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ABSTRACT
Zebrafish are teleosts (bony fish) that share with mammals a common ancestor belonging to the phylum Osteichthyes, from which their
endoskeletal systems have been inherited. Indeed, teleosts andmammals have numerous genetically conserved features in terms of skel-
etal elements, ossificationmechanisms, and bonematrix components in common. Yet differences related to bonemorphology and func-
tion need to be considered when investigating zebrafish in skeletal research. In this review, we focus on zebrafish skeletal architecture
with emphasis on themorphology of the vertebral column and associated anatomical structures. We provide an overview of the different
ossification types and osseous cells in zebrafish and describe bone matrix composition at the microscopic tissue level with a focus on
assessing mineralization. Processes of bone formation also strongly depend on loading in zebrafish, as we elaborate here. Furthermore,
we illustrate the high regenerative capacity of zebrafish bones and present some of the technological advantages of using zebrafish as
a model. We highlight zebrafish axial and fin skeleton patterning mechanisms, metabolic bone disease such as after immunosuppressive
glucocorticoid treatment, as well as osteogenesis imperfecta (OI) and osteopetrosis research in zebrafish. We concludewith a view ofwhy
larval zebrafish xenografts are a powerful tool to study bonemetastasis. © 2021 American Society for Bone andMineral Research (ASBMR).
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Introduction

Zebrafish have become an important model organism to study
the development and disease of the skeleton in basic and pre-

clinical research. The potential of these teleost fish lies in their small
size, ease of care, genetic amenability, and high regenerative capac-
ity. Moreover, thanks to the transparency of embryonic and larval
stages, osteogenesis and osteoblast activity can be monitored in
much detail, using available transgenic and mutant lines affecting
specific cells or tissues.(1,2) This is combined with long-term in vivo
imaging feasibility of embryonic, larval, and also adult
individuals,(3,4) which distinguishes zebrafish from other vertebrate
models such as rodents, inwhich intravital imaging can be challeng-
ing (Table 1). Importantly, the zebrafish genome contains ortholo-
gues of about 82% of human disease-related genes,(18) including
those affecting the skeleton. Both tissue-specific overexpression
via site-specific recombinases (Cre)(32) and gene-specific knockout
via clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9(30) are available in zebrafish, along with antisense oli-
gonucleotide gene knockdown approaches(33) and ideal conditions
to carry out forward and reverse genetic screens.(28,34,35)

Furthermore, single-nucleotide genome editing can be performed
by CRISPR-Cas9–mediated knock-ins.(36,37) Finally, drugs can be
administered to zebrafish in various ways including dissolving che-
micals directly in zebrafish water/media,(11,38) the preferredmethod
in drug screening (Table 1).

The above descriptions illustrate the potential of zebrafish to
study skeletal biology and disease. Excellent reviews have been
published on diverse aspects of zebrafish as a skeletal research
model.(39–42) Here, we aim to introduce zebrafish to the wider
bone research community, by presenting essential information
on their skeletal architecture and patterning, cell types, andmatrix
mineralization (which is loading dependent), along with introduc-
ing a variety of zebrafish assays to study bone regeneration. Fur-
thermore, we highlight the utility of larval xenografts to
demonstrate the power of zebrafish in bone metastasis research.

Architecture of the Zebrafish Skeleton

The skeleton of vertebrates is generally divided into the exo-
skeleton and endoskeleton.(43) The prominent parts of the
zebrafish skeleton are as follows: (i) the craniofacial skeleton
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including parietal bones, jaw bones, and opercles (bones cov-
ering the gills); and (ii) the axial skeleton comprising the ver-
tebral column, ribs, intermuscular bones, as well as unpaired
dorsal, anal, and caudal fins(44,45) (Fig. 1A). Zebrafish are con-
sidered sexually mature at�90 days, corresponding to a stan-
dard length (SL; measured from snout to the last caudal
vertebra in adult individuals) of 1.5 to 2.0 cm. Zebrafish
undergo continuous growth associated with an increase in
skeletal volume, resulting in a body length of 3 to 4 cm, and

typically live for around 3 years (though they can reach
5 years).(46)

The adult zebrafish skull is composed of 74 craniofacial
bones, considerably more than the 22 bones of the mamma-
lian skull.(47) Nevertheless, a number of bony structures in zeb-
rafish have clear homologs in mammals, including the anterior
part of the neurocranium, which resembles the mammalian
palate,(48) and the cranial vault, which is conserved between
zebrafish and mammals.(49) As with mammals, the zebrafish

Table 1. Comparison of Skeletal Features and Experimental Tractability in Humans, Rodents, and Zebrafish

Skeletal feature Human Rodent Zebrafish References

Bone types Dermal Dermal Dermal (5)

Compact Compact Compact
Spongy Spongy Tubular (spongy)

Skeletal cell types Chondrocytes Chondrocytes Chondrocytes (5,6)

Osteoblasts Osteoblasts Osteoblasts
Osteoclasts
(multinucleate)

Osteoclasts
(multinucleate)

Osteoclasts (multinucleate
and mononucleate)

Osteocytes Osteocytes Osteocytes

Ossification types Endochondral Endochondral Endochondral (5,7)

Intramembranous Intramembranous Intramembranous
Perichondral Perichondral Perichondral

Development In utero In utero Extrauterine

Average brood size n/a 6–8 100–150 (8)

Mineralization begins 4–5 weeks about 2 weeks 3–4 dpf (9,10)

Skeletal maturity reached Up to 30 years 4–5 months 2–4 months (11)

Direction of loading Axial Orthogonal Axial (12)

Repair after fracture Yes Yes Yes (13,14)

Regeneration after amputation Limited (digit tip) Limited (digit tip) Yes (15–17)

Gene conservation (versus humans) 100% �85% �75% (18)

Bone marrow Yes Yes No (19)

Dynamic histomorphometry Tetracycline Alizarin red stain Alizarin red stain (20–22)

Calcein green Calcein green

Visualization of cell dynamics of bone No Limited (intravital
imaging)

Transparency in mutants,
larval stages and fin
regenerates, adult scale
regeneration

(4,15,23,24)

BMD assessment CT (fixed/live); high-
resolution peripheral
quantitative CT
(HRpQCT, fixed/live);
ultrasound (live); DXA
(live)

μCT (fixed); DXA (live) μCT (fixed) (25–27)

Drug screening In vitro In vitro In vivo (11)

Mosaic CRISPR mutagenesis time n/a 3 months 5 days to 3 months (28,29)

Stable CRISPR mutagenesis time n/a 9 months 6–9 months (30)

Ex vivo/in vitro study of bone In vitro differentiation of
stem cells

In vitro differentiation of
stem cells

Ex vivo scale culture (23,31)

Ex vivo culture of 1� cells Ex vivo culture of 1� cells Ex vivo culture of 1� cells

1� =primary; n/a = not applicable; dpf = day(s) post fertilization.
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skull features skeletal joints, including fibrous joints (eg, skull
sutures), and articular joints in the jaw.(50)

Regarding spinal morphology, zebrafish share a similar num-
ber of vertebrae (30 to 32 in zebrafish versus 33 in humans)
and a physiological curvature with humans: kyphosis in the
abdominal regionwhere the ribs protect the viscera, and lordosis
in the caudal region.(51) In craniocaudal order, the zebrafish ver-
tebral column is composed of a Weberian apparatus consisting
of four vertebrae connecting the swim bladder to the ear (impor-
tant for the transmission of sound), 10 abdominal vertebrae (also
known as precaudal vertebrae or trunk vertebrae) that are artic-
ulatedwith rod-shaped rib segments, transitioning into 14 caudal
vertebrae, and three caudal fin vertebrae.(52) (Fig. 1A). The spinal
cord passes through the neural arches that extend dorsally from
each vertebra, similarly to the mammalian spinal canal. Caudal
vertebrae also have hemal arches that extend ventrally and
enclose the caudal artery and vein.

