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Aims

Vertebrates have adapted to life on Earth and its constant gravitational field, which exerts
load on the body and influences the structure and function of tissues. While the effects of
microgravity on muscle and bone homeostasis are well described, with sarcopenia and os-
teoporosis observed in astronauts returning from space, the effects of shorter exposures
to increased gravitational fields are less well characterized. We aimed to test how hyper-
gravity affects early cartilage and skeletal development in a zebrafish model.

Methods

We exposed zebrafish to 3 g and 6 g hypergravity from three to five days post-fertilization,
when key events in jaw cartilage morphogenesis occur. Following this exposure, we per-
formed immunostaining along with a range of histological stains and transmission elec-
tron microscopy (TEM) to examine cartilage morphology and structure, atomic force mi-
croscopy (AFM) and nanoindentation experiments to investigate the cartilage material
properties, and finite element modelling to map the pattern of strain and stress in the
skeletal rudiments.

Results

We did not observe changes to larval growth, or morphology of cartilage or muscle. How-
ever, we observed altered mechanical properties of jaw cartilages, and in these regions
we saw changes to chondrocyte morphology and extracellular matrix (ECM) composition.
These areas also correspond to places where strain and stress distribution are predicted
to be most different following hypergravity exposure.

Conclusion

Our results suggest that altered mechanical loading, through hypergravity exposure, af-
fects chondrocyte maturation and ECM components, ultimately leading to changes to
cartilage structure and function.
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examine how this affects the musculo-
skeletal system of developing zebrafish.

Article focus
Altered mechanical loading has been
associated with multiple bone and joint
pathologies including osteoarthritis and
osteoporosis.
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Zebrafish provide an excellent model
for musculoskeletal studies as they have
many of the cells and tissues found in
humans, including a synovial jaw joint
which is comparable to human synovial
joints.

Here we use hypergravity to simu-
late increased mechanical loading and

causes subtle changes to chondrocytes
and their surrounding matrix.

Changes to strain and stress distribu-
tion in the lower jaw of larval zebrafish
are also observed following short-term
hypergravity exposure.
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These alterations could lead to more severe carti-
lage and bone pathologies over longer exposure
periods.

Strengths and limitations

Strengths of this study include the use of highly
specialist equipment, the relevance to human
diseases for which mechanical loading is a risk
factor, and the range of techniques used to analyze
the samples.

Limitations of this study include the inability to
dynamically visualize changes to the musculoskel-
etal system live due to the large diameter centrifuge
setup and the length of exposure to hypergravity;
ideally, we would have tested longer exposures but
were limited by equipment availability.

Introduction

Mechanical loading of the skeleton occurs during phys-
ical activity through muscle contraction and ground
reaction forces."? This loading builds and maintains
bone mass, making increased skeletal loading an area of
interest in the treatment of osteoporosis.> A physiolog-
ical level of mechanical loading is beneficial to cartilage
function in vitro by increasing chondrocyte prolifera-
tion and anabolic processes, boosting proteoglycan
synthesis.*® In vivo experiments in hamsters,® rats,'
and humans" have indicated that moderate exercise
has a chondroprotective role, resulting in decreased risk
of severe osteoarthritis (OA). In contrast, overloading or
reduced loading of joints has a role in cartilage destruc-
tion by promoting catabolic pathways. Extreme or
abnormal loading (through high impact sports,'>' joint
misalignment,™ or surgical interventions such as knee
arthroplasty'¢) can lead to extracellular matrix (ECM)
damage, loss of collagen, chondrocyte cell death, and
eventually OA.7-"?

As mechanical loading is exerted on the skeleton
by gravitational forces,?® many studies on the muscu-
loskeletal system have been carried out across a range
of gravity levels. Microgravity has substantial, well-
documented effects on the skeleton with decreased
bone density observed in humans? and fish,?? and
disruptions to skeletal maturation observed in imma-
ture mice. Studies on astronauts and cosmonauts
following long duration space flight found that 92% had
a minimum of 5% bone loss in at least one skeletal site,*
with weight-bearing regions most affected.?>?¢ Sarco-
penia is also observed in microgravity, with decrease
in muscle volume of around 15% following four to six
months in microgravity.?” While decreased mechanical
loading in microgravity has been uniformly associated
with disuse bone loss, exposure to hypergravity has
been shown to increase or decrease bone depending
on the degree of hypergravity. One study exposed
mice to hypergravity for 21 days and found that at 2 g,

there was an improvement in trabecular bone volume,
fewer osteoclasts, and an increase in mineralization.?®
At 3 g they found cortical thinning, more osteoclasts,
and a reduced rate of bone formation,?® supporting the
idea that loading is beneficial to a point, after which
it becomes deleterious.? Zebrafish larvae have been
exposed to hypergravity in a large diameter centri-
fuge (LDC). Aceto et al*® exposed zebrafish to 3 g and
observed increased ossification in the cranial skeleton
of larvae exposed to 3 g between five and nine days
post-fertilization (dpf).

