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Mineralized tissues, such as bones or teeth, are essential structures of all vertebrates. They enable rapid move-
ment, protection, and food processing, in addition to providing physiological functions. Although the develop-
ment, regeneration, and pathogenesis of teeth and bones have been intensely studied, there is currently no tool
to accurately follow the dynamics of growth and healing of these vital tissues in space and time. Here, we
present the BEE-ST (Bones and tEEth Spatio-Temporal growth monitoring) approach, which allows precise quan-
tification of development, regeneration, remodeling, and healing in any type of calcified tissue across different
species. Using mouse teeth as model the turnover rate of continuously growing incisors was quantified, and role
of hard/soft diet on molar root growth was shown. Furthermore, the dynamics of bones and teeth growth in
lizards, frogs, birds, and zebrafish was uncovered. This approach represents an effective, highly reproducible,
and versatile tool that opens up diverse possibilities in developmental biology, bone and tooth healing, tissue

engineering, and disease modeling.

INTRODUCTION

Most of hard tissues in vertebrate bodies are centered on the gener-
ation of calcium-based crystalline compounds. This calcium-based
biomineralization provides hard tissues, such as bones and teeth,
with essential mechanical properties. Therefore, these tissues are re-
sponsible for providing a strong supporting body structure, which
allows for efficient movement, protects the body surface and inter-
nal organs, or, in the case of teeth, ensures hard food processing or
predation (I, 2).

Having precise information about growth, regeneration, and bi-
omineralization dynamics in teeth and bones, is one of the basic re-
quirements for research in many fields including developmental
biology, tissue healing, bone remodeling, tissue engineering, and
disease modeling. One of the major obstacles in current studies is
the absence of methodological approaches that enable observation
of these dynamic processes, which require high-resolution three-di-
mensional imaging and temporal information. Current techniques
such as micro-computed tomography (microCT), magnetic
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resonance, or ground sectioning provide only limited end-point in-
formation, missing the spatiotemporal dynamics occurring during
the growth, regeneration, and remodeling of calcified structures (3—
6).Thus, these approaches do not provide the information uncover-
ing the hard tissue dynamics.

Here, we have developed an approach that enables monitoring of
the dynamics of development, growth, healing, and remodeling of
any calcified hard tissues in a three-dimensional context and over
long periods of time (Fig. 1) This technique was adapted for selected
model species across the vertebrates (Mus musculus representing
mammals, Chamaeleo calyptratus representing reptiles, Gallus
gallus representing birds, Danio rerio representing fish, and
Xenopus laevis representing amphibians) (Fig. 2A).

Our approach is based on the sequential controlled administra-
tion of dyes with the natural ability to incorporate into any currently
calcifying tissues at designated time points, followed by the clearing
of the nondecalcified hard tissue and high-resolution three-dimen-
sional imaging. The ability of substances to incorporate into
forming calcified tissues has been known for more than 50 years,
first observed in tetracycline antibiotics (7, 8). These substances
not only incorporate into newly forming bone tissues but also in-
corporate into dentin, enamel, and cementum, if administered
during their formation (9, 10). Their fluorescence enables the track-
ing of the exact site of matrix deposition during the period of their
presence after in vivo administration. Dozens of these compounds
with different binding efficiencies and fluorescence parameters have
been described (10). The most commonly used include calcein
(green), alizarin (red), xylenol orange, calcein blue, or oxytetracy-
cline (11). In contrast to tetracycline antibiotics, these substances
have been reported to be harmless in different animal species,
such as mice, guinea pigs, amphibians, rabbits, or dogs at effective
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Bones and Teeth Spatio-Temporal growth monitoring (BEE-ST)
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Fig. 1. Possibilities of the BEE-ST growth monitoring technique application. We present the BEE-ST approach for tracking the dynamics of hard tissue growth in space
and time. Our approach is applicable to all main groups of vertebrates represented by their model organisms: mammals (M. musculus), reptiles (C. calyptratus), birds (G.
gallus), amphibians (X. laevis), and fish (D. rerio). It is based on the sequential administration of calcium-incorporating fluorescent dyes, followed by optical tissue clearing
of fully calcified hard tissues, whole-mount imaging, and subsequent precise quantification of the growth in a micrometer scale. BEE-ST has many potential applications
in fundamental biology, tissue engineering, or disease modeling. Scale bars, 100 um. 3D, three-dimensional.

dosages (12-16). Their sequential administration enables observa-
tion of the dynamics of hard tissue production in a very precise
manner by generating stripes, or regions, of fluorescently labeled
calcified matrix corresponding to the matrix produced in the
short time window after the respective dye was administered. The
rapid development of tissue optical clearing techniques in recent
years has enabled whole-mount imaging of complex structures
and organs, including hard tissues such as bones and teeth (17—
21). In most of these protocols, decalcification step is necessary
before the optical clearing of hard tissues. Unfortunately, the decal-
cification process also removes incorporated dyes from the tissue
and, thus, makes it incompatible with the use of aforementioned
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dyes. However, in addition, there were developed methods that
enable the optical clearing of fully calcified tissues allowing the par-
allel application of dyes incorporating into calcifying hard tissues
with three-dimensional whole-mount imaging (22, 23).

Here, we developed a versatile technique named BEE-ST (Bones
and tEEth Spatio-Temporal growth monitoring) approach, which
takes advantage of whole-mount hard tissue optical clearing that
does not require prior decalcification steps to uncover and quantify
the dynamics of bone and tooth growth or repair. To image the
calcium-binding dyes incorporated at designated time points
(Fig. 2B), we adapted modified Murray's clearing method. This
method is based on the usage of deperoxidized mixture of benzyl
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BEE-ST across the species
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Fig. 2. The step-by-step BEE-ST protocol across the species. A detailed protocol summarizing the key steps of the BEE-ST approach in the representative animal models
for vertebrates is presented in (A). The most effective administration of the dyes is optimized for each species (mammals and reptiles, intraperitoneally; birds, in ovo;
amphibians and fish, dissolved in water). For nonaquatic species, it is required to fix and optically clear the dissected calcified tissue, while for aquatic species, this should
be omitted. The different samples can be visualized according to the specific needs: wide-field fluorescence microscopy for general scans of larger samples, confocal
microscopy for smaller samples and high-resolution three-dimensional imaging, or light sheet microscopy for three-dimensional imaging of larger samples. In (B), the
efficiency of clearing after using BEE-ST in a mouse mandible taken as an example is shown. The efficiency of BEE-ST staining and clearing is visualized using transmitted
light and fluorescent microscope (blue box, not cleared mandible; orange box, cleared mandible). Scale bars, 1 mm.
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alcohol and benzyl benzoate (peroxide-free BABB) capable of opti-
cally clearing even fully calcified tissue (22, 24, 25). This was further
followed by a nontoxic and device-friendly ethyl-cinnamate for safe
imaging. The combination of the fluorescent dyes and calcified
tissue clearing techniques enables the precise measuring of the dis-
tances between the individual stripes of fluorescently labeled min-
eralized tissue with reference to the precise time of their injection.
Together, this allows for precise quantification of bone and tooth
growth and healing in three dimensions on a micrometer scale.

The great advantage of the BEE-ST approach is the nontoxicity at
standard concentrations and the versatility of the selected dyes.
Moreover, we show that even repetitive administration of selected
dyes does not influence calcium deposition or hard tissue morphol-
ogy. Another advantage is the possibility to obtain three-dimen-
sional information about the hard tissue growth over time
without the need for physical destruction of the sample by section-
ing or grinding. This method allows whole-mount imaging and,
thus, prevents the loss of three-dimensional information and the in-
troduction of artifacts resulting from the physical processing of the
tissue before imaging.