The three-dimensional (3D) morphology of individual zebra-
fish vertebral body centra is characterized by its hourglass shape
(Fig. 1B). In contrast tomammalian vertebrae that contain trabec-
ular bone and carry bone marrow (BM), zebrafish vertebral bod-
ies do not accommodate red BM, because adult hematopoiesis
takes place in the kidney (Table 1). Instead, they are filled with

vacuolated notochord cells and become surrounded by adipose
tissue.(53,54) Micrometer-thin trabecular struts are found sur-
rounding the narrow center of individual vertebrae.(5)

Although assessment of vertebral trabecular bone, a readout
for bone fragility inmammals, is limited in zebrafish, morphology
of the vertebral centra is commonly used as an indicator for ver-
tebral bone quality. 3D morphometric parameters, eg, vertebral
body length (VBL), bone volume (BV), bone volume per tissue
volume (BV/TV), vertebral cross-sectional thickness (V.Th), and
eccentricity (ie, roundness) are extracted from micro–computed
tomography (μCT) scans of the zebrafish spine (Fig. 1B), allowing
the quantification of changes, eg, due to altered musculoskeletal
activity,(55,56) aging,(57) and disease.(58) In addition, thickness and
volume of hemal and neural arches are used to assess vertebral
morphology in zebrafish mutants.(25) One advantage of the
small-sized zebrafish is the possibility of analyzing the complete
skeleton at high resolution (eg, a whole-body μCT scan at a pixel
size of 1 μm2), more rapidly than it is possible in larger rodent
species. This provides the possibility to both evaluate the bulk
3D morphology of the entire organism and to simultaneously
characterize tissue morphology at high resolution,(59) which has
been done in deformed osteoarthritic vertebral bodies.(60) Fur-
thermore, longitudinal histological sections or whole-mount

Fig 1. The zebrafish skeleton. (A) μCT image of the craniofacial and axial skeleton, including the vertebral column composed of the Weberian apparatus,
abdominal (also referred to as precaudal or thoracic), caudal, and caudal fin vertebrae. Hox gene expression patterns are indicated. Similar to the mam-
malian skeleton, ribs in zebrafish are articulated to the abdominal vertebrae and protect the inner organs. (B) Close-up view of abdominal and caudal ver-
tebrae. Sagittal views of two adjacent double-cone shaped vertebrae (left) display the neural arches extending dorsally and encompassing the neural
canal. Extending ventrally from the abdominal vertebrae ribs are articulated, while the caudal vertebrae extend to hemal arches which encompass the
caudal artery and vein. In frontal view (right), the unmineralized vertebral center is revealed which contains notochord and vacuolated soft tissue (not
displayed). The ring-shaped vertebral endplate regions are connected by an IVL (not shown) and correspond to the vertebral growth zone in zebrafish.
Parameters, including the VBL, V.Th, and BV/TV, provide valuable measures to quantify the vertebral morphology and structure. BV/TV = bone volumetric
fraction; IVL = intervertebral ligament; VBL = vertebral body length; V.Th = vertebral thickness.
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stains, eg, Alizarin red staining, enable the display of the com-
plete skeleton at microscopic resolution.(20,45,61)

Similar to mammals, vertebral bones in zebrafish are intercon-
nected by soft tissue, facilitating movement and increasing the
range of locomotion. In mammals, the intervertebral disk (IVD)
is composed of fibrocartilaginous cartilage (annulus fibrosus)
and nucleus pulposus. In contrast, the intervertebral soft tissue
in zebrafish is characterized by a ring-shaped ligament (interver-
tebral ligament [IVL]) connecting the outermost circular edges of
two adjacent vertebrae. Although the physiological role of the
IVD in humans is damping compressive forces from gravitational
loading, the zebrafish spine is loaded axially due to compressive
forces from swimming through viscous water and direct muscle
forces transmitted by tendons attached to the vertebrae.(12)

Compared to tetrapods (eg, mice, dogs), where gravitational
forces apply orthogonally to the spine, zebrafish can be consid-
ered advantageous in terms of loading regime. Thus, they pro-
vide a valuable tool to study spine and intervertebral tissue
degeneration and effects of altered locomotion patterns on the
bone-tendon-muscle unit, which can be assessed in small-sized
zebrafish using histological and advanced X-ray imaging
approaches(62) (Fig. 2).

Patterning of the Zebrafish Axial and Fin
Skeleton

As in other vertebrates, axial patterning in the zebrafish skeleton
manifests in the vertebral column which is regionalized into dif-
ferent types of vertebrae along the anteroposterior axis.(52) Stud-
ies in mice and chicken revealed themorphological diversity and

axial position of the different types of vertebrae that are sensitive
to positional cues encoded by regional Hox gene expres-
sion.(63,64) Although HOX mutations in humans lead to early
developmental lethality, HOX-related axial skeletal defects have
been described, in addition to limb and craniofacial defects,
arthritis, and diverse types of cancer.(65,66) Regionalization of
the zebrafish axial skeleton is under the same mechanistic con-
trol, and relies on spatial (and temporal) collinearity; ie, the corre-
spondence between the physical sequence of the genes on the
chromosome and their anteroposterior boundaries (and timing)
of expression(63,67) (Fig. 1A). Although there are 39 Hox genes dis-
tributed in four clusters in the mammalian genome, zebrafish
possess 48 genes in seven clusters. These differences have come
about as a result of genome duplication and gene loss during
vertebrate evolution.(68,69) Accordingly, Hox expression domains
and axial structure regionalization are only partially equivalent
between zebrafish and tetrapods (true, eg, for Hoxc6 and Hoxd12
but not for Hox9).(64,67,70) Nevertheless, studying homeotic trans-
formations in embryonic and larval zebrafish may be a useful
tool to reveal the variety of Hox protein regulatory functions.

In fish, the axial skeleton includes the vertebral column and
associated median fins (dorsal, anal, and caudal), whereas the
paired pectoral and pelvic fins are located ventrolaterally in the
abdominal region. Positioning of the dorsal and anal fin has
not been investigated in zebrafish, but hypothetically may be
determined as in sharks by the expression domain of Hox and
Tbx genes.(71) The development of the pectoral fin shows high
similarity with tetrapod limb development especially at early
stages, regarding Hox expression(72–74) and inductive signals
such as retinoic acid (RA)(75–78) (Fig. 3A-F). During gastrulation,
RA is responsible for limb field positioning.(79) Subsequently, RA

Fig 2. Assessment of matrix composition in zebrafish bone. (A) Raman spectroscopy allows mapping the mineral-related and protein-related properties
of regenerating caudal fin bone (here, mineral-to-matrix ratio at 7 dpa) proximal and distal to the amputation plane (arrow). In the Raman spectra of regen-
erating parts (gray curve), protein-related peaks including amide I, amide III, and hydroxyproline, are more pronounced in respect to the mineral-related
phosphate peak, reflecting a lowermineral-to-matrix ratio compared to native bone tissue (black curve). (B) qBEI can be used to assess themineral density
distribution in the zebrafish skeleton (here: sagittal plane of the vertebral column and close-up of the endplate region). A histogram generated from cal-
ibrated pixel intensities within a region of interest allows extracting the Camean, Capeak, and Cawidth, as well as areas with Calow and Cahigh. Cahigh = high
degree of mineralization; Calow = low degree of mineralization; Camean = mean Ca content; Capeak = peak Ca content; Cawidth = heterogeneity of the Ca
distribution; dpa = days post amputation; qBEI = quantitative backscattered electron microscopy.
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is produced in somites and activates Wnt2b(78) in the intermedi-
ate mesoderm, which in turn activates Tbx5 in the lateral plate
mesoderm.(77,78) Tbx5, the earliest transcription factor in fore-
limb initiation, then triggers fibroblast growth factor (Fgf) signal-
ing, establishing a transcriptional cascade regulating
proximodistal patterning of the appendage. Both in tetrapods
and fish, two signaling organizers are formed in the anlage of
the appendage: the apical ectodermal ridge (AER) in the distal
bud, which regulates limb and fin outgrowth through Fgf
signaling,(75,78) and the zone of polarizing activity (ZPA) that is
marked by posterior expression of sonic hedgehog (shh) and reg-
ulates anteroposterior patterning.(72,77,80) The non-ridge ecto-
derm instructs dorsoventral patterning.(81) Although the
mechanisms are apparently conserved, differences in regulation
and patterning of the fin and limb at later stages suggest that
expression patterns and signaling mechanisms have been mod-
ified during evolution, ie, during fin to limb transition, whichmay
have led to the generation of novel skeletal features such as tet-
rapod digits.(82) Side by side comparison of Hox gene expression
and modulation of these and other patterning determinants in
tetrapods and fish including zebrafish will uncover more aspects
of skeletal evolution and congenital patterning defects in
humans in the future.

