenerative capacity of cartilage itself has been poorly studied in zebrafish. Previous work by Wang et al. (Wang et al., 2012) noted that once the process of jawbone regeneration has completed, the cartilaginous intermediate disappears and the mandibular symphysis is not retained in the regenerated structure. On the contrary, our study performed in zebrafish larvae shows that pre-existing chondrocytes contribute the production of new cartilage via increased cell proliferation triggered by the injury. In addition, after an early step of fusion of the two branches of MC during regeneration, a gap in the continuum of col2a1+ maturing cells reappears at the distal tip of MC suggesting that the mandibular symphysis reforms.
These discrepancies might be due to inadequate or missing (re)activation of some signal(s) required to achieve the perfect copy of the loss structure when the lower jaw injury is performed at an adult stage. For example, full limb regeneration in zebrafish is possible at larval stages but almost inexistent in adults (Yoshida et al., 2020) whereas the limb endoskeletal structures can fully regenerate in other fish species (Cuervo et al., 2012).
More recently, studies in zebrafish had shown that zebrafish might be a valuable model to study the genetics of joint cartilage degradation, taking advantages of stable mutants. Indeed, the temporo-mandibular joint has been described as a synovial joint which is sensitive to genetically induced arthritis (Askary et al., 2016; Lawrence et al., 2018) and to post-traumatic degradation in adult (Smeeton et al., 2021). In addition, the latter work demonstrated that articular cartilage in the jaw joint regenerates spontaneously and that sox10+ cells are required for this process, which is in line with our results indicating the exhaustion of endogenous sox10+ high cells in the early steps of new chondrocyte production during MC regeneration. Although the molecular signals involved in the regenerative process of the jaw joint have not been addressed in details yet, this model might undoubtedly serve future cartilage research, in particular for the identification of articular cartilage precursors that could be primed to achieve repair in mammals. Meanwhile, our model of complete MC regeneration using young zebrafish larvae that allows extensive screening tests with potential therapeutic drugs appears ideally suited to study the basic mechanisms involved in spontaneous cartilage regeneration.
Consistent with this, we identified for the first time the importance of Nrg1/ErbB pathway in cartilage regeneration in our model. ErbB3/erbb3b expression has been described to depend on SoxE transcription factors, respectively Sox10 in cranial NCC in zebrafish (Prasad et al., 2011) and Sox9 in the mammalian heart (Akiyama et al., 2004). High sox10 expression in larval zebrafish chondrocytes that are not fully mature or re-activation of sox10 expression in precursors during adult articular cartilage regeneration may account for the production of new chondrocytes in this species upon Nrg1 expression triggered by the injury. We also found in this work the expression of ErbB3 in murine primary chondrocytes in culture, a cell type that is characterized by Sox9 expression, suggesting that NRG1 could activate ErbB2-ErbB3 downstream pathways in this context.
