
 
 
 

 
 

WORKSHOP 
Zebrafish: An Emerging Model for Orthopaedic Research 

 
 
 
 
 

Organizers: 
Ronald Kwon, PhD 

Ryan Gray, PhD 
 
 
 

Speakers: 
Jenna Galloway, PhD 

Björn Busse, PhD 
Ryan Gray, PhD 

Matthew Harris, PhD 
 

 

 

 

 

 

 

 

 



Zebrafish: An Emerging Model for Orthopaedic Research 
Organizer(s):  Ronald Kwon, PhD, Ryan Gray, PhD 
 
By virtue of their unique experimental attributes, zebrafish and other laboratory fish models hold unique potential 
to open powerful avenues for musculoskeletal research that are challenging in other vertebrate systems. While 
zebrafish have been established as powerful model in diverse areas, their use for orthopaedic-related research has 
only begun to be established. The purpose of this workshop is to highlight musculoskeletal research in zebrafish 
and discuss the benefits and limitations of this emerging animal model. 
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Introduction: Tendon injuries affect a significant portion of the population and can be caused by trauma, aging, and sports-
related overuse. An understanding of the pathways that regulate tendon cells would have significant implications in 
regenerative biology applications for tendon injuries in humans. Central to this challenge is to uncover new mechanisms 
regulating tendon cells and to define the signaling pathways and cellular events involved in their regeneration. Zebrafish 
and mammalian tendons are similar in their gene expression, developmental regulation, ultrastructure, and mechanical 
properties. Using the zebrafish model, we hope to gain new insight into the mechanisms regulating tendon regeneration and 
the pathways promoting tendon fates with the goal of impacting the design of therapies for human tendon injuries. 
 
Methods: A genetic tendon cell ablation model was established using Tg(scxa:gal4-vp16; uas:epNTR-RFP; abbreviated 
scxa-RFP) animals, which enables metronidazole (Mtz)-mediated cell ablation by tissue-specific expression of 
nitroreductase (NTR). Live imaging, whole mount antibody staining, in situ hybridization, qPCR, chemical treatments, 
transmission electron microscopy, multiphoton microscopy, and Cre/loxP-based lineage tracing were used. A high-
throughput chemical screen was performed using known bioactive compound libraries from the ICCB-Longwood. Student's 
t-test and ANOVA were used to analyze the significance. 
 
Results: We established a tendon cell regeneration model and performed a high-throughput chemical screen for compounds 
that promote tendon fates in the zebrafish. We found that zebrafish have robust abilities to regenerate tendon composition 
and pattern after ablation of all scxa-RFP+ tendon cells. Tendon cell loss disrupted the morphology of cartilage and muscle, 
but these defects are restored upon tendon regeneration. Genetic fate-mapping approaches discovered contributions from 
sox10-lineage neural crest and draculin-lineage mesoderm cells to a specific cranial tendon. Most importantly, our in vivo 
live imaging revealed that new scxa-RFP+ cells are induced from musculoskeletal attachment regions, driving the 
regeneration of tendon structure and attachment pattern. We identified the BMP pathway as necessary for robust 
regeneration and sufficient to promote the initiation of new tendon cells at attachment sites. In addition, a high-throughput 
chemical screen of known bioactive compound libraries identified tendon-promoting compounds. Current efforts are 
focused on understanding the mechanism of action of the target pathways in zebrafish and mammalian stem cell culture. 
 
Discussion: Using the first genetic model of tendon cell ablation, we have found that zebrafish fully regenerate tendon 
composition and pattern. This regenerative process relies on the re-initiation of a developmental signaling pathway and the 
conservation of lineage-relationships to restore and re-pattern the lost tendon tissue. We establish that in the absence of 
scxa+ cells, re-activation of BMP signaling promotes the recruitment of new tendon cells near musculoskeletal attachment 
regions. We also show the zebrafish can be successfully used to identify tendon promoting drugs. 
 
Significance: Our model provides a system in which to examine the cellular and molecular mechanisms underlying tendon 
regeneration and establishes a new platform for drug screening approaches, which may have implications for the 
development of regenerative therapies for tendon injuries in humans. 
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Introduction: The morphology, structure and composition of bone play a major role in determining its fracture resistance. 
The total sum of bone characteristics, assessed from the skeletal level down to the tissue level, contributing to resist fracture 
is defined as bone quality and can be drastically impaired in conditions of aging or disease states. The zebrafish (Danio 
rerio) is an emerging animal model in the field of biomedical research and has been shown to provide valuable information 
on the understanding of the link between bone properties and skeletal health. In addition to mouse models, an increasing 
number of zebrafish models are being generated and allow to describe bone quality changes appearing with skeletal diseases 
including osteoporosis, osteogenesis imperfecta (OI)1, or with physical activity being decreased (i.e. immobilization) or 
increased (i.e. following musculoskeletal exercise)2. 
 