Types of Ossification and Osseous Cells

In zebrafish, ossification first occurs 3 to 4 days post fertilization
(dpf), progressively leading to the formation of a mature skeleton
by 2 to 4 months (dependent on zebrafish size, Table 1). Many ele-
ments form by intramembranous and perichondral ossification,
with some elements formed by endochondral ossification(5)

(Table 1). Depending on the anatomical region, the zebrafish skel-
eton is formed by either of the three ossification types.(7) Intra-
membranous ossification is the major form of ossification in the
zebrafish skeleton and occurs in elements such as the cranial roof,
the opercles covering the gills, and most vertebrae.(7) Endochon-
dral ossification, in which a cartilage template is successively
replaced by bone, gives rise to only a few elements including
the neural arches of vertebrae 1 to 5.(5) Perichondral ossification
occurs on a chondral surface without replacing the cartilage tem-
plate, and takes place in the lower zebrafish jaw. Although mam-
malian vertebrae exclusively form via a cartilage intermediate,
zebrafish centrae, directly mineralize from the notochord sheath,
an ossification layer around the notochord, followed by intramem-
branous bone formation.(83) Notably, the notochord sheath is also
responsible for segmentation of the zebrafish spine prior to centra
formation.(84)
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Fig 3. Early patterning of limb and pectoral fin buds is comparable. (A–C) Early zebrafish fin bud patterning. (A) Fin induction at 12 hpf: RA from the
somites activates signals that lead to activation of tbx5 in the lateral plate and Fgf signaling in the distal bud, establishing the AER. (B) Early expression
of Hox genes and shh at 30 hpf. (C) Expression of Hox genes and shh at 60 hpf. Note that the hoxd11 expression domain in the posterior fin bud region
remains restricted to this region at 30 hpf and 60 hpf. Dashed line = boundary of fin bud proper and fin fold. (D–F) Early mouse limb bud patterning.
(D) Similar induction signals as described in A for the fin bud occur in the mouse at E9. (E) Early expression of Hox genes and shh in E10.5 mouse limbs
shows a similar pattern observed as in B for the fin bud. While hoxd9 and hoxd10 extend through the whole bud, hoxd11, hoxd12, hoxd13, and shh are
restricted to the posterior domain. (F) Hox expression domain in E12.5 mouse limbs differs from those observed in C in the fin bud; hoxd11, hoxd12,
and hoxd13 domains extend more anteriorly; and shh remains restricted to the posterior region. Left to right = proximodistal axis, top
down = anterior–posterior axis. E10.5 = embryonic day 10.5; E12.5 = embryonic day 12.5; E9 = embryonic day 9; hpf = hours post fertilization.
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Based on the evolutionary conservation of skeletal genes
across vertebrates, zebrafish bone contains the same osseous
cells that are found in mammals, namely osteoblasts, osteoclasts,
and osteocytes (Table 1). Like in mammals, bone apposition is
performed by osteoblasts derived from osteoprogenitor cells.
In the zebrafish skeleton, a large fraction of bone surface is cov-
ered by osteoblasts, whose morphology can vary greatly and is
dependent on their location and function.(5) In the spine, osteo-
blastic bone formation leads to an increase in vertebral volume
and length in anterior and posterior directions, which elongates
the spine. This bone formation can be assessed easily in the
intervertebral growth region, more specifically on the circular
vertebral body endplates(85) (Fig. 1B). Bone can be analyzed in
the zebrafish spine by using the static histomorphometry proto-
cols that are commonly applied to rodent bones or human biop-
sies, including the number of osteoblasts per bone perimeter (N.
Ob/B.Pm), osteoid surface per bone surface (OS/BS), and osteoid
thickness (O.Th).(56,58) However, zebrafish bone can also be
labeled with fluorescent dyes like calcein or Alizarin red at con-
secutive time points, providing the opportunity to perform
dynamic histomorphometry and determine the bone formation
rate (BFR) and bone mineral apposition rate (MAR)(56,58)

(Table 1). In contrast to rodent models or humans, where dyes
are applied by injection or ingestion, zebrafish are more com-
monly stained by bathing them in the dye solution.

Bone resorption in zebrafish is performed by mononucleated
and multinucleated osteoclasts. Although mononucleated osteo-
clasts are present at the early stages of development and are asso-
ciated with shallow resorption patterns, multinucleated osteoclasts
create resorption lacunae typically described for mammalian oste-
oclasts later in life.(6) Similar to mammals, both types of osteoclasts
express tartrate-resistant acid phosphatase (TRAP).(6,86)

Concepts of bone modeling and remodeling described for
mammalian bone can also be applied to zebrafish. While bone
modeling is defined as the process of adapting bone shape by
bone formation and resorption in response to increased or reduced
loading at different surfaces, remodeling is carried out in the same
location to maintain bone matrix quality and to repair micro-
cracks.(56) Remodeling, which involves the orchestration of both
osteoclasts and osteoblasts by mechanosensitive osteocytes to
renew bone and repair microcracks, is less pronounced in zebra-
fish. Osteons are essentially not present. Yet remodeling processes
in zebrafish are suggested to occur site-dependently and to be
linked to the demand of lifelong growth.(6)

Zebrafish bone, in contrast to bone of the medaka fish (Oryzias
latipes, another teleost), is generally osteocytic, although the vertebral
bonesdonot containosteocytes in early juvenile stages and thebony
fin rays and scales remain anosteocytic throughout life.(87) Although
mammalian osteocytes are themain orchestrator of remodeling, only
a few studies have focused on the mechanosensing capabilities of
the osteocyte lacunar network and dendrite characteristics in zebra-
fish. There is, however, evidence for a relationship between the mor-
phology of the osteocyte network and bone formation in a zebrafish
OI model, in which altered bone formation is associated with drasti-
cally reduced numbers of osteocyte lacunae.(58) This information illus-
trates some important differences but also many commonalities
between zebrafish and mammalian bone biology (Table 1).

Bone Matrix and Mineralization in Zebrafish

Vertebrate bone is composed of a soft matrix containing mainly
collagen I and noncollagenous proteins and hardens by

incorporation of carbonated bone apatite. Although the degree
of mineralization varies among vertebrate species, the basic
macromolecular and elemental composition of bone matrix is
conserved between mammals and zebrafish. The presence of
phosphate, carbonate, amide I and III, proline, hydroxyproline,
and phenylalanine in zebrafish bone has been demonstrated
with vibrational spectroscopy.(58,88–91) These analyses have
shown the typical fingerprints of collagenousmatrixwith embedded
carbonated bone apatite. In growing fin bone, amorphous calcium
phosphate is suggested to transform into more crystalline mineral
during tissue maturation.(88) In addition to calcium (Ca) and phos-
phorous (P), magnesium is one of themainminerals stored in zebra-
fish bone.(92) Moreover, trace elements including strontium and zinc
are involved in bone formation, similar to the mammalian situation.
In particular, these elements have been detected in scales(93) and
vertebral bone matrix(94) using X-ray fluorescence microscopy and
energy dispersive X-ray spectroscopy, respectively.

Clearly, some differences apply in terms of mineral metabo-
lism between teleosts and terrestrial mammals. In contrast to tet-
rapods, which depend on both dietary P and Ca intake for
maintaining the Ca-P–based bone matrix, zebrafish live in a
Ca-rich environment and absorb Ca through their gills. However,
dietary P intake is required, and reducing the P levels either
through genetic manipulation or through a reduced diet leads
to nonmineralizing matrix.(95,96)

As inmammals, the composition and organization of the bone
matrix is crucial to providing fracture resistance in zebrafish. Spe-
cifically, the sum of collagen-related and mineral-related struc-
tural properties (collagen alignment, enzymatic and
nonenzymatic crosslinking, size and orientation of mineral parti-
cles) and compositional properties (carbonate-to-phosphate
ratio), as well as the degree of mineralization in terms of overall
bone mineral density (BMD) or local Ca content and distribution,
determine the mechanical properties at the tissue level. This
translates into fracture risk at the whole bone level.(58,94) Several
techniques have been adapted from mammalian bone analyses
to determine the degree of mineralization in micrometer-sized
zebrafish bone (Table 1). μCT based on calibration with hydroxy-
apatite phantoms has been used to assess BMD in the spine of
zebrafish.(25) Indeed, variations in BMD due tomutations support
the presence of similar mineralization pathways in zebrafish and
mammalian models. The macromolecular composition of patho-
logic bone matrix in zebrafish carrying mutations in col1a1 has
been analyzed by vibrational spectroscopy and demonstrated
alterations in the mineral-to-matrix and carbonate-to-phosphate
ratios.(58) Moreover, remineralization in regenerating zebrafish
fin bones after amputation can be monitored using vibrational
spectroscopy, allowing the comparison of new bone quality with
the quality of native bone (Fig. 2A). Another indicator for a well-
mineralized bonematrix is the Ca content and the distribution of
Ca within the bone matrix. These parameters are commonly
assessed in rodents and human biopsies using two-dimensional
(2D) quantitative-backscattered electron microscopy (qBEI)(97)

