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Effects of microgravity simulation on zebrafish transcriptomes
and bone physiology—exposure starting at 5 days post
fertilization
Jessica Aceto1, Rasoul Nourizadeh-Lillabadi2, Silvia Bradamante3, Jeanette A Maier4, Peter Alestrom2, Jack JWA van Loon5,6 and
Marc Muller1

Physiological modifications in near weightlessness, as experienced by astronauts during space flight, have been the subject of
numerous studies. Various animal models have been used on space missions or in microgravity simulation on ground to
understand the effects of gravity on living animals. Here, we used the zebrafish larvae as a model to study the effect of microgravity
simulation on bone formation and whole genome gene expression. To simulate microgravity (sim-μg), we used two-dimensional
(2D) clinorotation starting at 5 days post fertilization to assess skeletal formation after 5 days of treatment. To assess early,
regulatory effects on gene expression, a single day clinorotation was performed. Clinorotation for 5 days caused a significant
decrease of bone formation, as shown by staining for cartilage and bone structures. This effect was not due to stress, as assessed
by measuring cortisol levels in treated larvae. Gene expression results indicate that 1-day simulated microgravity affected
musculoskeletal, cardiovascular, and nuclear receptor systems. With free-swimming model organisms such as zebrafish larvae,
the 2D clinorotation setup appears to be a very appropriate approach to sim-μg. We provide evidence for alterations in bone
formation and other important biological functions; in addition several affected genes and pathways involved in bone, muscle
or cardiovascular development are identified.
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INTRODUCTION
Physiological modifications in near weightlessness, as experienced
by astronauts during space flight, have been the subject of
numerous studies. A compilation of human responses to
prolonged exposure to space conditions indicates a loss of bone
mineral density of about 1% per month.1 Prolonged bed rest
studies confirmed this bone loss without any substantial gender
differences.2 Animal models have also been used to gain deeper
insight into the molecular mechanisms of adaptation to
microgravity,3 among which are various fish species.4–6 Fishes
directly respond to microgravity by displaying a kinetotic
swimming behavior,5 probably due to conflicting sensory input
reminiscent of motion sickness in humans. After some time, this
behavior disappears, but further studies have extensively illu-
strated the effect of decreased gravity on the growth of the
gravity-sensing organs, the otoliths.5,7

Until now, it was, however, unclear whether aquatic organisms,
such as fishes, would elicit a physiological response to altered
gravity conditions, in addition to sensing the modification and
adapting the sensing organs. Recently, we chose to use small
fish models, such as medaka or zebrafish, to study physio-
logical changes in altered gravity conditions3,4,8,9 and we showed
that zebrafish larvae experiencing hypergravity (3 g) between
1 and 5 days post fertilization (dpf) or between 5 and 10 dpf
presented a significantly increased bone formation.9 Here, we

used clinorotation to simulate microgravity (sim-μg) and studied
its effect on bone formation, as well as the effect on whole
genome gene expression during the first day of sim-μg treat-
ment. We show for the first time that clinorotation between 5 and
10 dpf significantly decreases bone formation in zebrafish larvae.
Further, we also analyzed the modifications in gene express-
ion caused by exposure to sim-μg for 1 day and we identified
several genes and pathways whose expression is altered after
clinorotation.

RESULTS
Effects of sim-μg on cartilage and bone formation: 5 days in
clinorotation versus controls
Larvae of 5 dpf were maintained in clinorotation for another
5 days. At the end (10 dpf), controls and sim-μg-exposed
larvae were stained with Alcian blue to observe the cartilage
and Alizarin red to visualize calcium deposition by osteogenic
cells (see Figure 1a,b). The cartilage structures are well-formed,
complete and morphologically similar to the respective
controls (Figure 1c,d). In contrast, bone formation was clearly
decreased in the larvae submitted to clinorotation relative to their
controls (Figure 1e,f) and several bone structures, such as
anguloarticular, branchiostegal ray2, ceratohyal, and dentary are
absent.
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The extent of bone formation was analyzed more precisely by
using qualitative and quantitative descriptions of the images of
the stained larvae by applying two approaches.9