Methods: Morphological alterations of the adult zebrafish skeleton were assessed using micro-computed tomography 
(micro-CT). This type of imaging was employed to either display the intact skeleton of whole animals at resolutions of 
5 µm1 or to display individual bones such as vertebral bodies at a high resolution of 1 µm2. To resolve tissue porosity within 
individual vertebrae, 3D-X-ray microscopy was used, allowing even smaller resolutions of <1 µm1,2. Using these techniques, 
clear phenotypes as in the Chihuahua zebrafish model of OI were identified with regard to skeletal morphology, including 
the occurrence of fractures and impaired vertebral shape. In an adult zebrafish model undergoing a skeletal exercise routine, 
micro-CT was used to quantify increases in bone mass and vertebral thickness. Cellular and compositional properties of 
zebrafish bone were analyzed using static bone histomorphometry, vibrational spectroscopy and quantitative backscattered 
electron imaging, providing information on altered collagen and mineral-related properties such as collagen quality, 
mineral-to-matrix ratio or crystallinity, as well as the heterogeneity of mineralization. 
 
Results: Osteoblast and osteocyte indices were measured near the growth region of vertebrae, where an increase in cellular 
activity and bone 
formation was evident 
following musculoskeletal 
exercise. Impaired bone 
formation was found in a 
zebrafish model of OI. Here, 
it was shown that OI in 
zebrafish clearly reflect 
reduced bone quality, 
whereas musculoskeletal 
loading had positive 
effects on both bone 
mineralization and bone 
formation. 
 
Discussion: The zebrafish is a 
valuable model to study aging- or disease-related mechanisms affecting bone quality. Bone quality assessment in zebrafish 
provides the opportunity to test the effects of treatment strategies including new pharmacological agents or conventional 
therapies. 
 
References:  
[1] Fiedler IAK, Schmidt FN, Wölfel EM, Plumeyer C, Milovanovic P, Gioia R, Tonelli F, Bale HA, Jähn K, Besio R, 
Forlino A, Busse B. J Bone Miner Res. 2018 Aug;33(8):1489-1499. 
[2] Suniaga S, Rolvien T, Vom Scheidt A, Fiedler IAK, Bale HA, Huysseune A, Witten PE, Amling M, Busse B. Sci Rep. 
2018 Feb 26;8(1):3646. 
 
 

Figure 1: Zebrafish are a suitable animal model for the study of skeletal diseases as 
osteogenesis imperfecta (i.e. chihuahua model). A) MicroCT imaging of a wild-type zebrafish 
(WT) and OI displays alterations in skeletal morphology and the occurrence of fractures. B) 
Differences in the degree of mineralization along morphological changes in zebrafish can be 
assessed using quantitative backscattered electron imaging. 
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Introduction: The development and maturation of the spine involves the integration of multiple musculoskeletal tissues. 
Systematic genome-wide mutagenesis screens for embryonic phenotypes in zebrafish have been instrumental in the 
understanding of mechanisms of early patterning of the tissues which give rise to the spine. However, the mechanisms of 
postembryonic maturation and homeostasis of the spine during adult development remain unresolved. We set out to identify 
adult-viable scoliosis mutant zebrafish in order to define the molecular genetics of scoliosis in zebrafish, with an aim to 
begin to define the pathogenesis of adolescent idiopathic scoliosis (AIS) in humans.  
 
Methods: Here, we report a ENU-based forward-genetic screen for recessive adult-viable mutant zebrafish, displaying 
obvious spine defects including scoliosis. We utilized massively-parallel sequencing followed by mapping by 
homozygosity-by-descent1 to identify candidate mutations. Candidate mutations were rapidly assessed using an F0 
CRISPR/Cas9 screening approach. Stable mutant lines were generated and verified by complementation testing against the 
ENU-derived mutant alleles for each gene. We utilized microCT imaging followed by computer-assisted quantitative 
analysis2 of several parameters of the spine including vertebral morphology and tissue mineral density. More targeted 
mechanistic studies focused on the cellular pathogenesis of genetically defined scoliosis mutants are aided by the wealth of 
transgenic and modern genome editing tools available for the zebrafish model system. 
 
Results: From our forward genetic screen we report 36 mutations which collectively display defects of the notochord and 
spine resulting in vertebral body defects and/or scoliosis. The largest phenotypic group displayed late-onset, whole-body 
scoliosis without vertebral dysplasia. We find that several of these mutations are in genes determined to be important for 
the normal physiology of the cerebrospinal fluid and ventricular system of the brain and spinal canal. For instance, scoliosis 
mutants of the kinesin family member 6 (kif6) gene display a specific loss of ependymal cell cilia, which help to generate 
cerebrospinal fluid flow in the ventricular system and spinal canal. While, scoliosis mutants of the subcommissural organ 
spondin (sspo) gene are predicted to disrupt the aggregation of a major glycoprotein component of the cerebrospinal fluid 
called the Reissner's fiber, which traverses third and fourth brain ventricles and central canal of the spinal cord. From these 
studies and others we have begun to formulate a general hypothesis for late-onset scoliosis in zebrafish as a consequence of 
developmental defects of the ventricular system and normal signaling in the spinal canal. 
 