(Fig. 2B). More recently, qBEI has also been adapted to zebrafish
vertebral bone, in which an increase in mean Ca content by�8%
has been linked to increased musculoskeletal activity.(56)

Increased mineralization may lead to increased bone fracture
resistance.(98,99) Although whole-bone mechanical testing of
zebrafish bones, eg, of individual vertebrae, is challenging
(though possible)(12) due to their small size (VBL = 500 μm),
nanoindentation techniques are valuable tools to assess
mechanical properties of zebrafish vertebral bone at the tissue
level. As an example, rising Ca/P ratios have been associated with
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an increase in elastic modulus in zebrafish vertebral bone during
aging.(94) However, the opposite effect can be observed as well.
In case of disturbed collagen and consecutive mineral particle
deposition (eg, in chihuahua,(58) liliput,(91) and stöpsel(100) zebra-
fish mutants), the elastic modulus of vertebral bone is reduced
despite a higher degree of mineralization, stressing the impor-
tance of well-organized matrix mineralization to withstand frac-
ture. Notably, zebrafish bone matrix elastic modulus values lie
in a similar range as in mammals (up to 24 GPa),(101) highlighting
the similarities in bone matrix composition and mechanical
properties between both. This substantiates the use of zebrafish
as amodel to study the effects of genetic alterations and external
stimuli on bone matrix quality.

Problems in matrix mineralization such as those present in
phosphate homeostasis disorders have been phenocopied in
zebrafish. Phosphate is an essential mineral for hydroxyapatite
formation in bone,(102) and its lack (hypophosphatemia) is pro-
voked in mutants, in which essential genes for phosphate regu-
lation are altered. The no bone (nob) mutant, in which the gene
ectonucleoside triphosphate diphosphohydrolase 5 (entpd5) is
affected, forms nomineralized bone at all.(103) In anothermutant,
dragonfish (dgf ), the gene ectonucleotide pyrophosphatase/phos-
phodiesterase 1 (enpp1) is mutated, leading to reduced pyrophos-
phate levels and ectopic mineralization of the axial and
craniofacial skeleton.(103) The dgf mutant shows altered expres-
sion of genes related to phosphate homeostasis and bone min-
eralization, such as fgf23, solute carrier family 34 member 1a
(slc34a1a, also known as npt2a), entpd5, and secreted phospho-
protein 1 (spp1), and can thus also be used to model generalized
arterial calcification of infancy (GACI) and pseudoxanthoma elas-
ticum (PXE).(104) Restored skeletal mineralization is observed in
double mutant nob/dgf zebrafish, indicating a reciprocal regula-
tion of Entpd5 and Enpp1.(104) This illustrates the usefulness of
zebrafish mutant analyses and state-of-the-art technology to
understand mineralization defects in vertebrates.

Response of the Zebrafish Skeleton to Loading

Although loading of the zebrafish skeleton differs from that of
terrestrial animals, due to the supportive buoyancy of water,
the skeleton does respond to mechanical loading (Table 1). This
comes from the action of muscle contraction on the skeleton,
and reaction forces from swimming through a viscous medium.

During early fetal life all vertebrates develop in an aqueous
environment, whether in utero, in ovo, or in water (Table 1). Dur-
ing this time, biomechanical stimuli acting on the developing
skeleton are caused by the action of muscle on skeletal tis-
sues.(105) It has been demonstrated in mice, chicks, and humans
that restriction of fetal movement leads to alteredmineralization
and to failure of joint and eminence morphogenesis.(106–108) In
zebrafish, genetically or pharmacologically induced paralysis
leads to altered chondrocyte maturation(109) and abnormal joint
morphogenesis through changes in chondrocyte proliferation
and migration.(110,111) Finite element (FE) modeling of the larval
jaw, in which the structure is subdivided into smaller and simpler
entities, allows modeling of the loading effects on tissue defor-
mation, and has demonstrated that altered joint shape impacts
the pattern of biomechanical strain.(112,113) It is well established
that biomechanical loading of the joint is a key risk factor for
osteoarthritis. Moreover, mutants such as col11a2 and prg4 exhi-
biting altered joint shape go on to develop osteoarthritis in these
joints.(50,113,114) Given the recent identification of loci associated

both with osteoarthritis and altered joint shape in presympto-
matic humans(115,116) and the need for functional screening plat-
forms, this raises the prospect of using zebrafish to screen for
osteoarthritis susceptibility genes implicated in joint develop-
ment and maintenance (Fig. 4).

Mineralization of the vertebral column and fins of zebrafish
occurs much later than the onset of locomotion, with first miner-
alization of vertebral centra observed at around 7 dpf
(SL = 3.8 mm), and vertebral arches and fin rays at around day
14 (SL = 5–6 mm).(52,117) Vertebral bone formation can be trig-
gered by increased physiological musculoskeletal loading in
adult zebrafish, demonstrating that zebrafish bone is susceptible
to positive bone modeling according to Wolf’s law.(56) Zebrafish
subjected to swim training for 9 hours a day from 5 to 14 dpf
exhibit premature ossification of fin and vertebral column
bone.(118) In terrestrial species osteocytes function as mechano-
sensors, directing the remodeling activity of osteoblasts and
osteoclasts, through the regulation of the glycoprotein Sclerostin
(SOST).(119) However, anosteocytic fish also model bone in
response to load.(120) Swim training of osteocytic zebrafish and
anosteocytic medaka led to strikingly similar patterns of new
bone formation in both species, mediated by sost expression
by chondrocytes and osteoblasts in regions of high strain mod-
eled by FE on individual vertebrae.(121) Interestingly, zebrafish
vertebral motion analysis together with FE predict patterns of
bone failure during loading,(12) which could be used to test bone
performance in mutants.

Gravity plays an important role in the loading of the skeleton
of terrestrial animals, and prolonged exposure to microgravity
(weightlessness or gravity close to zero) leads to decreased bone
density in humans.(122) Perhaps surprisingly, gravity also impacts
the skeleton of teleost fish. Several studies onmedaka have been
performed using an aquatic habitat on the International Space
Station (ISS). These have demonstrated that medaka lose bone
density following exposure to microgravity, show transcriptional
changes to skeletal genes(123) and increased osteoclast activ-
ity.(124) Although zebrafish have not been reared on the ISS, they
have been exposed to increased gravitational forces (hypergrav-
ity). Exposure to 3g to 9g during zebrafish larval development led
to altered chondrocyte maturation(125) and changes to minerali-
zation and the transcription of skeletal genes.(126) These studies
illustrate the versatility of zebrafish models to study loading
effects on bone.

OI and Osteopetrosis

The use of genetic tools, bone imaging, and pharmacological
treatments in zebrafish models has increased our understanding
of the pathophysiology of congenital skeletal diseases, and has
been reviewed in detail.(39) OI is the term given to a collection
of rare genetic bone collagenopathies, which are characterized
by suboptimal skeletal development, aberrant bone architec-
ture, and high fracture incidence.(127) There are multiple sub-
types of OI, with varying degrees of severity; type I OI is the
mildest form, which is underpinned by reduced production of
normal type 1 collagen, whereas other types are the result of
mutations which alter the molecular structure of type 1 colla-
gen.(128) The majority of OI cases result from mutations in
COL1A1/A2. The chihuahua zebrafish mutant, identified through
forward genetic screening, was the first of several lines to accu-
rately model OI in zebrafish.(45,129) Heterozygous chihuahua zeb-
rafish possess a dominant mutation in col1a1, resulting in gross
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skeletal deformities and molecular abnormalities in bone miner-
alization OI.(58,130) Some rarer forms of OI arise frommutations in
collagen-processing genes such as BMP1, PLOD2, CRTAP, and
P3H1,(131–136) or osteoblast-related genes such as SP7,(137,138)

for which there are stable zebrafish mutant lines.(139–142)