The morphometric approach. Each image was manually annotated
by defining specific landmarks indicating the positions of the
different skeletal structures. Symmetric structures, such as the
maxilla (m), entopterygoid (en), branchiostegal ray (br), or opercle (o)
were distinguished by the suffix “up” or “down” (see Figure 1a,b).
The software then calculates all the distances between the selected
landmarks to obtain a morphometric description of the head
skeleton. In the cartilage skeleton, larvae subjected to clinorotation

did not reveal any significant modifications (data not shown). In
contrast, larvae stained with alizarin red revealed a clearly increased
distance of the parasphenoid summit (pa) and the anterior (an) part
of the larvae (Figure 1g, Supplementary Table S2), probably due to
the significant decrease of the parasphenoid (p) area (Figure 1h,
Supplementary Table S2). Note that not all of the measures were
possible due to the absence of several structures in 460% larvae
such as the anguloarticular (aa) and ceratohyal (ch) (see also below).

The staining intensity evaluation approach. According to its
developmental status (absent, early, advanced, or over ossifica-
tion), a score, from 0 for absent to 3 for advanced ossification, is

Figure 1. Effects in 10 dpf zebrafish larvae after 5 days sim-μg in clinorotation (a) Schematic representation of the different cranial bone
elements revealed by alizarin red staining in 9–10 dpf zebrafish larvae and (b) the landmarks used for morphometric analysis. The landmarks
used in morphometric analysis are anguloarticular (aa), anterior (an), branchiostegal ray1 (br1), entopterygoid (en), maxilla (m), notochord (n),
opercle (o), and parasphenoid (p). Note that the parasphenoid is a triangular bone defined by its anterior summit (a) and two posterior
summits (b,c). Additional bone elements that were evaluated for extent of ossification are: branchiostegal ray2 (br2), cleithrum (c),
ceratobranchial 5 (cb), ceratohyal (ch), dentary (d), and hyomandibular (hm) (from ref. 9). (c,d) Alcian blue staining of cartilage. (e,f) Alizarin red
staining of bone structures. Compared with controls (C), no effect was observed on cartilage development after 5 days clinorotation (D). In
contrast, relative to control (E), a clear decrease of bone formation was seen after 5 days in clinostat (F). Scale bars= 250 μm. (g) Morphometry.
A significant increase of the distance between the anterior part of the larvae and the parasphenoid summit is observed. The distances are
measured in pixels. Mean± s.d. and t-test analysis were calculated for each measure on at least 20 individuals. (h) The area covered by the
parasphenoid is decreased on clinostat exposure. (i) Extent of bone formation: Bone development is classified for each element into different
categories: Absent (no structure present; red), early ossification (beginning of the bone ossification; yellow), advanced ossification (the
structure is present and already developed as the control; green), and over ossification (the structure is more developed compared with the
control; purple). Cumulated frequencies in % are represented for each element. As no significant difference was observed for paired structures
between left and right (up and down), their scores have been combined. Statistical analysis was performed by X2 of Pearson and a logistic
regression. (i) Cumulated frequency after 5 days in clinostat. (j) To obtain global scores, the scores attributed to each element were added up
for each individual larva. Mean± s.d. and t-test analysis was obtained on at least 20 individuals. **Po0.005 and ***Po0.001.
dpf, days post fertilization.
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given to each structure. The frequency distribution of these
scores reveals that exposure to clinorotation lead to a significant
decrease in ossification of all the structures (Figure 1i, Supple-
mentary Table S3). The branchiostegal ray1 and the entopterygoid
structures were absent in ~ 25 % of the treated larvae, while they
presented advanced ossification in 100% of the control larvae
(Figure 1i). The anguloarticular and the ceratohyal were absent in
about 60% of the treated larvae, compared with 25% or 15%,
respectively, in the controls. Absence of the branchiostegal ray2
switched from 25% in controls to about 80% after clinorotation.
For all structures, the frequency of larvae presenting advanced
ossification significantly decreased on clinorotation. Assigning a
global score for all structures within each larva confirmed that
5 days of clinorotation treatment produced a significantly
decreased ossification (Figure 1j).