In stark contrast to zebrafish, mammals are mostly unable to regenerate lost tissues as adults, while some robust regenerative capacities are present only at embryonic or neonatal stages. For instance, the heart and limb bud of the neonatal or embryonic mouse can regrow after amputation (Chan et al., 1991; Porrello et al., 2011). This is thought to occur via the presence of less differentiated cells at these stages that show robust capacity to reactivate proliferation. An exception is the regeneration of the digit tip that also occurs in adult mammals by dedifferentiation of osteoblasts (Storer et al., 2020).
Of note, Nrg1 has been repeatedly involved in different endogenous regenerative processes described in mammalian species (Mahmoud et al., 2015; Bartus et al., 2016). Moreover, addition of exogenous Nrg1 or Nrg1 overexpression have been shown to ameliorate the endogenous repair processes in adult mammals (Hao et al., 2021; Wang et al., 2022a) and to potentiate the regenerative capacity of other factors (Liang et al., 2015; Yoon et al., 2018). Then, Nrg1 appears as an interesting novel candidate factor to design pharmacological based strategy to prevent cartilage degradation, alone or in combination with implantations of engineered scaffolds and therapeutic cells that have been recently developed (Le et al., 2020; Wang et al., 2022b).
The present study, together with previous work from other authors, has also identified the Nrg1/ErbB pathway as a crucial signal required for the regenerative events of distinct structures both in the adult (heart) and larval zebrafish (caudal fin and Meckel’s cartilage), indicating that the Nrg1/ErbB axis may be a universal factor promoting repair and regeneration in different species and contexts.
The role of ErbB signaling during cartilage development and pathology has been poorly investigated so far, although ErbB2 signaling was found to be involved in normal skeletal development (Fisher et al., 2007) and ErbB4 expression has been described in maturing chondrocytes (Nawachi et al., 2002) in mouse. We detected ErbB3 and ErbB2 transcripts in mouse primary chondrocytes in culture, whereas ErbB4 was found to be absent, as in human chondrocytes (Islam et al., 2001). Although the culture conditions and the age and nature of the source tissue may account for this discrepancy, our in vitro data bring new evidences that the Nrg1/ErbB pathway is functional in mammalian cartilage and could be targeted to enhance the repair/regeneration response upon cartilage injury. Notably, it has been described that exogenous NRG1 can induce the proliferation of cardiomyocytes after myocardial infraction by activating Nrg1/ErbB4 pathway (Bersell et al., 2009), and these results have led to several clinical assays to protect or repair the heart (Jabbour et al., 2011a; Jabbour et al., 2011b; Yan and Morgan, 2011; Wadugu and Kuhn, 2012). However, it remains controversial whether the proliferative response in adult mammals would be sufficient to give robust regenerative response, based on other studies that found a decline of this capacity few days after birth aging due to a loss of ErbB2 expression, the limiting heterodimeric partner of ErbB receptors which controls cardiomyocyte proliferation (D'Uva et al., 2015; D'Uva and Tzahor, 2015; Polizzotti et al., 2015).