Although there is no cure for OI, many patients are administered
antiresorptive bisphosphonate drugs to increase BMD. Zebrafish

have been used to explore the role of bisphosphonates on bone
in OI. For example, sustained treatment of the frilly fins (bmp1a)
mutant with alendronate reduced the frequency of fractures in
caudal lepidotrichia but could not rescue defects in fracture
repair post injury.(143)

At the opposite end of the spectrum, genes associated with
high bone mass (osteopetrosis) have been modeled in
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zebrafish. The panther (csf1ra) mutant zebrafish line exhibits
low levels of osteoclast activity and osteopetrosis, due to the
lack of colony stimulating factor 1 receptor a, which promotes
the differentiation of myeloid lineage cells.(144,145) Studies of
the panther zebrafish line have helped to demonstrate the
need for effective intercellular signaling by osteoblasts and
osteoclasts throughout skeletal development and for maintain-
ing bone architecture.(143,144,146) More recently, integrative
studies have used pedigree analyses to identify rare mutations
in high bone mass genes such as CLCN7 and SMAD9, followed
by functional validation in zebrafish.(11,147,148) Collectively,
these studies have implicated the CIC-7/CTSK/TGF-β/SMAD
(CHLORIDE ION CHANNEL 7/CATHEPSIN K/TRANSFORMING
GROWTH FACTOR β/SMAD) signaling axis in osteopetrosis.

Human epidemiological analyses and genomewide associa-
tion studies (GWAS) continue to rapidly identify new loci associ-
ated with skeletal health (Fig. 4A),(149,150) yet these gene
candidates require functional validation. In order to keep up with
this pace, follow-up studies using zebrafish have evolved away
from traditional forward genetic screening methods and toward
modern genome editing tools such as CRISPR-Cas9 (Fig. 4B).(151)

Emerging phenomics-based deletion approaches in mosaic zeb-
rafish (crispants) now present an efficientmodel for the rapid val-
idation of novel GWAS-derived genes related to bone
disease(29,40) (Fig. 4B, C, Table 1). In many cases generating
knockouts by the creation of indels with CRISPR-Cas9 can be
informative, providing information on the nature of the putative
associated genes and the likelihood that they are indeed causal.
A potential limitation is reached when knock-in of the specific
genetic change(s) identified in humans is required, because
gene editing using homologous recombination or base editing,
while possible,(152–154) is less efficient than the generation of
frameshift alleles through non-homologous end joining.
Although stable mutant line generation by CRISPR-Cas9
knockin(36,37) will be the gold standard to prove altered function
of a gene due to a point mutation, mosaic deletion in crispants
will be one of the ways to deal with the rich information obtained
from GWAS.

The Regenerative Capacity of the Zebrafish
Skeleton

Zebrafish regenerate various organs such as the retina, brain,
heart, and pancreas, which has promoted the use of zebrafish
as a regeneration model.(155) In teleosts and mammals, deriva-
tives of dermal skeletal tissue are represented in terms of teeth,
whereas endoskeletal tissue is represented in terms of bone
and cartilage. In contrast to mammals, however, the dermal skel-
eton of zebrafish also encompasses fin rays and scales, which
have the capability to regenerate throughout life(87) (Table 1).
The presence of such tissues facilitates the study of skeletal fea-
tures that do not exist in humans, including continuous tooth
replacement,(156,157) and regeneration of scales(158,159) and
fins.(15) Moreover, calvaria and jaw bone regenerate in zebrafish
(Fig. 5A-E, Table 2).

Zebrafish fins quickly and completely regenerate after pro-
found amputation, a process which is regulated by various inter-
cellular signaling pathway events.(173) In fact, regenerated fins
are nearly indistinguishable from uninjured fins, as long as the
endoskeletal elements (eg, hypurals) are retained during the
amputation procedure.(5,174–176) Notably, regenerative capacity
of the caudal fin is not altered even after repeated

amputations.(177) The skeleton of the nonmuscular part of the
caudal fin, predominantly used for regeneration studies because
of its accessibility, is of dermal origin. The most prominent fea-
ture of this part is the presence of segmented bony fin rays (lepi-
dotrichia), arranged in two concave hemirays. Bony fin rays
contain lose mesenchyme (intra-ray fibroblasts), arteries and
nerves and are covered by a sheet of osteoblasts and overlaying
epidermis. Inter-ray mesenchyme connects individual bony fin
rays to each other.

Control over lepidotrichia segment length and joint forma-
tion, which significantly differs from endoskeletal joint forma-
tion, is crucial in regulating fin growth and regeneration.
Although gdf5, an endoskeletal joint marker, is not expressed
in lepidotrichia segment joints,(178–180) distinct lepidotrichial
joint markers such as evx1 and the gap junction gene cx43 have
been identified.(180,181) Notably, joint formation and segment
length are regulated independently during growth of the
fin.(182) Mutation of cx43 leads to the sof (short fin) phenotype
resulting from shorter fin ray segments due to an increased rate
of joint formation.(182,183) In contrast, longer fins in long fin (lof )
and rapunzelmutants display normal-length segments, but more
in number.(182,184) In another long fin (alf ) mutants with altered
potassium channel function fins are longer and segment length
is variable.(185) These phenotypes are reestablished during
regeneration after fin amputation. We direct the interested
reader to excellent expert reviews on this topic.(41,186)

Regeneration occurs in a series of events. After amputation,
epithelial cells at the wound site migrate to form a multilayered
epithelium termed the wound epidermis.(187) Subsequently,
mesenchymal cells from the stump migrate distally and prolifer-
ate to form the blastema,(188) which is a mass of cells restoring
the missing structures. The blastema matures and subdivides
into a distal signaling center (the most distal blastema),(189,190)

and a more proximal, highly proliferative growth and patterning
zone.(191) When blastemal organization is complete, regenera-
tive outgrowth proceeds for approximately 2 weeks at high
speed by coordinated cell proliferation and differentiation along
the proximodistal axis, and is followed by slower growth until
completion after 3 to 4 weeks post amputation depending on
the amputation level.(192,193)

The bony fin rays are the stabilizing elements of the fins and
much progress has recently been made in describing their
regeneration. During blastema formation, mature osteoblasts
lining the inner and outer surface of the stump hemirays dedif-
ferentiate by losing bglap (osteocalcin) and sp7 (osterix) expres-
sion, a process that is regulated by RA and NF-κB
signaling.(194,195) They migrate distally to form part of the blas-
tema, where they then upregulate the immature osteoblast
marker runx2. This is followed by redifferentiation in a proximal
to distal sequence (most mature at proximal position: osterix/
osteocalcin/spp1 expression, followed by runx2/osterix expres-
sion, and runx2most distally).(15,196) Lineage restriction of osteo-
blasts has been demonstrated during the regeneration
process,(15,166,167) much like for other cell types of the blas-
tema.(197) Notably, mature stump osteoblasts are not the only
source of osteoblasts in regeneration, and several other cell
populations contribute to regenerated bone in zebrafish(168,169)

and medaka.(198) Thus, bone regeneration in teleost fin rays is
highly plastic.(41)

Human bone traumata rarely include profound tissue
removal, but often present as fractures or tissue necroses. In
addition to a cryoinjury model, in which necrotic bone fragments
get displaced from the wound margin,(199) bony fin ray fractures
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are increasingly used to elucidate mechanisms of vertebrate
bone repair (Table 1). To date, two main fin fracture models have
been described: a crush injury model that affects several bony fin
rays(13) and a milder fracture model which only affects a single
bony fin ray in usually one hemiray segment(14,200) (Fig. 5E).
Although there are differences between these two models, frac-
ture repair in both involves a thickening of the tissue surround-
ing the lesion, reminiscent of the callus formed during
mammalian fracture repair (Fig. 5E, Table 2). The molecular
mechanisms and cellular dynamics underlying zebrafish fracture
repair and fin regeneration are surprisingly similar. For example,
dedifferentiation, migration and redifferentiation of osteoblasts

also occur during zebrafish fracture healing.(13,14) Thus, it
remains to be investigated which events truly distinguish fin
fracture healing from fin regeneration after amputation. One
important difference between mammalian and zebrafish frac-
ture healing, however, concerns the contribution of osteoblast
precursors from the BM. These BM-derived stromal cells take part
in mammalian long-bone fracture repair,(201) but are absent in
zebrafish, which lack BM proper. In contrast, osteoblast dediffer-
entiation has not been described in mammals(202) with the
exception of digit tip regeneration during which bone cells
acquire a blastemal state to regenerate the tissue,(16,17) and in
bone explants.(203) Future work needs to evaluate the relevance