Another component of the musculoskeletal system
sensitive to alterations in biomechanics is cartilage,
particularly the articular cartilage of synovial joints.
This cartilage has a limited regenerative capacity®' and
is important for absorbing load to protect the under-
lying bone, ensuring the smooth function of joints.*2
Human bed-rest studies, hind-limb unloading studies
in rats, and studies performed on mice exposed to real
microgravity have demonstrated that loss of mechan-
ical forces leads to cartilage degradation primarily
through proteoglycan loss.33*3¢ Cell culture experiments
carried out in microgravity also support the observa-
tion of cartilage degradation under reduced loading
conditions, with cytoskeletal reorganization and ECM
composition altered following short exposures.®’*! In
comparison to work on cartilage in unloading condi-
tions, less is known about the effect of hypergravity and
increased mechanical loading. One study on cultured
chondrocytes showed downregulation of BMP4 (crucial
in collagen type Il and aggrecan synthesis)* following
very short-term cyclic hypergravity exposure during
parabolic flight,** suggesting that articular carti-
lage health would be impaired under such loading
conditions.

Here, we show that exposure to hypergravity for 48
hours from 3 dpf in zebrafish has no substantial effect
on craniofacial cartilage morphology or musculature,
but causes significant changes to cartilage material
properties, chondrocyte morphology, and ECM organi-
zation. We also demonstrate altered strain distribution
across the lower jaw following hypergravity exposure,
providing an explanation for the cell-level changes.
Altogether, this shows that hypergravity exposure in
zebrafish larvae between 3 and 5 dpf can induce subitle,
but detrimental, changes to cartilage which could
become more severe over time.

Methods

Zebrafish husbandry and mutant lines. Zebrafish were
maintained as described previously.** Experiments were
approved by the University of Bristol and the European
Space Agency (ESA) and performed in accordance with
UK Animals (Scientific Procedures) Act 1986 (ASPA)
regulations. ARRIVE guidelines were adhered to and
the completed checklist submitted as supplementary
material.
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Fig. 1

Lower jaw morphology and musculature are unchanged following hypergravity exposure, but changes to cartilage material properties are observed. a)

and b) 3D surface renders from confocal image stacks of lower jaw cartilage in ventral orientation from a) 1 g static and b) 6 g zebrafish at five days post-
fertilization (dpf) (MC, Meckel’s cartilage; PQ, palatoquadrate; C, ceratohyal). Scale bar: 100 pm. c) and d) Quantification of c) lower jaw length and d) width.
Location of measurements shown by red (width) and blue (length) line in Fig. 1a) (n = 8 for all, different symbols = individual fish). e) Close-up image of jaw
joint from 1 g static 3D render, position of this region in the lower jaw is shown by white dashed box in Fig. Ta. Orientation compass: A, anterior; L, lateral;
M, medial; P, posterior. f) to h) Quantification of f) joint neck and g) joint head width, and h) joint space; location of measurements shown in Fig. Te. Red line
= joint neck; yellow line = joint head; white line = joint space (n = 8 for all). i) and j) Brightfield images of Alcian blue Alizarin red-stained lower jaws from i) 1
g static and j) 6 g conditions. Scale bar = 100 pm. k) and ) Maximum projections of ventral confocal image stacks from 5 dpf j) 1 g static and k) 6 g zebrafish
immunostained for myosin (A4.1025) (IA, intermandibularis anterior; IP, intermandibularis posterior; IH, interhyoideus; HH-I, hyohyoideus inferior). Scale bar
=100 pm. m) and n) Quantification muscle fibre m) number and n) length measured from confocal image stacks. Location of muscle groups shown in Fig.
1k). o) Quantification of craniofacial muscle forces. p) and q) Relative Young’s modulus (YM) values from atomic force microscopy (AFM) for p) immature and
q) hypertrophic chondrocytes from 1 g static and 1 g, 3 g, and 6 g spin zebrafish (n = 3 for all). Location of measurements taken shown in schematic above
graphs. r) Material properties determined by nanoindentation in 1 g static and 6 g spin zebrafish. Data are means with standard errors of the mean (SEM). (f)
to h) show mean with no SEM), D’Agostino and Pearson test performed for all data, followed by independent-samples t-test in c), d), f), g), and h). One-way
analysis of variance (ANOVA) performed within muscle groups in m), n), and o), and also in p) and g). Mann—Whitney U test used inr). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Fig. 2

Subtle changes to chondrocytes and their surrounding extracellular matrix (ECM) occur in areas of altered strain. a) Representative image with chondrocytes
included in area and circularity measurements outlined in yellow. Black asterisk, Meckel’s symphysis. b) and c) Quantification of b) chondrocyte area and