Discussion: The zebrafish model system is a premier vertebrate model for modern genetic and cell biological studies. 
Indeed, thousands of published reports focused on bone, cartilage, muscle and tendon/connective tissue development have 
been published in this model, underscoring the diverse application of this vertebrate model for musculoskeletal research. 
Our studies on the pathogenesis of scoliosis in zebrafish illustrate critical genes and loci that affect spine stability and have 
begun to suggest a central hypothesis where late-onset scoliosis in zebrafish is in large part due to defects in the normal 
physiology of the cerebrospinal fluid and spinal canal.  
 
References: [1] Bowen et al. 2012. Genetics. 190:1017-1024; [2] Hur et al. 2017. Elife. 8:6 pii: e26014  

 

Figure 1: Forward and reverse genetics approaches to determine the cellular pathogenesis of scoliosis using the zebrafish model 
system. (a) MicroCT imaging highlights the phenotypic classes uncovered in our forward genetics screen for scoliosis in zebrafish. (b) 
Confocal imaging of a foxj1a:Arl13b-GFP transgene to highlight the ependymal cell cilia in the 3rd ventricle of the brain (red arrows). 
(c) Representative scoliosis in F0 CRISPR/Cas9 targeted sspo crispants.  
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Introduction: The skeleton is a dynamic structure, changing through time in both form and function. The skeleton has both 
structural and physiological roles key to the normal function of an organism. These properties are shared among vertebrates 
allowing comparative approaches to understand how skeletal structures are patterned, remodel, and vary in composition. 
The mouse serves as a go-to model for study of skeletogenesis primarily due to ability to use genetic tools to understand 
function. However, there remain several disadvantages of the use of mice, primarily involving cost and space demands, 
limiting the scope of genetic analysis that can be done in particular studies. Fishes have gained popularity as a research 
model. Formation and patterning of the skeleton can be viewed in real time as commonly used fish models develop outside 
the mother. Additionally, the size and generation time of these fish permits large-scale genetic screening that would be 
prohibitive in mice. Through genetic analyses, the zebrafish and medaka are showing broad utility to interrogate cellular 
and molecular regulation of skeletal development and physiology (1). 

Methods/Results: We have performed large-scale recessive and dominant 
screens in the zebrafish centering specifically on changes in skeletal form and 
pattern seen in the adult (2). We have honed mapping techniques to allow 
systematic identification of the causative mutation underlying mutant 
phenotypes (2,3). Through a screen centering on dominant mutational 
effects, we have increased the power of these approaches to identify unique 
gene mutations affecting skeletogenesis (3). Through this work we have 
identified specific models for skeletal disorders such as osteogenesis 
imperfecta (e.g. 4), craniosynostosis, and scoliosis. We leverage these 
mutants in combination with a panel of robust assays (e.g. 5) and specific 
transgenic lines (Fig. 1) to assess genetic regulation of the skeleton and 
etiology of these disorders. Through our work, we also identified 
mutations that reveal unexpected mechanisms regulating growth and repair 
of the skeleton. One class of mutants exposes the essential role of 
bioelectric signaling in development and regeneration of the skeleton (6) and 
specific molecular targets that regulate this signaling potential (7). 

Discussion: With the use of the zebrafish as a model for skeletal development, we have identified experimental models for 
human disorders as well as novel mechanisms underlying skeletal formation and remodeling. These early forays into the 
genetics of skeletogenesis in zebrafish bolsters the use of this model to find novel mechanisms regulating bone formation 
and homeostasis, as well as the means to find treatments that can alleviate skeletal deficiencies in patients. 
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[2] Henke K, Daane JM, Hawkins MB, Dooley CM, Busch-Nentwich EM, Stemple DL, Harris MP (2017). Genetics. [Epub] 
PMID: 28835471 
[3] Henke K, Bowen M, Harris MP. (2013). Methods. 62: 185–196, PMID:23748111 
[4] Gistelinck C, Kwon RY, Malfait F, Symoens S, Vermassen P, De Saffel H, Henke K, Harris MP, Hawkins, MB, De 
Paepe A, Weis M, Eyre DR, Coucke PJ, Willaert A. (2018) PNAS; Aug 6. pii: 201722200. doi: 10.1073/pnas.1722200115. 
PMID: 30082390 
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Figure 1. Skeletal reworking in a 
zebrafish visualized live. Osteoclasts 
labeled with cathepsinK promoter driving 
RFP (red) in an adult component of the gill 
cover labeled with calcein (green) 
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