In summary, here, we introduce a robust, fast, versatile, and re-
producible methodology that enables the quantification of the spa-
tiotemporal dynamics of hard tissues in micrometer scale by a
nondestructive approach. This approach was successfully adapted
for various model organisms across all major vertebrate phylogenet-
ic groups. Using the example of mouse teeth, unexpected differen-
tial regenerative dynamics in continuously growing incisors in
young and older animals were uncovered, and the influence of
hard and soft food diet on molar root growth was elucidated. We
expect that this universal method will find application in fields
ranging from developmental biology and tissue repair and regener-
ation to bone and dental engineering applications.

RESULTS

Analysis of the growth dynamics of mouse incisor and
molars during aging or hard/soft diet

Continuously growing rodent teeth represent a valuable model to
study the development and growth of a complex organ (26, 27).
However, analysis of the dynamics of incisor growth throughout
an animal’s lifespan, or visualization of sex-dependent growth
rate differences, requires more sophisticated methodological
approaches.

The BEE-ST approach was used to provide a precise and absolute
measurement of incisor growth rate (elongation) and dentin in-
growths (thickening of dentin wall). Calcein and alizarin dyes
were alternatingly administered every 168 hours to uncover the dy-
namics of the renewal rate of the maxillary and mandibular incisors
(Fig. 3, A and B). Calcification of dentin occurs in a conical manner,
allowing for the growth of the incisors together with the thickening
of the dentin wall (Fig. 3C). Daily (precisely every 24 hours) admin-
istration of calcein together with weekly alizarin administration (as
weekly checkpoints) enabled precise quantification of the incisor
growth rate in length, as well as the thickening of the dentin wall
using optical cross sections through whole-mount samples (Fig. 3,
C to F). Although there were no significant differences observed
between the daily growth rates of female and male maxillary incisors
(young females: 160.2 + 27.0 um versus young males: 138.8 + 20.9
pm; older females: 116.0 + 17.5 pm versus older males: 134.5 + 16.8
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pum) or mandibular incisors (young females: 243.0 + 41.0 um versus
young males: 232.9 + 53.3 pum; old females: 194.1 + 42.5 pm versus
older males: 188.3 + 34.2 um), the growth rate of both sexes de-
creased significantly during aging. The average mandibular
incisor turnover rate was 6.4 weeks in young adults (3 to 5
months) and 8.1 weeks in older adults (13 to 15 months); mean-
while, the maxillary incisor turnover rate in young adults was 5.5
weeks compared to 6.8 weeks required in older mice (Fig. 3B). Anal-
ysis of incisor dentin wall thickening after daily calcein administra-
tion using optical cross sections uncovered three stages of
odontoblast activity throughout incisor development: acceleration,
production, and termination (Fig. 3D). Using the mouse incisor, we
were able to demonstrate that repetitive use (administered every 24
hours for 56 consecutive days) of selected dyes did not have any
adverse effect on the deposition of dentin and enamel (Fig. 4).

It was uncovered that alizarin and calcein have different
windows of activity after in vivo administration (Fig. 5). Therefore,
to quantify daily growth, we used the administration and measure-
ment of only calcein. There was a significant shift (a ratio difference
of 0.876, i.e., 2.98 hours in 1 day between the injections) of lines
observed in the incisor after the same interval (24 hours) of admin-
istration. This difference in incorporation is especially relevant for
applications using a daily injection approach and is less significant
for longer periods, where distinguishing between different time
points by red and green colors brings more benefits.

Because of the lack of methodological possibilities, the spatio-
temporal dynamics of root and crown development in mouse
molars over time have not been precisely characterized yet. To de-
scribe the growth dynamics of molars during development, we se-
quentially administered alizarin and calcein at different 2- and 3-
day intervals during their development (Fig. 6). Our results show
the progression of molar root growth in M1 (the first molar), M2,
and M3 during an interval between postnatal day 12 (P12) to P30
(Fig. 6A). Before root elongation begins, the dental crown develops.
To analyze crown development and early root patterning of the
mandibular and maxillary M1, we selected 2-day intervals for the
administration of alizarin and calcein (Fig. 6, B and C). Our
results reveal that dentin fusion and the formation of two (in the
case of mandibular M1) and three (in the case of maxillary M1)
roots take place after P10 (Fig. 6C). Using the mandibular M1 as
an example of the potential of combining BEE-ST with three-di-
mensional confocal imaging was shown to allow generation of
virtual optical sections to demonstrate growth from different
points of view throughout the whole sample (movies S1 and S2).
These analyses provide detailed information not only about tooth
morphology but also about the dynamics of dentin deposition at
selected time points. This allows differences in growth dynamics
to be measured under various conditions or in animals of diverse
genetic backgrounds. To test our approach, we functionally tested
the manipulation of growth dynamics by comparing the effect of
hard and soft diets on mandibular molar root growth (Fig. 6, D
and E). Both mesial and distal roots showed slower elongation
under the soft food diet (Fig. 6E). Therefore, the hardness of the
food after the lactation period influences the pace of root growth
and, thus, directly affects root length.

Growth and healing dynamics of mouse long and flat bones
Uncovering the process of development and healing of long and flat
bones is key not only for understanding many developmental
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Fig. 3. Growth dynamics of the continuously growing mouse incisor. To analyze the growth rate of maxillary (MX) and mandibular (MD) incisors, alizarin (A) and
calcein (C) were administered in weekly intervals over 9 weeks (W) (A). Quantification of mandibular and maxillary incisors growth revealed that the turnover rates sig-
nificantly differ between the young adults (3 to 5 months old) and older adults (13 to 15 months old) mice, but no significant alterations were observed when comparing
males and females (B and D to F). To analyze the thickening of the dentin wall over time (C and D) and the daily incisor growth rate (C, E, and F), daily calcein admin-
istration (with weekly alizarin checkpoints) was performed. Thickening of dentin wall in mandibular and maxillary was demonstrated on the longitudinal and transversal
sections (C) and measured from the longitudinal optical sections of both the lingual side (maxillary) and labial side (mandibular) (D). Quantification of the incisor dental
pulp narrowing indicates decreased rate of dentin deposition in older mice when compared to young adults (D), n = 4 young adult mice (32 stripes); n = 4 older adults (45
stripes). This analysis uncovered three stages of dentin wall thickening: (1) acceleration, (2) production, and (3) termination phase that correspond to the distance from
dentin-enamel junction and cementum-dentin junction respectively (D). Representative images of daily ingrowths of dentin (incisor growth) shows reduced rate of
incisor growth in older animals (E). The reduction of growth rate is more prominent in mandibular incisors (E and F). Data are means + SD (unpaired Student's t test).
**¥%p < 0.0001. Scale bars, T mm (A) and 250 um (B to H).
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A Schematic visualization of mouse incisor
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Fig. 4. Repeated long-term administration of calcein and alizarin does not affect the mineralization process of hard tissues. Experimental mice were daily alter-
natively administered by calcein and alizarin for 56 consecutive days (the whole incisor was completely regenerated). Subsequently, the analysis of dentin and enamel
density was performed and compared with control mice. (A) Longitudinal and transversal sections of a continuously growing mouse incisor and (B) the sites of the
analysis (distal, distal-middle, apical-middle, and apical regions). The results (C) show that daily administration of calcein and alizarin does not cause any significant
difference in dentin and enamel density; n = 5 per each location, conditions, and the type of analyzed tissue type (in total, 120 measurements). CFD, cementum-
facing dentin; EFD, enamel-facing dentin; au, arbitrary units; ns, not significant. Data are means + SD (unpaired Student's t test). Scale bar, 200 pm.
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Fig. 5. Calcein and alizarin have different kinetics of action in vivo. Alizarin and calcein differ in the duration of deposition in newly formed tissue and the peak of
deposition rate (A). Calcein provides broader lines than alizarin, indicating its longer duration of activity. (A) schematically shows how alternating applications of these
dyes create a shift between administrations. This delay was quantified in (B) measured in maxillary incisors of daily administered mice; n = 32 data points. Data are means

+ SD (unpaired Student’s t test). ****P < 0.0001. Scale bar, T mm.