Fig 5. Models of bone repair and regeneration in adult zebrafish. (A) During skull trepanation, a microdrill is used to destroy bone from the os frontale,
which regenerates within 7 to 14 days. (B) Two models of lower jaw resection can be performed: proximal, where both cartilage and bone are removed
posterior to the synovial joint using surgical scissors (dotted line), and distal, where only the most anterior part of the bone is removed. Regeneration post
resection takes upwards of 35 days and leads to ectopic bone formation in the regenerate. (C) Scale plucking with forceps is a simple method for studying
bone regeneration in vivo. Scales can be cultured ex vivo and bone regeneration easily studied dynamically in vivo due to the superficial nature of the
injury. (D) Due to its accessibility and the presence of lepidotrichia (bony fin rays), the caudal fin is an excellent model for studying bone regeneration
and repair. Epimorphic fin regeneration after amputation requires 3 to 4 weeks until completion. (E) Fin ray fractures are bridged in 10 to 14 days and
result in a bone callus, which is then remodeled. Two fin ray fracture models are available: in the crush-fracture model (top), forceps are used to introduce
fractures along the entire width of the fin. In the single-fracturemodel, either a syringe needle or blunt glass capillary tube is used to press on an individual
bone segment, introducing a single fracture in one or both hemirays. F = os frontale; N = os nasale; P = os parietale; Pmx = os praemaxillare; Soc = os
supraoccipitale.
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of osteoblast dedifferentiation for mammalian fracture repair
and bone homeostasis.

In bothmammals and in zebrafish, skull injuries (trepanations)
are repaired by intramembranous ossification without callus for-
mation (Table 2).(170) In zebrafish, trepanations have been per-
formed by drilling a hole in the os frontale and/or os
parietale(14,200) (Fig. 5A). As with fin injury paradigms, trepana-
tion of zebrafish calvariae induces mature osteoblasts to
dedifferentiate,(14) a mechanism that has not been tested for in
mammalian skull injury models (Table 2). In contrast, calvarial
bone healing in mammals might be mediated by stem cells at
the sutures.(172)

Zebrafish bones have some special gene expression features
best exemplified by reference to jaw regeneration, which pro-
duces a hybrid cartilage-bone cell type. This cell type first pro-
duces cartilage and later switches to bone matrix
mineralization.(160) Interestingly, hypertrophic chondrocytes
give rise to osteoblasts in developing zebrafish ceratohyal
bone,(204) a phenomenon also observed in mammalian mandib-
ular condyle(205) and long-bone development.(206,207) Besides
this peculiarity, zebrafish jaw regeneration occurs by formation
of a transient cartilage callus and involves a periosteal origin of
bone-forming cells, similar to what has been reported in mam-
malian fracture repair.(160–162) Surgical removal of jaw tissue in
zebrafish, however, leads to wound epidermis and blastema
formation,(160,162,163) as well as activation of signaling cascades
known from appendage regeneration in zebrafish and other
nonmammalian vertebrates.(208,209) Although jaw regeneration
in zebrafish bridges wide skeletal gaps, it may result in a mal-
formed shape with ectopic ossification of cartilage in the man-
dibular symphysis (Fig. 5B).(162,163) Unlike other bone
regeneration models in zebrafish, jaw regeneration involves cal-
lus formation and progenitor sources equivalent to bone healing
in nonregenerative species. In humans, jaw regeneration is lim-
ited andmethods for repairing themissing jaw tissue include dis-
traction of the remaining mandibular bone or the use of
implants, tissue transplants or, more recently, stem cells,
although these therapies are not completely successful.(210)

Hence, investigating differences between appendage and jaw
regeneration in different species could lead to novel approaches
for regenerative therapy in humans.

Another teleost bone structure with high regenerative capac-
ity is the elasmoid scale, a dermal bone embedded in the skin
(Fig. 5C). The scale is covered by osteoblasts on both sides and
osteoclasts along mineral grooves (radii).(211) As for appendages,
the first stage of regeneration is wound reepithelialization.(164)

Rapid reconstruction of the scale occurs by proliferation of a pool
of de novo osteoblasts, shape changes, and cell death, resulting
in three spatially distinct osteoblast populations.(23,165) Osteo-
blasts then deposit collagen fibrils, and mineralization of the
scale proceeds. Osteoclasts remodel the scale to its final
shape.(31,164,165,211)

Zebrafish have a high capacity to regenerate different skeletal
tissues, and plasticity of bone forming cells may be the key to
maintaining this ability. Understanding and identifying con-
served regenerative mechanism in vertebrates that potentially
have been lost in mammals will be important to modulate
human bone regeneration in a clinical setting in the future.

Modeling Hormonal Bone Disorders in Zebrafish
Fins and Scales

Metabolic and hormonal problems cause a wide range of human
disorders that frequently involve bone.(212) Several related bone
disease models, eg, mimicking osteoporosis-like phenotypes,
have been developed in zebrafish,(213) often by using unique
anatomical bone structures such as exoskeletal zebrafish fin rays
or scales.(214)

Zebrafish have been increasingly used to study the adverse
effects of glucocorticoids (GCs), which cause GC-induced osteo-
porosis (GIO) in patients undergoing immunosuppressive treat-
ment, on bone (Table 3). GC are mainly produced in the
zebrafish interrenal gland within the head kidney,(228) the equiv-
alent of the adrenal cortex in mammals.(229) Like humans,(230)

zebrafish have two GC receptor (GR) isoforms (gene nr3c1,
nuclear receptor subfamily 3 group C member 1), GRα and GRβ,
which are nuclear hormone receptors, with a similar effective
GRα/GRβ ratio and predominantly nuclear localization.(231,232) In
contrast to humans, the zebrafish GRβ does not function as a
dominant negative inhibitor of the GRα isoform and is not tran-
scriptionally active.(233,234) Furthermore, zebrafish lack a direct
homologue of Hydroxysteroid 11-beta dehydrogenase 1 (11β-
HSD1)(235) and therefore do not reduce 11-ketosteroid, which
means that they are not able to activate GC from inactive precur-
sors and thus exhibit a limited tissue-specific action.(236) How-
ever, stress axis signaling is otherwise conserved in
zebrafish.(237) Importantly, zebrafish react to stress by produc-
ing the corticosteroid cortisol, like humans, whereas rodent
species rely on corticosterone production upon stress.(238,239)

Moreover, active forms of GC can be used to circumvent the

Table 2. Overview on Zebrafish Bone Injury Paradigms and Mechanisms of Bone Restoration

Osteoblast progenitor source

Bone injury Ossification Callus formation De novo Dedifferentiation-redifferentiation (in vivo) References

Zebrafish
Skull Intramembranous No ? Yes (14)

Jaw Intramembranous Yes Yes ? (yes) (160–163)

Scale Intramembranous No Yes ? (23,164,165)

Fin amputation Intramembranous No Yes Yes (15,166–169)

Fin fracture Intramembranous Yes ? Yes (13,14)

Mammals
Tibia Endochondral Yes Yes ? (161,170)

Femur Endochondral Yes Yes ? (171)

Skull Intramembranous No Yes ? (170,172)
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lack of 11β-HSD1, which is why GC effects on bone can be well
studied in zebrafish.(237)

In vivo manipulation of GR signaling is technologically
advanced in zebrafish models, and a variety of zebrafish mutants
and transgenic reporter lines have been generated to analyze GR
signaling activity and GC resistance (Table 4). Several GRmutants
exist today, such as the hypomorph grs357(244) and the null
mutant nr3c1ia30/ia30.(245) Remarkably, zebrafish null mutant lar-
vae have increased levels of whole-body cortisol, but neverthe-
less show relatively normal morphology and are viable through
adulthood, in contrast to mice.(245) A variety of transgenic zebra-
fish reporter lines, such as the Tg(6xGRE:EGFP,myl7:TagBFP) line,
also known as SR4G,(240) the Tg(GRE:Luciferase) line, which is
used in a specially developed “glucocorticoid responsive
in vivo zebrafish luciferase activity” (GRIZLY) assay,(242) and the
Tg(9xGCRE-HSV.Ul23:EGFP) line(241) are useful to monitor GR
activity across zebrafish tissues in vivo. GC resistance can be visu-
alized with the help of the Tg(pomc:GFP) line, in which the reac-
tion to GC treatment can be monitored via the decrease of pomc

expression in the pituitary gland. A forward-genetic screen
enabled the identification of GC-resistant zebrafish mutants,
such as loopless (lpl), lacking pomc suppression.(243) Notably,
ubiquitous GR knockout in zebrafish leads to increased muscle
mass,(247) which could mechanically impact bone, too. Zebrafish
can also be utilized to investigate the function of the mineralo-
corticoid receptor (MR) that is evolutionarily linked and coop-
erating with the GR.(248) Recently, studies on the MR and GR
showed that both receptors differentially regulate transcription,
protein deposition, and proteolysis during larval development
and that their combined activation is responsible for growth
suppression.(249)