New investigations will be needed to precise the effects and mode of action of Nrg1/ErbB signaling in mammalian cartilage repair in vivo. Nevertheless, our work provides important insights into the potential role of this signaling pathway in chondrocyte differentiation and regeneration, suggesting that further modulation of Nrg1/ErbB signaling might lead to therapeutic benefit.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by approval number: A3417237, reference: APAFIS #32511-2021072114172657 v2. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
DS and FD designed experiments with input from MM and CJ. DS, SB, LAN, AB, and MM performed experiments. DS and FD wrote the manuscript with input from CJ.
FUNDING
This study was funded by the University of Montpellier, Inserm and by research grants from the FOREUM Foundation for Research in Rheumatology and the French National Research Agency (ANR) for the “PPAROA” project (ANR-18-CE18-0010-02).
ACKNOWLEDGMENTS
We acknowledge C. Hammond (University of Bristol, Bristol, United Kingdom) for the gift of TgBAC(col2a1a:mCherry), N. Peyriéras (CNRS, Université Paris-Saclay, France), and C. Pujades (Universitat Pompeu Fabra, Barcelona, Spain) for sharing with us the Tg(Xla.Eef1a1:H2B-Venus) line, M. Rossel and N. Cubedo (MMDN, INSERM, Univ. Montpellier 2, France) for providing us the Tg(sox10:GFP) line, K. Poss (Duke University Medical Center, United States) for the nrg1 plasmid. We thank the Zebrafish facility of the University of Montpellier for expert fish care, the MRI facility and the CARTIGEN platform for microscopy technical assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1123299/full#supplementary-material
REFERENCES
 Akiyama, H., Chaboissier, M. C., Behringer, R. R., Rowitch, D. H., Schedl, A., Epstein, J. A., et al. (2004). Essential role of Sox9 in the pathway that controls formation of cardiac valves and septa. Proc. Natl. Acad. Sci. U. S. A. 101, 6502–6507. doi:10.1073/pnas.0401711101
 Ando, K., Shibata, E., Hans, S., Brand, M., and Kawakami, A. (2017). Osteoblast production by reserved progenitor cells in zebrafish bone regeneration and maintenance. Dev. Cell 43, 643–650. doi:10.1016/j.devcel.2017.10.015
 Askary, A., Smeeton, J., Paul, S., Schindler, S., Braasch, I., Ellis, N. A., et al. (2016). Ancient origin of lubricated joints in bony vertebrates. Elife 5, e16415. doi:10.7554/eLife.16415
 Bartus, K., Galino, J., James, N. D., Hernandez-Miranda, L. R., Dawes, J. M., Fricker, F. R., et al. (2016). Neuregulin-1 controls an endogenous repair mechanism after spinal cord injury. Brain 139, 1394–1416. doi:10.1093/brain/aww039
 Bersell, K., Arab, S., Haring, B., and Kuhn, B. (2009). Neuregulin1/ErbB4 signaling induces cardiomyocyte proliferation and repair of heart injury. Cell 138, 257–270. doi:10.1016/j.cell.2009.04.060
 Brunt, L. H., Begg, K., Kague, E., Cross, S., and Hammond, C. L. (2017). Wnt signalling controls the response to mechanical loading during zebrafish joint development. Development 144, 2798–2809. doi:10.1242/dev.153528
 Brunt, L. H., Skinner, R. E., Roddy, K. A., Araujo, N. M., Rayfield, E. J., and Hammond, C. L. (2016). Differential effects of altered patterns of movement and strain on joint cell behaviour and skeletal morphogenesis. Osteoarthr. Cartil. 24, 1940–1950. doi:10.1016/j.joca.2016.06.015
 Chan, W. Y., Lee, K. K., and Tam, P. P. (1991). Regenerative capacity of forelimb buds after amputation in mouse embryos at the early-organogenesis stage. J. Exp. Zool. 260, 74–83. doi:10.1002/jez.1402600110
 Cuervo, R., Hernandez-Martinez, R., Chimal-Monroy, J., Merchant-Larios, H., and Covarrubias, L. (2012). Full regeneration of the tribasal Polypterus fin. Proc. Natl. Acad. Sci. U. S. A. 109, 3838–3843. doi:10.1073/pnas.1006619109