abnormalities [e.g., achondroplasia or craniosynostosis (28, 29)] but
also for the development of future strategies in tissue engineering
(30, 31). First, to enable precise monitoring of the development of
long and flat bones in mice, we adapted the BEE-ST approach for
use in newborn mice and pups (Fig. 7, A to G, and table S1). Using
the example of the bones that build the forelimb and hindlimb, the
development of bones in a single animal over time was analyzed,
showing that the rate of bone growth is a nonlinear function of
time (Fig. 7, C to F). To achieve this, we selected sequential admin-
istration of alizarin and calcein during the time points P8 and P10
and measured daily ingrowths in the radius, ulna, metacarpal bones,
and phalanges (Fig. 7, A to F). The BEE-ST approach can also be
used to monitor the development of flat bones using the example
of cranial bone fusions in newborns, when administered in the P3
to P10 period as shown in Fig. 7G. Furthermore, the dynamics of
the fusion of the parietal bones with the occipital bone, forming
the sagittal and lambdoid sutures, were elucidated using BEE-ST
(Fig. 7G). This is particularly important for understanding the dy-
namics of some congenital malformations where the cranial sutures
fuse prematurely, such as in the case of craniosynostosis (29). Last,
the BEE-ST approach was adapted to enable the monitoring of
cranium healing after skull drilling at weekly time points and estab-
lished a method for the quantification of the lesion healing (Fig. 7,
H to L). The method enables quantification of the progress of bone
healing over space and time (Fig. 7, K to L). This was achieved by the
measurement of weekly growth lines from optical sections taken by
three-dimensional confocal imaging (Fig. 7J). The results highlight
that the healing of flat bones after injury slows down over time

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

(Fig. 7, K and L). This approach will be instrumental for study of
the bone healing process and for the rapidly growing field of
bone tissue engineering enabling to evaluate the dynamics and
the efficiency of the hard tissue—forming process on scaffolds
both in vitro and in vivo.

Monitoring the development of teeth and bones in reptiles
and amphibians

Compared to M. musculus (representing mammals), little is known
about the development of bones and teeth in other major vertebrate
groups. Here, the versatility of the BEE-ST approach using C. calyp-
tratus (representing reptiles) and X. laevis (representing amphibi-
ans) is demonstrated (Figs. 8 and 9). To observe the development
of chameleon bones and teeth, we administered the dyes at 2-week
intervals: calcein at P14, alizarin at P28, and both dyes to obtain a
pseudo-orange color at P42. Confocal imaging of optically cleared
hard tissues then enabled us to observe and measure multiple
aspects of the development of various bones (Fig. 8, A to N) and
teeth (Fig. 8, O to T). Monitoring of tooth development uncovered
a joint mineralization of dentin in several neighboring teeth
(Fig. 8S). Quantification of the dentin growth rate in the cusp and
interdental region revealed that the dentin deposition rate increased
slightly during the traced weeks 4 to 6 compared to the interval from
weeks 2 to 4 of postnatal development (Fig. 8T). The three-dimen-
sional analysis uncovered unreported parameters not only of the dy-
namics of tooth growth but also of the process of ankylotic fusion of
the tooth and bone (Fig. 8, O to S, and movie S3).
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Fig. 6. Tracing the dynamics of mouse molar development in time and under the influence of hard and soft diet. (A) The elongation of roots of mandibular molars
M1, M2, and M3 during an early postnatal (P12 to P30) development visualized by alternating administration of alizarin and calcein in 72-hour intervals. To follow the
molar crown (B) and root (C) patterning, alizarin and calcein were administered in 48-hour intervals at P4 to P6 and P8 to P10, respectively. Whole-mount confocal
imaging of cleared sample demonstrates the dynamics of the crown mineralization (B) and the fusion of dentin during root pattering of mandibular (two roots) and
maxillary (three roots) first molars (C). (D and E) The influence of the hard and soft food diet on root elongation during the main period of mandibular first molar growth
(P12 to P27); n =5 M1 mandibular molars from hard food mice; n =5 M1 mandibular molars from soft food mice. A hard diet induces faster molar root growth than a soft
diet, which causes a slower growth of the roots. M, medial; V, ventral; L, lateral; D, dorsal. Data are means + SD (paired Student’s t test). ***P < 0.001; *P < 0.05. Scale bars,
250 pm.
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Fig. 7. Development and healing of long and flat bones in the mouse. (A and D) An overview of optically cleared forelimb and hindlimb paws after a series of alizarin
and calcein injections during its postnatal development. Quantification of the growth dynamics in forelimb bones (radius and ulna used as example) is shown in (B) and
(€), and that in hindlimb bones (metacarpal bones together with the first phalanges of second, third, and fourth fingers used as an example) is shown in (E) and (F); n =3
mice traced from P8 to P9; n = 3 mice traced from P8 to P10. The BEE-ST approach was also used to trace the development of cranium to observe the dynamics of parietal
and occipital bone fusion and the formation of sutures (G). The BEE-ST approach was adapted for the quantification of the healing progress after skull injury (H to L). (1)
The partially healed skull 5 weeks after drill (top view). (J) Optical cross sections of the different planes of (I), showing a rounded pattern of bone healing. Quantification
(weeks 3 to 5) of the healing progress was performed on the optical cross sections (J) and graphically visualized (K and L). Data are means + SD. Scale bars, 500 pm.
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Teeth and bones growing dynamics in reptiles (Chamaeleo calyptratus)
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Fig. 8. Dynamics of chameleon (C. calyptratus) skeletogenesis and odontogenesis. (A) The progress bone formation in a whole-mount chameleon with a focus on
the craniofacial bones: prefrontal bone (B), external naris (C), maxilla (D), the tooth (E); and long bones (F to N). Quantification of long bone elongation (ulna and femur) is
shown in (N); n = 3 chameleons (six ulnae and six femurs). The growth rate of dentin was analyzed using 14-day intervals and showed dentin deposition over time across
teeth from the mandible (O to T). The dentin mineralization is coordinated along the jaw (O to S), but the rate of dentin growth showed different deposition patterns in
the cusp and intercuspal regions in time (T); n = 1 chameleon (six teeth cusps regions and six interdental regions). Data are means + SD (unpaired Student’s t test). **P <
0.01; *P < 0.05. Scale bars, 1 mm (A) and 100 um (B to S).
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Teeth and bones growing dynamics in amphibians (Xenopus laevis)
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Fig. 9. The versatility of BEE-ST shown in amphibians’ (X. laevis) bone and tooth growth. (A) Whole-mount frog images in separate and merged channels from both
ventral and dorsal views after alizarin and calcein administration into the water. The dynamics of the formation of craniofacial bones (B and C) visualized the growth of the
nasal bone in high detail; n = 1 frog (two nasal bones). (D and E) The dynamics of hindlimb bone elongation that enables the detection of the ossification center and the
direction of growth of long and short bones shown in the tibia and metacarpal bones; n = 1 frog (four metacarpal bones). Comparison of microCT and BEE-ST approaches
used for tracing of the development of vertebrae (F and G) and maxillary dentition (H and I). Subset (a) represents panoramic fluorescence imaging of the upper jaw and
(b) shows a spatiotemporal reconstruction of tooth mineralization (confocal imaging). Data are means + SD. Scale bars, 5 mm (A), 2 mm (B and D), 500 um (F and G), 100
um (H, I, and a), and 25 pm (b).
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Amphibians have traditionally been used in developmental
biology especially for the study of their specific features of early em-
bryogenesis (32, 33). However, not much is known about the dy-
namics of amphibian bone and tooth development. The BEE-ST
approach was adapted for use with these animals by adding alizarin
or calcein to the water tanks for 2 days, alternating with a 5-day
period with no dye present in the water during the postmetamor-
phosis developmental stages 65 to 66 (Fig. 9 and table S1) (34). Sub-
sequent whole-body fluorescence imaging showed bone growth at
different locations, which revealed the directions of bone growth
and the thickening of the bone wall. Furthermore, it enabled us to
quantify these processes within each individual animal (Fig. 9, A to
F). The bodies of vertebrae were shown to dynamically fuse, which
could be compared to data from end-point microCT analysis. This
illustrates the possibility of combining the two methods to obtain
both the information about the bone growth dynamics via the
BEE-ST and precise volumetric data via microCT (Fig. 9, F and
G), therefore enabling the generation of comprehensive sets of
data from a single sample. Last, we focused on one of the least
studied structures of X. laevis—the teeth, which are located exclu-
sively in the maxilla (Fig. 9, H and I) (35). The analysis uncovered
similarities in the dentin growth process in different rows of teeth
that differ in size. Together with microCT analysis, the BEE-ST ap-
proach provides a comprehensive view of the complex organization
and dynamics of development of amphibian teeth (Fig. 9, H and I).