Sim-μg and stress in larvae
Stress can induce bone loss;10–13 therefore we decided to evaluate
the stress status of 6 dpf larvae after 1-day exposure to sim-μg.
To this end, we determined the whole body cortisol levels in 15
larvae directly after sacrifice. This analysis has been performed
through subsequent adjustments:
(i) To collect and kill the larvae, we compared two different

methods, shortly defined as low-tricaine and high-tricaine. Low-
tricaine: to cause a rapid anesthesia followed after 2–3 min by
death by adding tricaine to a final concentration of 0.04 g/l;14

high-tricaine: to cause immediate death by collecting larvae in
a reduced volume of E3 medium and adding 1.6 g/l of tricaine.
Since we observed significantly higher cortisol levels in larvae
killed with low-tricaine (Figure 2a), probably due to the acute
stress induced by anesthesia, we applied the high-tricaine method
in all experiments.
(ii) To induce acute stress in zebrafish larvae, we performed

positive control experiments by using two different known
procedures: the first consists in intense agitation for 30 s in 5 ml
medium followed by a 5-min resting period15 before sacrifice at
high-tricaine, while the second exposes the larvae to a 1.75 g/l

NaCl solution for 5 min before leaving them for 5 min recovery in
E3 (ref. 16) and then sacrifice. As expected, both stress conditions
lead to a significant increase in cortisol levels, which interestingly
were similar to the levels observed under low-tricaine conditions
(Figure 2a).
(iii) Finally, careful measurements of the cortisol levels indicated

no differences between the larvae subjected to clinorotation for
1 day as compared with their respective controls (Figure 2b).
These results demonstrate that the larvae placed into this
microgravity simulator are not stressed compared with their
respective controls. Thus, any modification observed is most likely
related to the effect of sim-μg and not stress.

Effects of sim-μg on gene expression: 1 day clinorotation versus
controls
To obtain a global view of the physiological changes caused by
sim-μg, we performed a microarray whole genome expression
analysis. We compared 6 dpf control larvae with larvae growing in
clinorotation for 1 day, i.e., from 5 dpf to 6 dpf, to capture early-
regulatory events rather than secondary regulations, leading
ultimately to the observed modulations of bone formation at 10
dpf. Four independent experiments were carried out, using 60
larvae for each experimental condition. Due to the small volume
available in the rotating tubes in clinorotation, only 15 larvae were
run in parallel in three tubes; thus each control or rotated sample
consisted of a pool from 4 different experiments to reach a sample
size of 60 larvae. Total RNA was extracted from 6 dpf control larvae
and larvae that experienced sim-μg, reverse transcribed into
complementary DNA, and used for gene expression microarray
analysis.
A list of genes affected more than 1.4-fold (|log2 fold change|

40.49) was extracted and introduced into the Ingenuity Pathway
Analysis software (IPA) for further analysis. In total, 208 genes were
significantly affected in the clinorotation experiment, of which 66
genes were annotated in IPA. The full list of these genes is given in
Supplementary Table S4. Validation by reverse transcription-
quantitative PCR of five genes selected from the list demonstrated
the reliability of the microarray data (Figure 3a).
In general, it appears that the number of significantly affected

genes is relatively low, indicating that sim-μg has no major
immediate impact on general physiology. The most highly
affected gene in clinorotation (Supplementary Table S4) is AXIN2
(log2 fold − 3.48), indicating a downregulation of the Wnt
pathway, while the most highly upregulated gene is HES1 that is
involved in NOTCH signaling.17 Other affected genes are IGF2R, a
component of the insulin-like pathway, or the ryanodin receptor
RYR2. Affected transcriptional regulator genes are also repre-
sented, such as E2F2, FOSB, or the bone-specific factor HOXB9.
IPA was used to identify the biological functions and regulatory