 D'uva, G., Aharonov, A., Lauriola, M., Kain, D., Yahalom-Ronen, Y., Carvalho, S., et al. (2015). ERBB2 triggers mammalian heart regeneration by promoting cardiomyocyte dedifferentiation and proliferation. Nat. Cell Biol. 17, 627–638. doi:10.1038/ncb3149
 D'uva, G., and Tzahor, E. (2015). The key roles of ERBB2 in cardiac regeneration. Cell Cycle 14, 2383–2384. doi:10.1080/15384101.2015.1063292
 Dutton, J. R., Antonellis, A., Carney, T. J., Rodrigues, F. S., Pavan, W. J., Ward, A., et al. (2008). An evolutionarily conserved intronic region controls the spatiotemporal expression of the transcription factor Sox10. BMC Dev. Biol. 8, 105. doi:10.1186/1471-213X-8-105
 El Soury, M., and Gambarotta, G. (2019). Soluble neuregulin-1 (NRG1): A factor promoting peripheral nerve regeneration by affecting schwann cell activity immediately after injury. Neural Regen. Res. 14, 1374–1375. doi:10.4103/1673-5374.253516
 Fisher, M. C., Clinton, G. M., Maihle, N. J., and Dealy, C. N. (2007). Requirement for ErbB2/ErbB signaling in developing cartilage and bone. Dev. Growth Differ. 49, 503–513. doi:10.1111/j.1440-169X.2007.00941.x
 Fricker, F. R., and Bennett, D. L. (2011). The role of neuregulin-1 in the response to nerve injury. Future Neurol. 6, 809–822. doi:10.2217/fnl.11.45
 Gambarotta, G., Ronchi, G., Geuna, S., and Perroteau, I. (2014). Neuregulin 1 isoforms could be an effective therapeutic candidate to promote peripheral nerve regeneration. Neural Regen. Res. 9, 1183–1185. doi:10.4103/1673-5374.135324
 Gemberling, M., Bailey, T. J., Hyde, D. R., and Poss, K. D. (2013). The zebrafish as a model for complex tissue regeneration. Trends Genet. 29, 611–620. doi:10.1016/j.tig.2013.07.003
 Geurtzen, K., Knopf, F., Wehner, D., Huitema, L. F., Schulte-Merker, S., and Weidinger, G. (2014). Mature osteoblasts dedifferentiate in response to traumatic bone injury in the zebrafish fin and skull. Development 141, 2225–2234. doi:10.1242/dev.105817
 Giovannone, D., Paul, S., Schindler, S., Arata, C., Farmer, D. T., Patel, P., et al. (2019). Programmed conversion of hypertrophic chondrocytes into osteoblasts and marrow adipocytes within zebrafish bones. Elife 8, e42736. doi:10.7554/eLife.42736
 Gosset, M., Berenbaum, F., Thirion, S., and Jacques, C. (2008). Primary culture and phenotyping of murine chondrocytes. Nat. Protoc. 3, 1253–1260. doi:10.1038/nprot.2008.95
 Hammond, C. L., and Schulte-Merker, S. (2009). Two populations of endochondral osteoblasts with differential sensitivity to Hedgehog signalling. Development 136, 3991–4000. doi:10.1242/dev.042150
 Hao, Q., Zhang, Y., Li, X., Liang, L., Shi, H., Cui, Z., et al. (2021). Upregulated neuregulin-1 protects against optic nerve injury by regulating the RhoA/cofilin/F-actin axis. Life Sci. 264, 118283. doi:10.1016/j.lfs.2020.118283
 Huc-Brandt, S., Hieu, N., Imberdis, T., Cubedo, N., Silhol, M., Leighton, P. L., et al. (2014). Zebrafish prion protein PrP2 controls collective migration process during lateral line sensory system development. PLoS One 9, e113331. doi:10.1371/journal.pone.0113331
 Islam, S., Kermode, T., Sultana, D., Moskowitz, R. W., Mukhtar, H., Malemud, C. J., et al. (2001). Expression profile of protein tyrosine kinase genes in human osteoarthritis chondrocytes. Osteoarthr. Cartil. 9, 684–693. doi:10.1053/joca.2001.0465