Bone development and remodeling in ray-finned fish
and birds
In the past decade, zebrafish (D. rerio) has become an important
model organism used for the study of bone development and
disease modeling (36). To enable the study of dynamics of bone
growth and development in this model organism, we further
adapted the BEE-ST approach (Fig. 10, A to F). In zebrafish, most
bony tissues arise from condensed mesenchymal precursors that
differentiate directly into osteoblasts, which generate the bone by
intramembranous ossification. Craniofacial bones start to form
around 3 to 4 days postfertilization (DPF), and this process contin-
ues until adulthood (around 90 DPF) (36). As the zebrafish body is
already transparent, in contrast to other tested organisms, zebrafish
larvae were imaged as living organisms without the need for tissue
fixation and optical clearing steps (Fig. 2A). To observe craniofacial
bone development, we selected a 48-hour period of exposure to aliz-
arin (7 to 9 DPF). This was followed by a 48-hour period without the
presence of a dye, followed by a 48-hour period (11 to 13 DPF) with
the presence of calcein in the water. Deeply anesthetized animal was
then imaged from lateral and ventral perspectives as a whole-mount
in three dimensions using a confocal microscope (Fig. 10, A and D),
and the dynamics of growth of bones in the head including the
mandible, hyomandible, and operculum were analyzed (Fig. 10,
B, C, E, and F). In principle, this approach would also be applicable
for monitoring the development of long bones (e.g., ribs), spine, or
fin bones, simply by choosing different time points of exposure to
the dyes. Anesthetizing the experimental animal without the need of
fixation and subsequent optical clearing provides the potential to
allow the experimental animals mature after the initial imaging, re-
analyze it at later stages, and, thus, determine the fate of the depos-
ited tissues at future time points.

Birds (Aves) represent the last class of vertebrates whose bone
development dynamics were investigated. The BEE-ST approach

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

was further adapted to be usable for studying bone development
during in ovo embryogenesis. Chicken (G. gallus) was used, as it
is the most used species in avian developmental biology (Fig. 10,
G to T) (37). To achieve optimal signal in the experimental
embryo, we injected dyes in ovo directly into the abdomen of the
embryo. Time points of administration of alizarin and calcein at
embryonic day 13 (E13) and E16, respectively, were selected to
observe the development of the head and selected long bones
such as femur and radius. The embryos were then collected at
E17. This enabled to observe the growth of selected bones including
the nature of their bone wall thickening (Fig. 10, M to T).

Overall, we have adapted the newly developed BEE-ST approach
to all major vertebrate groups that represent the most used model
organisms in research. The results demonstrate the versatility of the
approach and open diverse avenues for the analysis and precise
quantification of bone and tooth growth dynamics during develop-
ment, remodeling, or repair under physiological or pathological
conditions.

DISCUSSION

Here, we introduce a versatile approach (BEE-ST), which enables
the tracing of the processes of in vivo mineralization in space and
time. This approach opens a variety of possibilities in multiple fields
focused on bone or tooth development, regeneration, and healing.
In addition, its use can be extended for bone and tooth tissue
engineering.

Current methods used for the imaging of the hard tissues are in
the vast majority based on microCT imaging (3). This imaging pro-
vides a three-dimensional perspective of observed objects with the
spatial resolution dependent on the size of the observed object (38).
Although microCT imaging can provide relatively high-quality
spatial resolution, it enables to scan only one time point of the ob-
served animal. To trace the dynamics of the process, more experi-
mental subjects must be analyzed, which brings the individual
variability into the measurement. In the case of bone remodeling
or continuous tooth growth, a standard microCT analysis does
not provide the information needed to uncover the tissue growth
dynamics. However, in some specific cases, it has been shown
that microCT or high-resolution synchrotron radiation-based
microCT analysis can answer some questions about hard tissue dy-
namics by following their gradual ingrowths. This has been partic-
ularly demonstrated, for example, in the animal fossils when
focusing on the cementum growth lines that correlate with metabol-
ic rate (39).

The BEE-ST approach uncovers the mineralization dynamics at
multiple selected time points within a single experimental animal in
a single scan. The data are obtained by whole-mount, nondestruc-
tive three-dimensional confocal or light sheet imaging providing ex-
cellent spatial and temporal resolution. Thus, BEE-ST can be used
to uncover the dynamics of the hard tissue growth and remodeling
or even to investigate healing patterns after the injury. This is
ensured by the sequential administration of harmless fluorescent
dyes that incorporate into hard matrices that are being mineralized
in that specific moment. This is followed by a nondecalcified tissue
clearing and whole-mount three-dimensional imaging that enables
the quantification on a micrometer scale.

The use of calcium-binding fluorochromes in hard tissue re-
search has been known for several decades and has been used in
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Fig. 10. Adaptation of BEE-ST for use in zebrafish (D. rerio) and chicken (G. gallus). Sequential administration of calcein and alizarin into the water of experimental
zebrafish larvae enables us to trace the development of different bones forming the head: lateral whole-mount overview (A), lateral view of the mandible (B) and oper-
culum (C), ventral whole-mount overview (D), and ventral detail of the mandible (E) and operculum (F). In the example of the chicken (G. gallus) embryo, we show the
possibility of using the BEE-ST approach also to following the development of bones of birds by in ovo administration of calcein and alizarin. (G) The development of
craniofacial bones (lateral whole-mount skull overview), the mandible (H), mesethmoid (I), mesethmoid—single plane (J), nasal bone—single plane (K), zygomatic arch—
single plane (L), radius ossification dynamics (M), details of radius single planes (N to P), femur ossification dynamics (Q), and femur single planes details (R to T). Scale
bars, 250 um (A, D, H, I, N, and R), 50 um (B, G, E, F, J,K, L, O, P, S, and T), 2 mm (G), and 100 um (M and Q).
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various adaptations (40, 41). Traditionally, they were used for the
visualization of the calcified tissue after its isolation from the exper-
imental animal or in the cell culture for uncovering signs of miner-
alization (42). Later, in larger mammals (pig and sheep), these dyes
were administered in vivo, and the samples were subsequently pro-
cessed by destructive ground sectioning to observe the development
of mineralized tissues in single plane (43, 44). Recently, calcein and
xylenol orange administration followed by fluorescent imaging was
also used to follow the natural replacement dynamics of gecko teeth
(reptiles) (45). In bone field, the administration of hard tissue—in-
corporating fluorochromes has been used to observe bone healing
after the injury and to assess the integration of artificial implants
using wide-field fluorescence imaging (46, 47). In addition to
these studies, BEE-ST represents a universal approach broadly ap-
plicable in variety of species providing a tool to precisely measure
the dynamics of hard tissue growth and healing in a three-dimen-
sional perspective.

Although, nowadays, a variety of different dyes with the above-
mentioned features were described, not all of them have optimal
properties. To achieve optimal results, the sequential administration
of two carefully selected dyes, alizarin red and calcein green, was
used. Both are in different fluorescent spectra and provide a
strong and highly specific fluorescence signal with low background
(48). In addition, in some cases, a third pseudo-orange signal can be
obtained while using the combination of calcein and alizarin via
their parallel administration. This is specifically useful while study-
ing calcified tissues that are not being remodeled over time. More-
over, it was shown that the selected dyes do not disrupt the process
of biomineralization even during long-term daily administration.
Furthermore, at the selected concentrations, all dyes are nontoxic
for the animals (49).