pathways that were affected by sim-μg. Among the ‘canonical
pathways’ affected (Supplementary Table S5), the retinoid X
receptor RXR is prominent in its common role for FXR/RXR, VDR/
RXR, and FXR/RXR signaling, while other pathways regulated by
IL-6, Notch, VDR, Hif1ß, LPS/IL-1, and Notch were also affected.
Classification of the list of affected genes according to their
involvement in specific ‘Disease and Biological Functions’ revealed
their role in morphology, size, and resorption of bone, as well as
the quantity of osteoclasts, bone, and blood cells. When
considering the more generic ‘Disease and Biological Function’
terms according to their relevance (Figure 3b), ‘Connective Tissue
Disorders’, Skeletal and Muscular Disorders, and ‘Connective
Tissue Development and Function’ ranked on position 2, 5, and
11, respectively. Finally, we analyzed the data set for putative
upstream regulators and the predicted change in activity of these
regulators (Figure 3c) and we identified CREB1 and CREM as
putative affected regulators, but also TCR, IL-12, IL-6, and the
bone-specific transcription factor RUNX2. The observed changes in

Figure 2. Evaluation of stress by cortisol assay. (a) Negative and
positive controls. Low-tricaine dose, agitation, and salt water signifi-
cantly increase the cortisol level compared with high-tricaine. (b) No
change in cortisol level in clinostat compared with their control.
***Po0.001
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gene expression are indeed consistent with a decrease in CREB1
activity in clinorotation (Figure 3d).
One important aspect of our study is the fact that we investi-

gated gene expression using mRNA from the entire larvae. We first
filtered the gene list according to their involvement in muscu-
loskeletal or cardiovascular function or disease (Supplementary
Table S7), we identified 8 genes common to both systems, 9 genes
related to the musculoskeletal function, and 10 genes more
specific to the cardiovascular system. When we focused on
individual organ systems by filtering the affected gene set against
available databases of genes involved in specific functions (gene
ontology annotations of human or mouse gene orthologs using
the IPA knowledge base), networks of regulatory interactions
could be constructed for each system. Specific to bone, a
small pathway centered around FGF2 (increased expression)
and including FOSB, GAB2, and E2F2 (decreased expression) was
identified. In muscle, FOSB is absent, but FGF2 is additionally
connected to MCL1 through GAB2. Further, the increased

expression of CYP19A1, required for estrogen synthesis, and its
effect on lipoprotein metabolism was also pointed out. In the
cardiovascular system, all these genes and pathways are
represented

DISCUSSION
We used zebrafish larvae as a model system to explore changes in
skeletal formation and gene expression under sim-μg conditions.
Due to their small size, a relatively large number of larvae can be
maintained in reasonably small volumes of medium. Thus, devices
traditionally used for studying the effects of sim-μg on micro-
organisms or cell cultures can be adapted to the study of this
vertebrate model system. In this study, we used clinorotation to
sim-μg.
We first concentrated on the effects of sim-μg on cartilage/

bone formation. In zebrafish, since ossification starts in the head
skeleton at 3 dpf, with extensive bone mineralization observed