The mentioned tools can be used to model the effects of
excess GC on bone. In embryos and larvae, models mimicking
impaired bone formation as observed during GIO were estab-
lished by using prednisolone(219–221) and
dexamethasone.(215–217) Inhibited bone formation and minerali-
zation linked to reduced expression of osteoblast-specific
genes(215–217,219,220) and increased osteoclast activity(217,221)

Table 4. Tools to Study GR Signaling and GC Resistance in Zebrafish

Tool Use/details Reference

Reporter lines
Tg(6xGRE:EGFP,myl7:TagBFP)mn48 Monitors GR activity, high-resolutionmodel for physiological and stressed conditions (240)

Tg(9xGCRE-HSV.Ul23:EGFP)ia20 Monitors GR activity, high responsiveness to GC treatment, endogenous stimuli, and
molecular manipulation

(241)

Tg(GRE:Luciferase)sb6 Monitors GR activity, can be monitored in a specially developed GRIZLY assay (242)

Tg(pomc:GFP)zf44 Monitors the reaction to GC treatment via pomc expression; visualization of GC
resistance

(243)

Mutants
grs357 Hypomorph GR mutant (244)

nr3c1ia30/ia30, nr3c1ca402/ca402 GR null mutants, hypercortisolemic, failing cortisol stress response (245,246)

loopless lplhu6377 GC resistant, lack pomc expression (243)

nr3c2ca402/ca402 MR null mutant, delayed and dysregulated cortisol response (246)

GRIZLY = glucocorticoid-responsive in vivo zebrafish luciferase activity.

Table 3. Overview on Bone Inhibitory Effects of Excess GC Levels in Zebrafish

Zebrafish model
Compound

screen possible? GC Effect Reference

Development + Dexamethasone Inhibition of bone formation, downregulation of
osteoblast-specific genes, reduced mineralized
matrix in skull

(215–218)

Prednisolone Delayed and reduced mineralization, enriched NF-
κB and focal adhesion signaling pathway,
increased osteoclast activity

(219–222)

Fin fold regeneration + Beclomethasone Inhibited regeneration, less proliferating cells,
inhibition of neutrophil migration

(223,224)

Beclomethasone diproprionate Inhibited regeneration, mis-expression of cripto-1 (225)

Scales + Dexamethasone Decreased size and circularity in regenerating
scales, suppressed osteoclast activity

(226)

Prednisolone Enhanced matrix breakdown, increased osteoclast
activation

(159,227)

Adult fin regeneration – Prednisolone Regenerates remain shorter, osteoblast
proliferation and differentiation reduced, no
increased osteoclast activity

(219)

Beclomethasone Transient activation of GR is sufficient to inhibit
regeneration

(223)

Skull regeneration – Prednisolone Complete, but slow regeneration (219)
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were the most prominent effects observed. In 2-week-old,
prednisolone-treated zebrafish, mRNA levels of osterix (sp7),
osteocalcin (bglap), and entpd5 were clearly reduced, whereas
some matrix metalloproteases were induced.(222) Excess GC
levels have anti-regenerative effects in zebrafish. Larval fin fold
regeneration was inhibited after prednisolone(223) and beclo-
methasone dipropionate treatment, a process that was mediated
by cripto-1, a Nodal signaling co-factor and Activin-signaling antag-
onist.(225) Larval fin fold regeneration was not inhibited with the
selective GR agonist ginsenoside Rg1.(250) In adults, prednisolone
treatment caused poor scale regeneration resulting fromenhanced
matrix breakdown due to increased osteoclast activity,(159,227) and
impaired fin regeneration,(219) also due to alterations in vesicular
transport mechanisms.(251) Studies with beclomethasone suggest
that a temporary activation of the GR during blastema formation
is sufficient to block regeneration.(223) Notably, antiosteoclasto-
genic effects were observed in fin regeneration and fin ray fracture
healing following prednisolone treatment in zebrafish (Geurtzen
and colleagues(219) and personal observations) and medaka.(252)

Vertebral bone volume and skull regeneration after trepanation
were remarkably unaffected by prednisolone treatment.(219)

Zebrafish are known for their use in drug screening
approaches. High-throughput screens on larvae to identify anti-
osteoporotic compounds have identified compounds such as
RU486(220) and tanshinol.(215) Another antiosteoporotic drug,
the flavonoid icariin, which protects against Rankl-induced bone
resorption, was identified in medaka embryos.(253)

Zebrafish scales are a useful tool for drug screening purposes
and in vivo imaging.(23,31) Scales are small and abundant, have
transparent anatomical structures and can be cultured for up
to 72 hours(31) (Table 1). Transgenic reporter lines labeling oste-
oblasts are useful in this context.(23,254) In terms of GC-related
research, the scale model confirmed the bone protective func-
tion of the bisphosphonate alendronate(227) and the vitamin D
(vitD) homologue alfacalcidol.(226) The scale model also holds
promise to further elucidate close interactions of bone resident
cells. Fractured zebrafish scales revealed a previously unrecog-
nized cellular mechanism of osteoblast–osteoclast communica-
tion via osteoblast-derived extracellular vesicles promoting
osteoclast differentiation.(255)

Low bone quality and increased fracture risk are a frequent con-
sequence of diabetes mellitus.(256) Both type I and type II diabetes
mellitus have been modeled in zebrafish. Type I diabetic zebrafish,
which were injected with the diabetogenic drug streptozocin, kill-
ing pancreatic beta-cells, showed impaired fin regeneration due
to decreased proliferative potential in the regenerate.(257) In type
II diabetic zebrafish, which were incubated in high glucose, scales
showed an imbalance in bone metabolism inducing an
osteoporosis-like phenotype.(258) Moreover, scale assays revealed
that the antioxidant liquiritigenin counteracts osteoporotic compli-
cations in hyperglycemic fish.(259) It will be interesting to investi-
gate bone quality of other bones in diabetic zebrafish, such as
the vertebrae and skull, and to characterize fracture repair in one
of the available fracture models in the future.

As in mammals, vitD is suggested to play a role in increasing
the available plasma phosphate in fish.(260) Overexpression of
hand2, which stimulates vitD inactivation, led to altered regener-
ation of bones in the zebrafish pectoral fin, which could be par-
tially rescued by administration of vitD.(261) Likewise, vitD
receptor inhibition suppressed fin regeneration, whereas vitD
analogue treatment promoted fin regeneration.(262) In vivo com-
pound screening with larval zebrafish revealed dose-dependent
increases in the formation of mineralized bone following vitD

and calcitriol administration.(263,264) Furthermore, diabetic zebra-
fish treated with paricalcitol, a vitD analog, showed improved
bone regeneration and mineralization due to enhanced osteo-
blast differentiation and insulin expression.(265) These studies
confirmed the importance of vitD for bone health in zebrafish.
Altogether, the described work strengthened the importance
of zebrafish for studying hormonal and metabolic bone disor-
ders in nonmammalian species.