 Jabbour, A., Gao, L., Kwan, J., Watson, A., Sun, L., Qiu, M. R., et al. (2011a). A recombinant human neuregulin-1 peptide improves preservation of the rodent heart after prolonged hypothermic storage. Transplantation 91, 961–967. doi:10.1097/TP.0b013e3182115b4b
 Jabbour, A., Hayward, C. S., Keogh, A. M., Kotlyar, E., Mccrohon, J. A., England, J. F., et al. (2011b). Parenteral administration of recombinant human neuregulin-1 to patients with stable chronic heart failure produces favourable acute and chronic haemodynamic responses. Eur. J. Heart Fail 13, 83–92. doi:10.1093/eurjhf/hfq152
 Kawakami, A., Fukazawa, T., and Takeda, H. (2004). Early fin primordia of zebrafish larvae regenerate by a similar growth control mechanism with adult regeneration. Dev. Dyn. 231, 693–699. doi:10.1002/dvdy.20181
 Kerber, G., Streif, R., Schwaiger, F. W., Kreutzberg, G. W., and Hager, G. (2003). Neuregulin-1 isoforms are differentially expressed in the intact and regenerating adult rat nervous system. J. Mol. Neurosci. 21, 149–165. doi:10.1385/JMN:21:2:149
 Knopf, F., Hammond, C., Chekuru, A., Kurth, T., Hans, S., Weber, C. W., et al. (2011). Bone regenerates via dedifferentiation of osteoblasts in the zebrafish fin. Dev. Cell 20, 713–724. doi:10.1016/j.devcel.2011.04.014
 Laplace-Builhe, B., Barthelaix, A., Assou, S., Bohaud, C., Pratlong, M., Severac, D., et al. (2021). NRG1/ErbB signalling controls the dialogue between macrophages and neural crest-derived cells during zebrafish fin regeneration. Nat. Commun. 12, 6336. doi:10.1038/s41467-021-26422-5
 Lawrence, E. A., Kague, E., Aggleton, J. A., Harniman, R. L., Roddy, K. A., and Hammond, C. L. (2018). The mechanical impact of col11a2 loss on joints; col11a2 mutant zebrafish show changes to joint development and function, which leads to early-onset osteoarthritis. Philos. Trans. R. Soc. Lond B Biol. Sci. 373, 20170335. doi:10.1098/rstb.2017.0335
 Le, H., Xu, W., Zhuang, X., Chang, F., Wang, Y., and Ding, J. (2020). Mesenchymal stem cells for cartilage regeneration. J. Tissue Eng. 11, 2041731420943839.
 Liang, X., Ding, Y., Zhang, Y., Chai, Y. H., He, J., Chiu, S. M., et al. (2015). Activation of NRG1-ERBB4 signaling potentiates mesenchymal stem cell-mediated myocardial repairs following myocardial infarction. Cell Death Dis. 6, e1765. doi:10.1038/cddis.2015.91
 Ling, I. T., Rochard, L., and Liao, E. C. (2017). Distinct requirements of wls, wnt9a, wnt5b and gpc4 in regulating chondrocyte maturation and timing of endochondral ossification. Dev. Biol. 421, 219–232. doi:10.1016/j.ydbio.2016.11.016
 Londono, R., Sun, A. X., Tuan, R. S., and Lozito, T. P. (2018). Tissue repair and epimorphic regeneration: An overview. Curr. Pathobiol. Rep. 6, 61–69. doi:10.1007/s40139-018-0161-2
 Ma, E. Y., Rubel, E. W., and Raible, D. W. (2008). Notch signaling regulates the extent of hair cell regeneration in the zebrafish lateral line. J. Neurosci. 28, 2261–2273. doi:10.1523/JNEUROSCI.4372-07.2008
 Mahmoud, A. I., O'meara, C. C., Gemberling, M., Zhao, L., Bryant, D. M., Zheng, R., et al. (2015). Nerves regulate cardiomyocyte proliferation and heart regeneration. Dev. Cell 34, 387–399. doi:10.1016/j.devcel.2015.06.017
 Marques, I. J., Lupi, E., and Mercader, N. (2019). Model systems for regeneration: Zebrafish. Development 146, 167692. doi:10.1242/dev.167692
 Maumus, M., Manferdini, C., Toupet, K., Peyrafitte, J. A., Ferreira, R., Facchini, A., et al. (2013). Adipose mesenchymal stem cells protect chondrocytes from degeneration associated with osteoarthritis. Stem Cell Res. 11, 834–844. doi:10.1016/j.scr.2013.05.008