An unknown fact is that fluorescent dyes capable of incorporat-
ing into currently calcifying tissues have different in vivo kinetics.
We revealed that even alizarin and calcein exhibit a slightly shifted
pattern in the forming dentin of mouse incisor that grows at stable
pace. Via the use of continuously growing incisors, this shift was
demonstrated and quantified in detail. This is particularly impor-
tant to consider when the analysis needs to be performed while
using 24 hours or in even shorter intervals for dye administration.
When the intervals are 48 hours or more, the differences are negli-
gible, and it might be more beneficial to use a combination of dyes.
Thus, it is crucial to carefully select dyes and consider their combi-
nations accordingly for each type of experiment.

Using continuously growing mouse incisor as a model, the BEE-
ST approach was used to precisely quantify several features of its
growth. We used both weekly and daily administrations of dyes to
quantify the speed of incisor growth, turnover, and dentin wall
thickening speed in groups of animals with different ages and
sexes. This was achieved by daily calcein administrations together
with combined alizarin and calcein weekly administrations used
as checkpoints. Compared to previous studies, we were able to
quantify the growth of the incisor with several orders of magnitude
more precise manner in real numbers (50). This approach can be
used for a precise quantification of incisor growth acceleration
after its injury (shortening by the tooth clipping). Previously, it
was only possible to observe this by making notches in the
enamel and subsequently following the changes in their location
as the tooth regrows (51). These measurements unfortunately did
not provide real values but only a relative comparison to the

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

neighboring tooth. Moreover, notches in teeth cause damage to
the enamel and sometimes even dentin that might influence the ex-
periment. In the example of mouse molars (teeth more similar to
the human dentition), the BEE-ST approach can be applied to de-
scribe and quantify root patterning and elongation during their
postnatal development. The speed of root growth was found to
depend on the type of diet (soft or hard food) given to the pups
during the postlactation phase. These results may have implications
for human medicine and may explain the mechanisms controlling
root elongation.

We have shown that the BEE-ST approach can be independently
used in all major groups of both terrestrial and aquatic vertebrates to
study processes such as bone development, formation of ankylosis,
or wound healing. We present a complex, efficient, and very precise
approach that not only is widely applicable in vivo in various
animals but also has potential to be used in tissue engineering
and can be combined with other techniques.

MATERIALS AND METHODS

Vital dyes preparation

For all animal models, the dyes were prepared as follows: calcein (0.9
mg/ml; C0875, Sigma-Aldrich) and alizarin red S complex (4.5 mg/
ml; A5533, Sigma-Aldrich). Solutions were prepared in 2%
NaHCO; (71628, Honeywell Fluka) in MilliQ water, filtered using
a syringe filter 22 pm polyethersulfone membrane (99722, TPP)
under sterile conditions and stored at 4°C in the dark until its use
(up to 1 month). The volume and ratios of injections for the differ-
ent animal models are specified in table SI.

Hard tissue clearing

BABB peroxide—free clearing solution was prepared by mixing
benzyl benzoate (B6630, Sigma-Aldrich) and benzyl alcohol
(10880, Penta) in a 2:1 ratio and adding activated neutral Brock-
mann Grade I 58 A aluminum oxide (11502.A1, VWR) at a concen-
tration of 0.25 g/ml. The mixture was agitated for at least 1 hour up
to overnight at room temperature (RT). Then, the clearing solution
was centrifuged at 2000g for 10 min. The supernatant was used in
the optical clearings. Protocol was adapted from (25).

Mouse (M. musculus)

All experiments with mice were approved by the Ministry of Edu-
cation, Youth and Sports, Czech Republic (MSMT-8360/2019-2,
MSMT-9231/2020-2, and MSMT-6379/2022-4). Mice were kept
in a 12-hour:12-hour light/dark cycle, 18° to 23°C, and 40 to 60%
humidity. Animals had access to food and water ad libitum. No ex-
clusion criteria were applied for experimental animals.

Hard/soft food-type experiment

A soft diet (Nutra-Gel, Bio-Serv) or hard diet (regular 10 mm pellet
food, 1414, Altromin) was given to the newborn mice since P10 in a
specialized pyramid feeder located inside of the cage. The dam was
removed from the cage at P17. Food was routinely changed every
3 days.

Tissue preparation and imaging

Mouse molars and incisors were carefully isolated under stereomi-
croscope and fixed in 4% paraformaldehyde (PFA) (18070, Penta)
prepared at pH 7.4 for 2 hours at RT. Bones were fixed in 4% PFA
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overnight. Fixed tissues were subsequently dehydrated in an ethanol
gradient (30 to 50 to 80 to 100%) diluted in MilliQ water (15 min in
each concentration for teeth and 1 hour for bones) and stored over-
night in 100% ethanol at RT. Excess ethanol was removed, and
samples were transferred to the prepared BABB peroxide—free clear-
ing solution. The incisor, molar, or bone samples were incubated for
72 hours at RT and slowly shaken in the prepared BABB solution,
until reaching complete transparency. For imaging, samples were
transferred to ethyl cinnamate (W243000, Sigma-Aldrich) and
imaged in a suitable vessel: glass-bottom dish for a fluorescence mi-
croscope or p-slide ibidi dish (80826 and 80281) for confocal
microscope.

Skull drilling

Six-month-old mice were anesthetized by an intraperitoneal admin-
istration of a mixture of ketamine/xylazine (90 and 12.5 mg/kg, re-
spectively) in 0.9% saline. Fur was removed from the head, and the
area was swabbed with 70% ethanol. The skin was subsequently cut,
and the injury was generated in the middle of the parietal bone
using a drill machine without damaging the underlying tissue. Car-
boxymethylcellulose (Ocugel) drops were topically applied to the
eyes of the mice before and after surgery. Ibuprofen (40 mg/kg)
was dissolved in the water tank as analgesia for a week after surgery.

X-ray microtomography

Before the scanning the samples were placed in either a 2 or 15 ml
tube (based on sample size) and mounted in 1% agarose gel to
prevent the motion of the sample during the scan. The microCT
measurement was performed using the GE Phoenix v|tome|x L
240 laboratory system equipped with a 180 kV/15 W nanofocus
x-ray tube and a 4000 x 4000 pixel flat panel detector with a pixel
size of 100 pm. The scan conditions were as follows for both jaw and
spine samples: The samples were scanned at 60 kV acceleration
voltage and 200 pA tube current, and the exposure time of 500
ms and three images were averaged to reduce the noise. Over the
360° rotation of the sample, 2700 projections were taken in the
case of the sample of the jaw (with a 3.4 pm voxel resolution of
the scan), and, in the case of the sample of the spine, 2700 projec-
tions were taken, and the final scan resolution was set to the 15 um
voxel size. The tomographic reconstruction was performed by the
GE phoenix datos|x 2.0 software. The reconstructed data were im-
ported into the VG Studio MAX 2022.1 software where all the data
visualizations were created.

Chameleon (C. calyptratus)

All experiments on chameleon juveniles were approved by the Min-
istry of Education, Youth and Sports, Czech Republic (MSMT-
10946/2021-5) and followed national regulations. Juvenile animals
were obtained from private and commercial breeders. All chame-
leons were kept in a 12-hour: 12-hour light/dark cycle, 25° to
30°C, and 55 to 65% humidity. Animals had access to food and
water ad libitum. No exclusion criteria were applied for experimen-
tal animals. At selected time points, animals were euthanized, de-
capitated, and fixed in 4% PFA for at least 48 hours. Jaws, skull,
and limbs were isolated. Fixed tissues were processed through a de-
hydration ethanol gradient (30 to 50 to 80 to 90 to 95 to 100%) at RT
(each for 1 hour) and then placed directly into the prepared BABB
solution. Teeth and bones were kept separately depending on the

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

size of the sample and achieved complete clearing for 24 to
72 hours.