Figure 3. Genes whose expression is affected by clinorotation for 24 h starting at 5 dpf. (a) Fold change values on clinorotation treatment
for selected genes. The fold change after clinorotation between 5 and 6 dpf is given as deduced from the microarray data and the RT–qPCR
confirmation experiments. For microarray data, only significant fold-change values are shown, while for RT–qPCR bold type indicates
significant changes in expression (Po0.05). (b) Diseases and Biological functions affected by clinorotation. IPA analysis of the list of genes
affected at 6 dpf after 1-day clinorotation compared with controls. The columns represent the − log(P-value) for significance that the list of
genes affects the indicated biological function. (c) Upstream regulators, as suggested by the lists of genes affected at 6 dpf after 1-day
clinorotation as compared with the corresponding controls. Potential upstream regulators known to modify expression of genes in the gene
list were identified, the numbers given are the z-scores indicating significance of the upstream regulator, negative z-scores correspond to
predicted decreased activity, while positive z-scores correspond to a predicted increased activity of the proposed regulator. (d) Genes
connected to the upstream regulator CREB1 as predicted by Ingenuity Pathway Analysis. CREB1 activity is predicted to be downregulated in
clinorotation condition (blue color). Blue or orange lines indicate, respectively, inhibition or activation of expression consistent with the
prediction, gray arrow indicates that no information is available (inconsistent findings would be in yellow). Arrows indicate an interaction
activating, while stop-lines indicate an interaction inhibiting expression of the target gene. Red overlay color indicates increased gene
expression, while green overlay indicates decreased gene expression in the corresponding experiment.
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beyond 4–5 dpf, we chose 5 dpf as starting point for the sim-μg
experiments. Simulation was continued for some days to observe
the effect on skeletal formation at 10 dpf. Changes were assessed
using the previously validated morphometric and ‘extent of
ossification’ methods. In the cartilage skeleton, no changes in
morphology due to sim-μg were observed (Figure 1c,d). This
absence of major effects on head cartilage formation during
this period was previously also shown in hypergravity,9 indicating
that the cranial cartilage morphology is not affected by
mechanical constraints, at least past a certain stage. In this
context, it is interesting to note that also inhibition of the Fgf or
Bmp signaling pathways in zebrafish larvae older than 2 dpf did
not affect cartilage formation.18–20

In contrast, the morphology of the head bone skeleton was
affected by clinorotation causing a significant decrease of the
parasphenoid area, in line with the general decrease in ossification
in these conditions (see below). Such a narrowing of the head
skeleton was not observed for the cartilage elements, suggesting
that the dermal skeleton might be more responsive to changes in
environment at these stages. Clinorotation for 5 days caused a
significant decrease in ossification of individual bone elements,
and on the global score. The continuous rotation of the water
column during clinorotation allowed a natural, mainly resting
behavior. Indeed, we observed that the mostly immobile larvae
were following the rotating movement, while swimming larvae
tended to compensate the rotating environment to keep their
level. We observed that clinorotation starting at 5 dpf, when
ossification is ongoing, causes a significant decrease of the
calcified parasphenoid area and a general decrease of calcification
in all major cranial bones at 10 dpf, without major changes in the
general morphology. This result is consistent with previous
experiments exposing mouse fetal long bones for 4 days to space
conditions21 that revealed decreased mineralization, but no
change in growth or collagen synthesis. Taken together, we
conclude that clinorotation is an appropriate approach to study
the effects of sim-μg on free-swimming aquatic organisms.
However, the final proof will require comparing the simulation
results against real in-flight data.
The observation that bone formation was decreased on

clinorotation raised the question concerning a possible involve-
ment of systemic stress in this effect. Loss of bone mineral density
was shown in US military during combat missions10 or during
glucocorticoid treatment of inflammatory diseases.11,13 Similarly,
increased bone resorption, which was partly attributed to stress,
was shown in Atlantic bluefin tuna (Thynnus thynnus) when reared
in captivity.12 On the other hand, the level of systemic stress
during space missions was assessed by performing cortisol
measurements before, during, and post flight. The cortisol levels
did not significantly change in the cosmonauts.22 Another study
found identical cortisol levels in animals in space versus Earth
control.23 These results suggest that the bone loss observed in
astronauts is not due to stress, as further substantiated by in-flight
skeletal in vitro mineralization studies using mouse metatarsal
long bones.24 Nevertheless, we could not exclude that the
zebrafish larvae would experience stress when placed into the
microgravity simulation device. No increase in cortisol levels was,
however, observed in larvae after undergoing a 1-day simulation
in clinorotation, strongly arguing against the possibility that the
decreased bone formation in clinorotation may be due to systemic
stress.
The clinorotation results are also in line with the well-

established bone loss experienced by astronauts in space or bed
rest studies,1,2 and with the space experiments performed on
rats25–28 or mice.29 Microgravity caused effects ranging from
decreased trabecular numbers27,29 and thickness27 in tibia to a
decreased mineral content and number of osteoblasts.26,28,30 In
astronauts, bone formation markers (type I procollagen propep-
tide and bone alkaline phosphatase) decreased, while bone