 Mitchell, R. E., Huitema, L. F., Skinner, R. E., Brunt, L. H., Severn, C., Schulte-Merker, S., et al. (2013). New tools for studying osteoarthritis genetics in zebrafish. Osteoarthr. Cartil. 21, 269–278. doi:10.1016/j.joca.2012.11.004
 Nawachi, K., Inoue, M., Kubota, S., Nishida, T., Yosimichi, G., Nakanishi, T., et al. (2002). Tyrosine kinase-type receptor ErbB4 in chondrocytes: Interaction with connective tissue growth factor and distribution in cartilage. FEBS Lett. 528, 109–113. doi:10.1016/s0014-5793(02)03263-5
 Nguyen-Chi, M., Laplace-Builhe, B., Travnickova, J., Luz-Crawford, P., Tejedor, G., Phan, Q. T., et al. (2015). Identification of polarized macrophage subsets in zebrafish. Elife 4, e07288. doi:10.7554/eLife.07288
 Nguyen-Chi, M., Phan, Q. T., Gonzalez, C., Dubremetz, J. F., Levraud, J. P., and Lutfalla, G. (2014). Transient infection of the zebrafish notochord with E. coli induces chronic inflammation. Dis. Model Mech. 7, 871–882. doi:10.1242/dmm.014498
 Ohgo, S., Ichinose, S., Yokota, H., Sato-Maeda, M., Shoji, W., and Wada, N. (2019). Tissue regeneration during lower jaw restoration in zebrafish shows some features of epimorphic regeneration. Dev. Growth Differ. 61, 419–430. doi:10.1111/dgd.12625
 Paul, S., and Crump, J. G. (2016). Lessons on skeletal cell plasticity from studying jawbone regeneration in zebrafish. Bonekey Rep. 5, 853. doi:10.1038/bonekey.2016.81
 Paul, S., Schindler, S., Giovannone, D., De Millo Terrazzani, A., Mariani, F. V., and Crump, J. G. (2016). Ihha induces hybrid cartilage-bone cells during zebrafish jawbone regeneration. Development 143, 2066–2076. doi:10.1242/dev.131292
 Polizzotti, B. D., Ganapathy, B., Walsh, S., Choudhury, S., Ammanamanchi, N., Bennett, D. G., et al. (2015). Neuregulin stimulation of cardiomyocyte regeneration in mice and human myocardium reveals a therapeutic window. Sci. Transl. Med. 7, 281ra45. doi:10.1126/scitranslmed.aaa5171
 Porrello, E. R., Mahmoud, A. I., Simpson, E., Hill, J. A., Richardson, J. A., Olson, E. N., et al. (2011). Transient regenerative potential of the neonatal mouse heart. Science 331, 1078–1080. doi:10.1126/science.1200708
 Poss, K. D., Wilson, L. G., and Keating, M. T. (2002). Heart regeneration in zebrafish. Science 298, 2188–2190. doi:10.1126/science.1077857
 Prasad, M. K., Reed, X., Gorkin, D. U., Cronin, J. C., Mcadow, A. R., Chain, K., et al. (2011). SOX10 directly modulates ERBB3 transcription via an intronic neural crest enhancer. BMC Dev. Biol. 11, 40. doi:10.1186/1471-213X-11-40
 Recher, G., Jouralet, J., Brombin, A., Heuze, A., Mugniery, E., Hermel, J. M., et al. (2013). Zebrafish midbrain slow-amplifying progenitors exhibit high levels of transcripts for nucleotide and ribosome biogenesis. Development 140, 4860–4869. doi:10.1242/dev.099010
 Rojas-Munoz, A., Rajadhyksha, S., Gilmour, D., Van Bebber, F., Antos, C., Rodriguez Esteban, C., et al. (2009). ErbB2 and ErbB3 regulate amputation-induced proliferation and migration during vertebrate regeneration. Dev. Biol. 327, 177–190. doi:10.1016/j.ydbio.2008.12.012
 Ruiz, M., Toupet, K., Maumus, M., Rozier, P., Jorgensen, C., and Noel, D. (2020). TGFBI secreted by mesenchymal stromal cells ameliorates osteoarthritis and is detected in extracellular vesicles. Biomaterials 226, 119544. doi:10.1016/j.biomaterials.2019.119544