Larval Models to Study Bone Metastasis

Zebrafish are increasingly used to study bone disease related to
secondary tumor formation. Bone metastases are common in
cancer patients and associated with a poor prognosis. The com-
position of bone extracellular matrix with its embedded cells,
growth factors, and chemokines makes it an attractive site for
cancer cell homing.(266–270) Crosstalk between bone and cancer
cells leads to an imbalance between osteoblast-mediated bone
formation and osteoclast-mediated bone resorption resulting
in dysregulated bone remodeling (reviewed in Guise(271)). Such
interactions can promote bone metastasis formation.(272,273)

Notably, although osteoblasts and osteoclasts have been
shown to impact bone metastasis, many studies demonstrate
that the mammalian BM is a particularly favorable environment
for tumor cells (reviewed eg, in Schmid-Alliana and col-
leagues(274)). BM is not amineralized tissue, but is of special inter-
est to clinicians seeing cancer patients developing bone
metastasis. In zebrafish larvae, bone formation and hematopoie-
sis take place in separate locations, which allows scientists to
reveal the distinct roles of bone mineral and BM-like attractants
for cancer cells. Mammalian BM expresses cancer cell attractants
which is also true for the zebrafish caudal hematopoietic tissue
(CHT) (Fig. 6). The cytoarchitecture and processes observed in
the CHT resemble those of mammalian BM (Fig. 6A,B), which is
why the CHT is often referred to as a BM-like niche. In zebrafish
larvae, blood formation takes place in this vascular plexus in
the ventral tail region of the growing zebrafish (Fig. 6A).(19)

Experimentally, it has been observed that some cancer cells
home to the CHT leaving the circulation.(275–277) This, together
with the fact that cancer cells can be injected easily into zebrafish
embryos and larvae, led to the establishment of zebrafish xeno-
grafts to study bone metastasis formation.

The CHT contains different cell types, including endothelial,
lymphoid, myeloid, and mesenchymal stromal cells (MSCs)
(Fig. 6A). Hematopoietic stem cells (HSCs) migrate to the zebra-
fish CHT niche in response to increased chemokine (C-X-C) motif
ligand 12a (cxcl12a) expressed by MSCs.(278) Although the
CXCL12/CXCR4 (C-X-C Motif Chemokine Receptor 4) axis was
already shown to exert an important role in cancer-endothelial
cell adhesion,(279) invasive activity modulation,(280) and cancer
cell proliferation(281) in mice, a growing number of zebrafish
studies highlight the contribution of this signaling pathway to
metastasis formation.(282–284) The CHT also expresses gata2B,
the orthologue of Gata2(285) that regulates HSC maintenance
within the BM(286) and is associated with distant metastatic pro-
gression of prostate cancer.(287)

The CHT is highly vascularized and its endothelial cells can
form a stem cell pocket to sustain HSCs.(288) Endothelial cells in
the CHT express transcription factor EC (tfec),(289) kit ligand b
(kitlgb),(289,290) oncostatin M (osm),(290) kruppel-like factor 6a
(klf6a), C-C motif chemokine ligand 25b (ccl25b),(291) chemokine
(C-X-C motif) receptor 1 (cxcr1), and chemokine (C-X-C motif)
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ligand 8a (cxcl8a)(278) (Fig. 6A), which are responsible for HSC col-
onization and whose orthologues are partially expressed in BM
and might contribute to metastasis formation.(292–298)

Myeloid cells (neutrophils and macrophages), whose involve-
ment in bone metastasis has been established in murine
models,(298,299) populate the CHT. In zebrafish, myeloid cell
depletion results in breast cancer cell invasion in the proximity
of the CHT.(284)

To inducemetastasis in zebrafish, a variety of methods such as
mutagenesis by carcinogens, targeted mutagenesis of tumor

suppressor genes, and tissue-specific overexpression of onco-
genes are available.(300–302) Xenografting, ie, the transfer of living
cells between species, is a straightforward way to investigate the
mechanisms underlying bone metastasis. The benefits of zebra-
fish larval xenografts include the possibility of high throughput,
the ease of tracking of fluorescently labeled cancer cells due to
optical clarity of larvae,(303) and relatively fast micrometastasis
development.(304,305) Cancer cells can be injected into the blood
stream via the duct of Cuvier (DoC), heart, and posterior cardinal
vein of 2 dpf larvae in which adaptive immunity is absent.(276,306)
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Fig 6. The CHT as an attractive site to study bonemetastasis (A) Zebrafish larvae at 3 to 5 dpf contain developing bone (opercle and cleithrum) and CHT which
acts as a BM-like niche. (Left) The opercle and cleithrum are among the first dermal bones to develop and can be imaged in live larvae due to their lateral, super-
ficial positioning. (Right) The CHT is located laterally to the dorsal aorta in the posterior region of the larval zebrafish and is the site of early hematopoiesis, akin to
mammalian BM. The cellular components of the CHT include endothelial cells, MSCs, HSCs, myeloid cells such as macrophages and neutrophils, lymphoid cells,
and erythroid cells. Molecular components of the CHT listed have been previously shown to play a role in bone metastasis in mammalian models. Metastasis-
related factors expressed in cancer cells uncovered in this model are shown on the right. (B) Illustration of the BM niche in amouse long bone containing similar
cell types as the CHT. dpf = days post fertilization; MSCs = mesenchymal stromal cells; HSCs = hematopoietic stem cells.
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Homing of cancer cells to new sites requires extravasation and
resembles micrometastasis formation, which can be observed
within a few days post injection at sites such as the CHT, fin fold,
and trunk.(284,305,307)

The larval xenograft model has been employed to investigate
bone metastasis of prostate cancer, breast cancer, and multiple
myeloma (MM) in the CHT and studied regarding the molecules
and signaling pathways involved(276,308–312) (Fig. 6A). Human
prostate cancer cells, resected from the CHT several days post–
DoC injection, were found to upregulate stemness (eg, NANOG,
OCT4, Cripto, C-X-C Motif Chemokine Ligand 2 [CXCL2]) and mes-
enchymal (eg, Vimentin, Twist, and Zinc Finger E-Box Binding
Homeobox 2 [ZEB2]) markers while reducing E-cadherin.(308)

Moreover, the CHT microenvironment enhanced Activin A
expression, which correlates with increased bone metastasis risk
in patients, in prostate cancer cells.(309)

The zebrafish xenograft model has been used to study micro-
metastasis formation of triple-negative breast cancer (TNBC).
High CXCR4 expressing TNBC cells progressively extravasated
and invaded the CHT, more than cells displaying low CXCR4
mRNA levels.(283) Importantly, CXCR4 sustained tumormetastasis
in a Cxcl12-dependent manner, which resembles the situation in
human and murine models of breast cancer.

Several other signaling pathways were found to drive breast
cancer metastases in the zebrafish CHT (Fig. 6A). Similar experi-
ments demonstrated the importance of SMAD6(310) and αv integ-
rin(311) for invasion of TNBC. Depletion of αv integrin caused a
decrease of SNAIL, SLUG, N-Cadherin, and Vimentin expression,
and resulted in a dramatic decrease of invasion and metastases.

At the time patients are diagnosed with MM, various BM-lytic
lesions can often be observed.(312) In zebrafish, MM cell homing
to the CHT increased gene expression in cancer cells related to
cytokine and chemokine-mediated signaling (including IL-6), cell
adhesion, and angiogenesis,(276) signals known from the mam-
malian BM microenvironment.(313–315) Reduced expression of
Very Late Antigen 4 (VLA-4), PTK2 protein tyrosine kinase
2 (PTK2 or FAK), and CXCR4 led to impaired homing of MM cells
to the CHT,(276) demonstrating the similarity of CHTmetastasis to
processes observed in mammalian BM.(316–318)

An advantage of zebrafish xenografts is the possibility to test
drug regimes on human tumor material in a semi–high-
throughput manner. Tumor cells can also be pretreated with
chemical compounds and injected into zebrafish to observe
their effect on tumor growth and progression.(283) Examples of
drugs tested in zebrafish xenotransplants include R-406 inhibit-
ing SYK kinase for retinoblastoma(319) and prostate cancer
metastasis,(320) gomesin and gomesin-like homologue for
melanoma,(321) and IT1t, a CXCR4 antagonists, for breast cancer
metastasis.(283) These and other examples demonstrate the
power of zebrafish screens to identify promising drugs as poten-
tial cancer metastases treatments. Together with the high-
resolution in vivo imaging this will further promote zebrafish as
a preclinical animal model in cancer research.

Conclusions

Zebrafish are increasingly used in the field of skeletal disease and
regeneration research because of their ease of genetic manipula-
tion, convenient drug treatment options, and in vivo imaging
possibilities. High-throughput genetic and drug screening can
be performed in zebrafish larvae, which can also be used as
xenograft recipients to study bone metastasis. There are many

similarities between mammalian and zebrafish physiology,
which allow the investigation of hormonal bone disease in zeb-
rafish. Zebrafish bones regenerate remarkably well, and high
plasticity of bone-forming cells might be key to this ability.
Understanding the pathogenesis of skeletal alterations and
regeneration in zebrafish will help to improve therapeutic
approaches in a clinical setting in the future.
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