Frog (X. laevis)

The work with X. laevis was carried out according to the Czech
animal use and care law and approved by the local authorities and
committees (MSMT-30784/2022-1; Animal Care and Housing Ap-
proval: 45055/2020-MZE-18134, Ministry of Agriculture of the
Czech Republic; and Animal Experiments Approval: CZ
62760214, State Veterinary Administration/Section for South Mo-
ravian Region). No exclusion criteria were applied for experimental
animals. The generation and cultivation of Xenopus embryos were
performed following general protocols. Briefly, testes from males
under anesthesia (20% MS-222, A5040, Sigma-Aldrich) were
removed surgically from the body cavity and transferred to cold
1x Marc's Modified Ringers (MMR; 100 mM NaCl, 2 mM KCI, 1
mM MgSO,, 2 mM CaCl,, and 5 mM Hepes, buffered to pH 7.4)
supplemented with gentamycin (50 pg/ml; G3632, Sigma-
Aldrich). To induce egg laying, fully mature Xenopus females
were injected with 260 U of human chorionic gonadotropin
(Merck, Ovitrelle 250G) into the dorsal lymph sac for about 12 to
16 hours before use and kept overnight at 18°C. For fertilization,
eggs were squeezed from an induced female directly into a petri
dish and mixed with a piece of testes in 0.1x MMR. Then,
embryos were cultivated in 0.1x MMR at 18° to 21°C. Once the
embryos reached the desirable stage to trace the calcium deposition,
they were transferred to a water tank containing the fluorochrome
dyes dissolved in the water. At the selected time point, the frogs were
euthanized and sacrificed. Skin, inner soft organs, and blood vessels
were carefully removed using scissors and tweezers under stereomi-
croscope. Frogs were staged after the normal table of Nieuwkoop
and Faber (34).

Chicken (G. gallus)

All experiments on chicken embryos were performed according to
national regulations. The project complies with Act No. 246/1992
Coll. on the Protection of animals against cruelty, as amended. Ex-
periments with chicken embryos were approved by the expert com-
mittee for ensuring the welfare of experimental animals at the
Breeding facility for laboratory animals of lower vertebrates at the
Faculty of Science, Masaryk University (CZ 62760214). Fertilized
ISA Brown chicken eggs were obtained from Integra farm
(Zabcice, Czech Republic). Eggs were incubated in a humidified in-
cubator at 37.8°C for 48 hours, and then all eggs were opened. Next,
2 ml of egg white was extracted for easier handling, and holes in the
eggshell were secured by tape. No exclusion criteria were applied for
experimental animals. At the selected time point, embryos were de-
capitated and fixed in 4% PFA overnight. Skulls and limbs were iso-
lated from the embryos. Fixed tissues were processed through a
dehydration ethanol gradient (30 to 50 to 80 to 90 to 95 to 100%)
at RT (each for 1 hour) and then placed directly into the prepared
BABB solution for 24 hours to achieve complete tissue clearing.
Embryos were staged according to the method of Hamburger and
Hamilton (52).

Fish (D. rerio)

All work with zebrafish juveniles were approved by the Ministry of
Agriculture, Czech Republic (45052/2020-MZE-18134 and 45055/
2020-MZE-18134) and experimental exposure to dye by the
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Ministry of Education, Youth and Sports (MSMT-34667/2022-1)
and State Veterinary Administration/Section for South Moravian
Region (Animal Experiments Approval: CZ 62760214). Embryos
were produced by natural spawning of AB zebrafish strain in breed-
ing chambers after the preceding overnight separation of females
and males. After spawning, embryos were collected and kept in
an E3 medium with daily medium changes. No exclusion criteria
were applied for experimental animals. From 1 DPF, 0.003% 1-
phenyl-2-thiourea (P7629, Merck) was added to the medium to
block the pigmentation process. Since 5 DPF, embryos were fed
daily with dry food (ZebraFeed, Sparos). Once the embryos
reached the desirable stage, they were transferred to a tank where
the fluorochrome dyes were diluted in an E3 medium. Before
imaging, embryos were anesthetized using buffered tricaine solu-
tion [tricaine-ethyl 3-aminobenzoate methane sulfonate salt (0.17
mg/ml) in 0.09 mM tris-HCI (pH 7.0)] (A5040, Merck). Whole-
mount zebrafish were embedded in 1% TopVision Low Melting
Point Agarose (R0801, Thermo Fisher Scientific).

Microscopy and image analysis

Wide-field fluorescence overview images of specimens were taken
on Axio Zoom V.16—Apotome (Zeiss). Detailed confocal images
were obtained using the laser scanning confocal microscope (LSM
880, Zeiss), and overview visualizations of chameleon jaws were
scanned using light sheet fluorescence microscopy (Lightsheet 7,
Zeiss). The data were rendered and analyzed using Imaris (Bitplane)
and ZEN (Zeiss) software.

Statistical analysis

All the statistical analyses use the unpaired f test and were per-
formed using the GraphPad Prism 8 (GraphPad Software, United
States). Data are shown as the means + SD. Statistically significant
differences are presented in the figures as follows: *P < 0.05, **P <
0.01, P < 0.001, ****P < 0.0001, and "ns,” which is not significant.

Supplementary Materials
This PDF file includes:

Table S1

Legends for movies S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S3

REFERENCES AND NOTES

1. E.F. Morgan, L. C. Gerstenfeld, Chapter 2 - The bone organ system: Form and function, in
Marcus and Feldman's Osteoporosis, D. W. Dempster, J. A. Cauley, M. L. Bouxsein, F. Cosman,
Eds. (Academic Press, ed. 5, 2021), pp. 15-35; www.sciencedirect.com/science/article/pii/
B9780128130735000022.

2. M. Kobayashi, Y. Masuda, M. Kishino, T. Ishida, N. Maeda, T. Morimoto, Characteristics of
mastication in the anodontic mouse. J. Dent. Res. 81, 594-597 (2002).

3. Y.Kim, M. D. Brodt, S. Y. Tang, M. J. Silva, MicroCT for scanning and analysis of mouse
bones. Methods Mol. Biol. 2230, 169-198 (2021).

4. T. Kubikova, M. Bartos, S. Juhas, T. Suchy, P. Sauerovd, M. Hubélek-KaIbéové, Z.Tonar,
Comparison of ground sections, paraffin sections and micro-CT imaging of bone from the
epiphysis of the porcine femur for morphometric evaluation. Ann. Anat. 220,

85-96 (2018).

5. L.Zhao, T. Dodge, A. Nemani, H. Yokota, Resonance in the mouse tibia as a predictor of
frequencies and locations of loading-induced bone formation. Biomech. Model. Mecha-
nobiol. 13, 141-151 (2014).

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

K. A. Apaza Alccayhuaman, P. Heimel, J. S. Lee, S. Tang|, U. Kuchler, J. Marchesan,
L. Panahipour, S. Lettner, E. Matalova, R. Gruber, FasL is a catabolic factor in alveolar bone
homeostasis. J. Clin. Periodontol. 50, 396—405 (2023).

. W.H.Harris, R.H. Jackson, J. Jowsey, The in vivo distribution of tetracyclines in canine bone.

J. Bone Joint Surg. Am. 44-A, 1308-1320 (1962).

. R. A. Milch, D. P. Rall, J. E. Tobie, Fluorescence of tetracycline antibiotics in bone. J. Bone

Joint Surg. Am. 40, 897-910 (1958).

. J.Wang, A. M. Muir, Y. Ren, D. Massoudi, D. S. Greenspan, J. Q. Feng, Essential roles of bone

morphogenetic protein-1 and mammalian tolloid-like 1 in postnatal root dentin formation.
J. Endod. 43, 109-115 (2017).

. H.-H.Hong, T--A. Chou, A. Hong, Y.-F. Huang, T.-H. Yen, C.-H. Liang, A. Hong, H.-Y. Hsiao, C.-

Y. Nien, Calcitriol and enamel matrix derivative differentially regulated cemento-induction
and mineralization in human periodontal ligament-derived cells. J. Periodontol. 93,
1553-1565 (2022).