 Singh, S. P., Holdway, J. E., and Poss, K. D. (2012). Regeneration of amputated zebrafish fin rays from de novo osteoblasts. Dev. Cell 22, 879–886. doi:10.1016/j.devcel.2012.03.006
 Smeeton, J., Natarajan, N., Anderson, T., Tseng, K. C., Fabian, P., and Crump, J. G. (2021). Regeneration of jaw joint cartilage in adult zebrafish. Front. Cell Dev. Biol. 9, 777787. doi:10.3389/fcell.2021.777787
 Storer, M. A., Mahmud, N., Karamboulas, K., Borrett, M. J., Yuzwa, S. A., Gont, A., et al. (2020). Acquisition of a unique mesenchymal precursor-like blastema state underlies successful adult mammalian digit tip regeneration. Dev. Cell 52, 509–524. doi:10.1016/j.devcel.2019.12.004
 Wadugu, B., and Kuhn, B. (2012). The role of neuregulin/ErbB2/ErbB4 signaling in the heart with special focus on effects on cardiomyocyte proliferation. Am. J. Physiol. Heart Circ. Physiol. 302, H2139–H2147. doi:10.1152/ajpheart.00063.2012
 Wang, X., He, H., Tang, W., Zhang, X. A., Hua, X., and Yan, J. (2012). Two origins of blastemal progenitors define blastemal regeneration of zebrafish lower jaw. PLoS One 7, e45380. doi:10.1371/journal.pone.0045380
 Wang, Y., Wei, J., Zhang, P., Zhang, X., Wang, Y., Chen, W., et al. (2022a). Neuregulin-1, a potential therapeutic target for cardiac repair. Front. Pharmacol. 13, 945206. doi:10.3389/fphar.2022.945206
 Wang, Z., Le, H., Wang, Y., Liu, H., Li, Z., Yang, X., et al. (2022b). Instructive cartilage regeneration modalities with advanced therapeutic implantations under abnormal conditions. Bioact. Mater. 11, 317–338.
 Yan, X., and Morgan, J. P. (2011). Neuregulin1 as novel therapy for heart failure. Curr. Pharm. Des. 17, 1808–1817. doi:10.2174/138161211796391010
 Yoon, D., Yoon, D., Cha, H. J., Lee, J. S., and Chun, W. (2018). Enhancement of wound healing efficiency mediated by artificial dermis functionalized with EGF or NRG1. Biomed. Mater 13, 045007. doi:10.1088/1748-605X/aaac37
 Yoshida, K., Kawakami, K., Abe, G., and Tamura, K. (2020). Zebrafish can regenerate endoskeleton in larval pectoral fin but the regenerative ability declines. Dev. Biol. 463, 110–123. doi:10.1016/j.ydbio.2020.04.010
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Sapède, Bahraoui, Abou Nassif, Barthelaix, Mathieu, Jorgensen and Djouad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1123299-g005.gif





OPS/images/fcell-11-1123299-g006.gif





OPS/images/fcell-11-1123299-g003.gif





OPS/images/fcell-11-1123299-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Cartilage regeneration in zebrafish depends on Nrg1/ErbB signaling pathway		Introduction

		Materials and methods		Zebrafish

		Lower jaw injury

		Imaging

		BrdU incorporations

		Immunofluorescence and in situ hybridization

		Pharmacological treatment

		Mosaic morpholino injections

		Cell counting

		Murine articular chondrocyte culture

		RT-qPCR analyses

		Statistical analyses





		Results		Meckel’s cartilage (MC) fully regenerates in larval zebrafish

		Injury triggers cell cycle re-entry of MC chondrocytes

		Wound-associated chondrocytes actively divide during regeneration

		Contribution of immature chondrocytes during cartilage regeneration

		Role of Nrg1/ErbB pathway in cartilage regeneration

		Nrg1-ErbB signaling activation protects mammalian chondrocytes from IL1β-induced loss of mature chondrocyte phenotype.





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1123299-g001.gif
lI||| IIIII





OPS/images/fcell-11-1123299-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