resorption markers such as the procollagen C-telopeptide
increased during space flight.22,31 The decreased bone formation
due to sim-μg, as well as the increased bone formation due to
hypergravity that was previously reported,9 strongly indicate that
skeleton formation in zebrafish between 5 and 10 dpf is a good
model to study gravitational effects on bone metabolism. One
important difference is, however, evident: only weight-bearing
bones are significantly affected by microgravity in humans and
rodents,1,27,29 while most cranial bone elements appear to be
affected by gravitational changes in zebrafish larvae. It is unlikely
that these effects result from changes in muscle strain, as is
generally accepted for the mammalian weight-bearing bones,
suggesting the existence of a response to microgravity indepen-
dent of mechanical strain; further experiments will be required to
better understand this general sensitivity to gravitational condi-
tions of the developing zebrafish bones.
Finally, we chose to analyze the changes in gene expression

caused by sim-μg in clinorotation after only 1 day of treatment, as
we were mainly interested in early-regulatory events rather than
in secondary effects. In general, the number of affected genes was
low. Among the genes affected by clinorotation, a small molecular
network could be constructed containing the FOSB, FGF2, E2F2,
GAB2, and MCL1 genes (Figure 4). Compared with a network that

Figure 4. Networks of genes involved in bone, muscular, or
cardiovascular systems and affected by clinorotation for 1 day. The
list of genes affected by clinorotation was filtered according to the
described function for their mammalian homologs in the different
physiological system using IPA. The color overlay indicates the fold
change relative to the respective controls (upregulated genes in red,
downregulated genes in green) observed, respectively in (a) bone,
(b) muscle, and (c) cardiovascular system. IPA, Ingenuity Pathway
Analysis software.
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was previously described of genes affected by 3 g hypergravity
relative to 1 g,9 the transcription factor complex AP1 attracted our
attention. This complex, formed by members of the JUN and FOS
families, is well-known to control cell proliferation, differentiation,
and transformation. It is regulated by the GADD45B factor that
mediates cellular stress response through the p38/JNK pathway32

and is involved in hematopoiesis and immune response.33 On the
other hand, compared with 1 g, microgravity decreases the
expression of FOSB, while moderate 3 g hypergravity leads to
increased expression of FOSB and its homolog FOS.9 Expression of
truncated versions of FosB was shown in mice to cause
osteosclerosis and increased expression of the osteoblast marker
gene Runx2.24 Decreased expression of c-Fos in microgravity
was shown in osteoblast cells,34,35 while in murine carcinoma cells
decreased induction of c-Fos and c-Jun was shown in
microgravity.36,37 Taken together, these observations point to a
central network comprising members of the FOS–JUN factors
whose global expression may serve as an indicator for gravity
conditions. Another pathway that was highlighted by the study of
affected genes was the signaling through CREB1/CREM transcrip-
tion factors, typically involved in response to cAMP. Other genes
appear to be more specifically regulated by different gravity
conditions. Here, we show that the bone-related HES1 (ref. 38)
gene is strongly upregulated (Supplementary Table S4), while its
homolog HES5 was upregulated in hypergravity. Both genes,
coding for helix–loop–helix transcription factors, are involved in
the control of neural stem cell differentiation,39 HES5 is regulated
during cartilage differentiation,40 while HES1 is involved in
digestive system development.41 Other genes specifically affected
by clinorotation are GAB2, a GRB2-associated-binding protein
involved in signal transduction through tyrosine kinase (RTK) or
non-RTK receptors42 and required for allergic reactions, mast cell
growth in bone marrow, bone homeostasis,43 and heart
function,42 the BCL-2-related MCL1 involved in control of cell
survival,44 and E2F2 controlling the cell cycle.45,46 Finally, the sex
steroid aromatase gene CYP19A1, converting androgens into
estrogens,47 is upregulated after clinorotation.
Few data have been published concerning whole genome