. S. M. van Gaalen, M. C. Kruyt, R. E. Geuze, J. D. de Bruijn, J. Alblas, W. J. A. Dhert, Use of

fluorochrome labels in in vivo bone tissue engineering research. Tissue Eng. Part B Rev. 16,
209-217 (2009).

. J. Schmidt, K. Lumniczky, B. D. Tzschaschel, H. L. Guenther, A. Luz, S. Riemann, W. Gimbel,

V. Erfle, R. G. Erben, Onset and dynamics of osteosclerosis in mice induced by Reilly-Finkel-
Biskis (RFB) murine leukemia virus. Am. J. Pathol. 155, 557-570 (1999).

. M. Takumida, D. M. Zhang, K. Yajin, Y. Harada, Polychromatic labeling of otoconia for the

investigation of calcium turnover. ORL J. Otorhinolaryngol Relat. Spec. 59, 4-9 (1997).

. T.Jinno, V. M. Goldberg, D. Davy, S. Stevenson, Osseointegration of surface-blasted im-

plants made of titanium alloy and cobalt-chromium alloy in a rabbit intramedullary model.
J. Biomed. Mater. Res. 42, 20-29 (1998).

. C.Paddock, T. Youngs, E. Eriksen, R. Boyce, Validation of wall thickness estimates obtained

with polarized light microscopy using multiple fluorochrome labels: Correlation with
erosion depth estimates obtained by lamellar counting. Bone 16, 381-383 (1995).

. H. Francillon, J. Castanet, Experimental demonstration of the annual characteristic of the

lines of arrest of skeletal growth in Rana esculenta (Amphibia, anura). C. R. Acad. Sci. lll 300,
327-332(1985).

. D.Jing, Y.Yi, W. Luo, S. Zhang, Q. Yuan, J. Wang, E. Lachika, Z. Zhao, H. Zhao, Tissue clearing

and its application to bone and dental tissues. J. Dent. Res. 98, 621-631 (2019).

. N. Renier, Z. Wy, D. J. Simon, J. Yang, P. Ariel, M. Tessier-Lavigne, iDISCO: A simple, rapid

method to immunolabel large tissue samples for volume imaging. Cell 159,
896-910 (2014).

. R. Tomer, L. Ye, B. Hsueh, K. Deisseroth, Advanced CLARITY for rapid and high-resolution

imaging of intact tissues. Nat. Protoc. 9, 1682-1697 (2014).

K. Matsumoto, T. T. Mitani, S. A. Horiguchi, J. Kaneshiro, T. C. Murakami, T. Mano,

H. Fujishima, A. Konno, T. M. Watanabe, H. Hirai, H. R. Ueda, Advanced CUBIC tissue clearing
for whole-organ cell profiling. Nat. Protoc. 14, 3506-3537 (2019).

W. Luo, Y.Yi, D. Jing, S. Zhang, Y. Men, W.-P. Ge, H. Zhao, Investigation of postnatal cra-
niofacial bone development with tissue clearing-based three-dimensional imaging. Stem
Cells Dev. 28, 1310-1321 (2019).

S. Hong, J. Lee, J. M. Kim, S.-Y. Kim, H.-R. Kim, P. Kim, 3D cellular visualization of intact
mouse tooth using optical clearing without decalcification. Int. J. Oral Sci. 11, 25 (2019).
Y.Yi, Y. Men, D. Jing, W. Luo, S. Zhang, J. Q. Feng, J. Liu, W--P. Ge, J. Wang, H. Zhao, 3-di-
mensional visualization of implant-tissue interface with the polyethylene glycol associated
solvent system tissue clearing method. Cell Prolif. 52, e12578 (2019).

K. Becker, N. Jahrling, S. Saghafi, H.-U. Dodt, Immunostaining, dehydration, and clearing of
mouse embryos for ultramicroscopy. Cold Spring Harb. Protoc. 2013, 743-744 (2013).
M. Acar, K. S. Kocherlakota, M. M. Murphy, J. G. Peyer, H. Oguro, C. N. Inra, C. Jaiyeola,
Z.Zhao, K. Luby-Phelps, S. J. Morrison, Deep imaging of bone marrow shows non-dividing
stem cells are mainly perisinusoidal. Nature 526, 126-130 (2015).

J. Krivanek, R. A. Soldatov, M. E. Kastriti, T. Chontorotzea, A. N. Herdina, J. Petersen,

B. Szarowska, M. Landova, V. K. Matejova, L. I. Holla, U. Kuchler, . V. Zdrilic, A. Vijaykumar,
A. Balic, P. Marangoni, O. D. Klein, V. C. M. Neves, V. Yianni, P. T. Sharpe, T. Harkany,

B. D. Metscher, M. Bajénoff, M. Mina, K. Fried, P. V. Kharchenko, I. Adameyko, Dental cell
type atlas reveals stem and differentiated cell types in mouse and human teeth. Nat.
Commun. 11, 4816 (2020).

J. Lavicky, M. Kolouskova, D. Prochazka, V. Rakultsev, M. Gonzalez-Lopez, K. Steklikova,
M. Bartos, A. Vijaykumar, J. Kaiser, P. Pofizka, M. Hovorakova, M. Mina, J. Krivanek, The
development of dentin microstructure is controlled by the type of adjacent epithelium.
J. Bone Miner. Res. 37, 323-339 (2022).

R. M. Pauli, Achondroplasia: A comprehensive clinical review. Orphanet J. Rare Dis. 14,
1(2019).

F. Di Rocco, A. Rothenbuhler, V. Cormier Daire, J. Bacchetta, C. Adamsbaum, G. Baujat,
M. Rossi, A. Lingart, Craniosynostosis and metabolic bone disorder. A review. Neurochir-
urgie 65, 258-263 (2019).

16 of 17

€202 ‘T2 Joqueidas uo A1sieAlun dAzese | Te 610°30us10s"Mam//:sdny Wol) papeojumoq


https://www.sciencedirect.com/science/article/pii/B9780128130735000022
https://www.sciencedirect.com/science/article/pii/B9780128130735000022

SCIENCE ADVANCES | RESEARCH ARTICLE

30. L.Guo, Z. Liang, L. Yang, W. Du, T. Yu, H. Tang, C. Li, H. Qiu, The role of natural polymers in
bone tissue engineering. J. Control. Release 338, 571-582 (2021).

31. Z.Wang, Y. Wang, J. Yan, K. Zhang, F. Lin, L. Xiang, L. Deng, Z. Guan, W. Cui, H. Zhang,
Pharmaceutical electrospinning and 3D printing scaffold design for bone regeneration.
Adv. Drug Deliv. Rev. 174, 504-534 (2021).

32. L. N. Borodinsky, Xenopus laevis as a model organism for the study of spinal cord forma-
tion, development, function and regeneration. Front. Neural Circuits 11, 90 (2017).

33. L. Medina-Cuadra, A. H. Monsoro-Burg, Xenopus, an emerging model for studying pa-
thologies of the neural crest. Curr. Top. Dev. Biol. 145, 313-348 (2021).

34. P.D. Nieuwkoop, J. Faber, Normal Table of Xenopus Laevis (Daudin). A Systematical and
Chronological Survey of the Development from the Fertilized Egg Till the End of Metamor-
phosis (Garland Pub., 1994).

35. H. Katow, Structure and formation of ankylosis in Xenopus laevis. J. Morphol. 162,
327-341 (1979).

36. K. Dietrich, I. A. Fiedler, A. Kurzyukova, A. C. Lopez-Delgado, L. M. McGowan, K. Geurtzen,
C. L. Hammond, B. Busse, F. Knopf, Skeletal biology and disease modeling in zebrafish.
J. Bone Miner. Res. 36, 436-458 (2021).

37. J. M. Bahr, The chicken as a model organism, in Sourcebook of Models for Biomedical Re-
search, P. M. Conn, Ed. (Humana Press, 2008), pp. 161-167; https://doi.org/10.1007/978-1-
59745-285-4_18.