gene expression studies in microgravity.48–51 Comparing the
gene list derived from zebrafish larvae submitted to clinorotation
for 1 day, no gene commonly affected was found in human
adipose tissue-derived mesenchymal stem cells kept for 14 days
in random positioning machine,50 human umbilical vascular
endothelial cells exposed to space conditions for 7 days51 or in
the skin of mice that spent 3 months in space.48 Murine 2T3
osteoblast precursor cells cultured for 3 days on an random
positioning machine revealed decreased expression of IGF-1 and
IGF-2,49 possibly related to the decreased expression of IGF2R
observed here. Other genes whose expression was affected in 2T3
cells, such as decreased expression of BMPs, PTHR or RUNX2, may
reflect secondary events after 3 days in microgravity, rather than
the regulatory events that were investigated here.
In conclusion, we show here for the first time that zebrafish

larvae experiencing sim-μg by clinorotation in early-life stages
between 5 and 10 dpf exhibit decreased bone formation in
the head, in sharp contrast to the previously described increase
in bone formation after exposure to hypergravity.9 This decrease
in skeleton ossification was not preceded by decreased
cartilage formation, and was not due to increased stress.
Finally, we analyzed whole genome gene expression after 1 day
sim-μg in a clinostat and propose a regulatory gene network
centred around the FOS–JUN transcription factor complex as a
general indicator for gravity conditions. The cAMP-responsive
CREB1/CREM pathway was also affected. The relevance of the
sim-μg paradigm can only be conclusively shown by performing
such experiments in real, near weightlessness conditions in an
orbital spaceflight.

MATERIALS AND METHODS
Animals procedures
Zebrafish (Danio rerio) were maintained and treated under standard
conditions14 in the GIGA zebrafish facility (Liège, Belgium; licence
LA2610359) as described previously.9 Wild-type embryos were used and
staged according to.52 All protocols for experiments were evaluated by the
Institutional Animal Care and Use Committee of the University of Liège
and approved under the file numbers 568, 1074, and 1264 (licence LA
1610002).

Microgravity simulation experiments using clinorotation
The clinostat device (benchtop 2D clinostat)53 allows parallel positioning of
six horizontal tubes, three of which are rotating at a precisely controlled
constant speed of 60 r.p.m., while three others are kept immobile to serve
as control. As the tubes have to be hermetically closed during the
experiment, we carried out preliminary experiments to determine a density
of 1 larva per ml as maximal to avoid effects on health and behavior (slow
movements). In each tube, five larvae of 5 dpf were placed into 5 ml of
freshly prepared and oxygenated E3 medium (5 mmol/l NaCl, 0.17 mmol/l
KCl, 0.33 mmol/l CaCl2, 0.33 mmol/l MgSO4, 0.00001 % Methylene Blue).
The medium was changed every 24 h to renew the oxygen level. The
clinostat was placed in the zebrafish facility (room temperature 26 °C) and
covered by an aluminum foil to keep the larvae in the dark, isolated from
possible visual clues concerning the rotation. This procedure resulted in an
increase of the temperature to 28 °C. Visual inspection just after setup
revealed that the water column within the rotating tubes followed the
movement without turbulence, as well as the immobile larvae. In an
attempt to generate an additional control experiment, we also used the
same device in which the rotating tubes were vertically oriented, to test
the effect of rotation without the sim-μg effect. Unfortunately, we
observed that in these experiments all the larvae were staying in the
bottom of the tube, thus possibly creating a hypoxic environment.
Therefore we decided that the best controls for the clinorotation
experiments were the horizontal non-rotating tubes run in parallel; we
did not further follow up vertical rotation.

Cortisol measurement
Cortisol was quantified using a cortisol enzyme immunoassay (EIA) kit
(Cayman Chemical, Ann Arbor, MI, USA). For each condition, 15 larvae at 6
dpf were used in triplicates in E3 at 28 °C. After treatment, the larvae were
killed, washed in cold PBS (pH=7.4) and frozen in liquid nitrogen for
storage at − 80 °C. The larvae were thawed and homogenized in cold PBS
using a Potter (Thomas Scientific, Swedesboro, NJ, USA). Five hundred
microliters of homogenate was used for cortisol extraction with 3 ml of
diethyl ether, which was repeated three times before evaporating the
ether to dryness in a bath at 45 °C under a nitrogen flow.15 Eluates were
dissolved in 500 μl EIA buffer. Normalization to the protein concentration
of each homogenate was performed using the Micro BCA Protein Assay kit
(Thermo Scientific, Pierce Biotechnology, Rockford, IL, USA). The data were
adjusted to the cortisol extraction efficiency ( = 93%); the detection limit
was 12 pg cortisol per ml.15,16

Staining methods
Acid-free protocols were adapted54 to perform Alcian blue (8 GX Sigma-
Aldrich, Diegem, Belgium) staining of cartilage structures 55 and Alizarin
red S (Sigma-Aldrich) staining of calcified structures. Images of stained
larvae (n= 20–30 larvae) were obtained on a binocular (cell B software,
Olympus, Berchem, Belgium).

Image analysis
Image analysis was performed on the pictures of larvae stained with Alcian
blue for cartilage or Alizarin red for bone as previously described.9 Briefly,
for morphometric analysis, images were uploaded into the CYTOMINE
(Angleur, Belgium) environment56 and manually annotated by positioning
landmarks in the cartilage or bone skeleton (Figure 1a,b) as previously
defined in the CYTOMINE ontology. The program computes all the
distances (in pixels) and angles (in radian) for any two points of interest,
which were exported into an Excel file. Statistics were performed using
GraphPad Prism5 (La Jolla, CA, USA). A t-test was used for control versus
treatment experiments, while a one-way analysis of variance was used for
multiple comparisons.
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Morphometric analysis did not inform about the extent of ossification
within each larva, and was sometimes hindered by the complete absence
of one or several elements. Therefore, a systematic analysis was generated
by giving each structure a score based on its progress of development:
absent, early ossification, advanced ossification and over ossification, or
numerical values of, respectively, 0, 1, 2, or 3. A contingency table
considered ordinal values distributed among the four classes (from absent
to over ossification) or only three classes when one class was not present
in the sample, and association between classes and treatment was
assessed by X2-test and by an ordinal logistic regression and the odds ratio.
Quantitative values were compared between two groups using a Student
t-test. Statistical analyses were performed using the Statistica Software
(version 10, Dell Software, Paris, France). Results were considered
statistically significant at the 5% critical level (Po0.05).

RNA extraction, reverse transcription and real-time PCR
Samples of 60 larvae at 6 dpf, after 24 h treatment, were pooled for RNA
extraction, complementary DNA synthesis, and quantitative PCR were
performed as previously described.57 Gene-specific oligonucleotide primers
were designed using Primer3 software58 to span exon–exon junctions to
avoid detection of genomic DNA contamination (see Supplementary Table
S1 for primer sequences) and synthesized by Eurogentec (Seraing, Belgium)
or Integrated DNA Technology (Leuven, Belgium).

Microarray expression experiments
Microarray expression analysis was performed as previously described,9 the
slides were scanned using a GenePix 4000B (Axon instrument, Foster City,
CA, USA). Raw data and complete lists of analyzed data are publicly
available at Arrayexpress (https://www.ebi.ac.uk/arrayexpress/) under accession
number E-MTAB-4476.

Ingenuity pathway analysis
Pathway and biological function analysis of significantly differently
expressed genes using IPA (QIAGEN Redwood City; http://www.ingenuity.
com) was previously described.9 In some cases, activation z-scores are used
in the statistical analysis. This score identifies upstream regulators or
pathways that can explain the observed gene expression changes in the
dataset, by taking into account the direction (induced or reduced
expression) and extent of change, and based on regulations known from
the entire IPA database. Z-scores 42 predict activation of the upstream
regulator, z-score o − 2 predict inhibition.
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