38. J. Rueckel, M. Stockmar, F. Pfeiffer, J. Herzen, Spatial resolution characterization of a x-ray
microCT system. Appl. Radiat. Isot. 94, 230-234 (2014).

39. E. Newham, P. G. Gill, P. Brewer, M. J. Benton, V. Fernandez, N. J. Gostling, D. Haberthuir,
J. Jernvall, T. Kankaanpéd, A. Kallonen, C. Navarro, A. Pacureanu, K. Richards, K. R. Brown,
P. Schneider, H. Suhonen, P. Tafforeau, K. A. Williams, B. Zeller-Plumhoff, I. J. Corfe, Reptile-
like physiology in early Jurassic stem-mammals. Nat. Commun. 11, 5121 (2020).

40. C. Pautke, S. Vogt, T. Tischer, G. Wexel, H. Deppe, S. Milz, M. Schieker, A. Kolk, Polychrome
labeling of bone with seven different fluorochromes: Enhancing fluorochrome discrimi-
nation by spectral image analysis. Bone 37, 441-445 (2005).

41. T. Nishikawa, K. Masuno, K. Tominaga, Y. Koyama, T. Yamada, K. Takakuda, M. Kikuchi,

J. Tanaka, A. Tanaka, Bone repair analysis in a novel biodegradable hydroxyapatite/colla-
gen composite implanted in bone. Implant Dent. 14, 252-260 (2005).

42. V. Oralova, E. Matalova, M. Killinger, L. Knopfova, J. Smarda, M. Buchtova, Osteogenic
potential of the transcription factor c-MYB. Calcif. Tissue Int. 100, 311-322 (2017).

43. C. Witzel, U. Kierdorf, K. Frolich, H. Kierdorf, The pay-off of hypsodonty - timing and dy-
namics of crown growth and wear in molars of Soay sheep. BMC Evol. Biol. 18, 207 (2018).

44. S.Emken, C. Witzel, U. Kierdorf, K. Frolich, H. Kierdorf, Characterization of short-period and
long-period incremental markings in porcine enamel and dentine—Results of a fluoro-
chrome labelling study in wild boar and domestic pigs. J. Anat. 239, 1207-1220 (2021).

45. K.S. Brink, J. I. Henriquez, T. M. Grieco, J. R. Martin del Campo, K. Fu, J. M. Richman, Tooth
removal in the leopard gecko and the de novo formation of replacement teeth. Front.
Physiol. 12, 576816 (2021).

46. M. Lingner, R. Seidling, L. J. Lehmann, E. Mauermann, U. Obertacke, M. L. R. Schwarz, Os-
seointegrative effect of rhBMP-2 covalently bound on a titan-plasma-spray-surface after

Gonzalez Lopez et al., Sci. Adv. 9, eadi0482 (2023) 2 August 2023

modification with chromosulfuric acid in a large animal bone gap-healing model with the
Gottingen minipig. J. Orthop. Surg. Res. 13, 219 (2018).

47. K. Gurzawska, K. Dirscherl, B. Jergensen, T. Berglundh, N. R. Jergensen, K. Gotfredsen,
Pectin nanocoating of titanium implant surfaces - An experimental study in rabbits. Clin.
Oral Implants Res. 28, 298-307 (2017).

48. F.Bashey, A comparison of the suitability of alizarin red S and calcein for inducing a
nonlethally detectable mark in juvenile guppies. Trans. Am. Fish. Soc. 133,

1516-1523 (2004).

49. A. J. Stuart, D. A. Smith, Use of the fluorochromes xylenol orange, calcein green, and
tetracycline to document bone deposition and remodeling in healing fractures in chickens.
Avian Dis. 36, 447-449 (1992).

50. M. Goldberg, O. Kellermann, S. Dimitrova-Nakov, Y. Harichane, A. Baudry, Comparative
studies between mice molars and incisors are required to draw an overview of enamel
structural complexity. Front. Physiol. 5, 359 (2014).

51. Z. An, M. Sabalic, R. F. Bloomquist, T. E. Fowler, T. Streelman, P. T. Sharpe, A quiescent cell
population replenishes mesenchymal stem cells to drive accelerated growth in mouse
incisors. Nat. Commun. 9, 378 (2018).

52. V.Hamburger, H. L. Hamilton, A series of normal stages in the development of the chick
embryo. J. Morphol. 88, 49-92 (1951).

Acknowledgments: We acknowledge the core facility CELLIM supported by the Czech-
Bioimaging large RI project (LM2023050 funded by MEYS CR) for their support with obtaining
scientific data presented in this paper. We would like to thank A. Lochmanova for help with
taking care of the mice colonies and K. Mareckova for help with sample preparation and
laboratory assistance. Funding: This work was supported by Czech Science Foundation (22-
02794S) to J.KR. and M.B., Czech Science Foundation (22-06405S) to J.H., Czech Science
Foundation (23-04974S) to M.V., CzechNanolLab Research Infrastructure-Ministry of
Education,Youth and Sports of Czech Republic (LM2018110) to T.Z. and J.KA., Czech-
Biolmaging—Ministry of Education, Youth, and Sports of Czech Republic (LM2023050) to M.G.L.,
and National Institute for Cancer Research (Programme EXCELES, LX22NPO5102)-European
Union-Next Generation EU to V.B. Author contributions: Conceptualization, funding
acquisition, supervision, and writing the manuscript: J.KR. and M.B. Methodology, investigation,
and writing the manuscript: M.G.L. Methodology, investigation, and review and editing the
manuscript: B.H,, J.L,, V.R, CN., J.P, and AS.T. Methodology, investigation, review and editing
the manuscript, and funding acquisition: J.H. Methodology and investigation: N.Z., V.F,, H.T.,
MK, R.L, HS., P.H., and M.V. Funding acquisition: T.Z,, J.KA., and V.B. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 31 March 2023
Accepted 28 June 2023
Published 2 August 2023
10.1126/sciadv.adi0482

17 of 17

€202 ‘T2 Joqueidas uo A1sieAlun dAzese | Te 610°30us10s"Mam//:sdny Wol) papeojumoq


https://doi.org/10.1007/978-1-59745-285-4_18
https://doi.org/10.1007/978-1-59745-285-4_18

Science Advances

Spatiotemporal monitoring of hard tissue development reveals unknown features
of tooth and bone development

Marcos Gonzalez Lopez, Barbora Huteckova, Josef Lavicky, Nikodem Zezula, Vladislav Rakultsev, Vendula Fridrichova,
Haneen Tuaima, Cita Nottmeier, Julian Petersen, Michaela Kavkova, Tomas Zikmund, Jozef Kaiser, Rupali Lav, Haza
Star, Vit#zslav Bryja, Petr Henys, Miroslav Vo#echovsky, Abigail S. Tucker, Jakub Harnos, Marcela Buchtova, and Jan
Krivanek

Sci. Adv., 9 (31), eadi0482.
DOI: 10.1126/sciadv.adi0482

View the article online

https://lwww.science.org/doi/10.1126/sciadv.adi0482
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

€202 ‘T2 Joqueidas uo A1sieAlun dAzese | Te 610°30us10s"Mam//:sdny Wol) papeojumoq


https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	Analysis of the growth dynamics of mouse incisor and molars during aging or hard/soft diet
	Growth and healing dynamics of mouse long and flat bones
	Monitoring the development of teeth and bones in reptiles and amphibians
	Bone development and remodeling in ray-finned fish and birds

	DISCUSSION
	MATERIALS AND METHODS
	Vital dyes preparation
	Hard tissue clearing
	Mouse (M. musculus)
	Hard/soft food–type experiment
	Tissue preparation and imaging
	Skull drilling
	X-ray microtomography
	Chameleon (C. calyptratus)
	Frog (X. laevis)
	Chicken (G. gallus)
	Fish (D. rerio)
	Microscopy and image analysis
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