¢) circularity (n = 5 for all, colours = individual fish). d) Alcian Blue, Haematoxylin and Eosin; Safranin O and Fast Green; Masson’s trichrome; and Picrosirius
Red-stained ventral sections in 1 g static and 6 g spin fish. Asterisk = centre of joint; dotted line in Picrosirius Red images = outline of cartilage element from
section. Scale bar = 10 um. MC, Meckel’s cartilage; PQ, palatoquadrate. e) and f) Quantification of e) Safranin O and f) Masson’s trichrome staining intensity.
g) Electron micrographs of hypertrophic chondrocytes in 1 g static and 6 g spin. Dashed areas = higher magnification images displayed in the centre and to
the right of the panel; red lines = chondrocyte borders. Scale bars are shown below each image. h) Quantification of collagen fibre density in the ECM of 1

g static and 6 g spin fish (n = 1 for both, each point represents the number of fibres in 1 um?). All data are means with standard errors of the mean (SEM).
D’Agostino and Pearson normality test performed in b), c), e), and f): followed by Mann—-Whitney U test in b) and c), and independent-samples t-test in €)

and f). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Hypergravity experiments. Zebrafish were exposed
to hypergravity in the LDC* at the European Space
Research and Technology Centre (ESTEC) for 48 hours
from 3 dpf to 5 dpf. The LDC consists of a central axis
linked to two arms. Samples can be placed in six gon-
dolas (which can be set to two different hypergravity
levels) plus one central gondola at 1 g to control for

rotation and possible related Coriolis accelerations.*¢
The larvae were exposed to 3 g and 6 g, with control
larvae located at the central axis, and further larvae
were maintained at 1 g static (Supplementary Figure
aa). In each gondola, four petri dishes (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) containing
150 ml of Danieau’s solution and < 35 larvae each were

BONE & JOINT RESEARCH



EXPOSURE TO HYPERGRAVITY DURING ZEBRAFISH DEVELOPMENT ALTERS CARTILAGE MATERIAL PROPERTIES 141

Table 1. Muscle forces used for finite element model generation. Values
for 1 g static and 6 g spin fish represent 60% of the maximum muscle force
calculated for each muscle group in Figure 1o, with the exception of the
adductor mandibulae.

Muscle Muscle forces, N

1 g static 6 g spin
Intermandibularis anterior 1.37E-06 1.35E-06
Intermandibularis posterior/ 1.86E-06 1.68E-06
interhyoideus (mean of both)
Adductor mandibulae 2.57E-06 2.57E-06

stacked in the centre of an incubator set to a constant
temperature of 28°C (Supplementary Figures aa to ad).
Larvae were incubated in the dark except during the
recording of videos (to monitor survival and swim be-
haviour during the experiment). Following exposure to
hypergravity, one petri dish from each gravity condi-
tion was reserved for behavioural studies, with the rest
euthanized with MS222 (tricaine methanesulphonate;
Sigma-Aldrich, St Louis, Missouri, USA) before fixation
in 4% paraformaldehyde (PFA; Thermo Fisher Scientific)
or bone fix (3.5% formaldehyde in 40 mM phosphate
buffer) for further analysis.

Whole fish measurements. Larvae were mounted in
glycerol and imaged on a Leica MZ10F stereo micro-
scope (Leica, Wetzlar, Germany). Head to tail length was
measured using the line function in Fiji (Supplementary
Figure ae).*

Antibody labelling. Immunohistochemistry was per-
formed as previously described.*® Briefly, larvae were
fixed in 4% PFA and dehydrated to 100% methanol
(MeOH) for storage, then rehydrated to 1 x phos-
phate buffered saline + 0.1% triton X-100 (PBST;
Thermo Fisher Scientific), permeabilized, and blocked
in 5% horse serum prior to incubation in primary an-
tibodies (collagen type Il (Abcam ab34712; Abcam,
Cambridge, UK) 1:500; A4.1025 (Developmental
Studies Hybridoma Bank, University of lowa, lowa
City, lowa, USA) 1:500; L-plastin** 1:200 (gift from the
Martin Lab, University of Bristol); acetylated tubulin
(Sigma-Aldrich T6793) 1:200 at 4°C overnight (o/n).
Samples were washed three times in PBST, reblocked,
and incubated in secondary antibodies (Goat anti-
rabbit 555 (Dylight; Thermo Fisher Scientific); Donkey
anti-mouse (Thermo Fisher Scientific); Goat anti-chick
647 (Thermo Fisher Scientific); all at 1:500) overnight
at 4°C. Where required, larvae were incubated in 5 pg/
ml 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen,
Carlsbad, California, USA) for one hour and washed in
PBST prior to imaging. Samples were mounted in 0.5%
low melting point agarose (Thermo Fisher Scientific)
and imaged on a Leica SP5Il confocal microscope
(Leica) with a 10x or 20x objective.

Alcian blue and Alizarin red staining. Alcian blue and
Alizarin red whole mount larval staining was per-
formed as previously described®® on larvae fixed in
3.5% formaldehyde.

Atomic force microscopy. Atomic force microscopy
(AFM) was conducted utilizing a Multi-mode VIII mi-
croscope with Nanoscope V controller, operating in
a PeakForce control regime (Bruker, Santa Barbara,
California, USA). Larval cartilage was investigated in
a hydrated state in an ambient environment.*' Prior
to AFM investigation, larvae were fixed in 4% formal-
dehyde, stained with Alcian blue and Alizarin red (as
above), and the lower jaw was dissected in 1% glycer-
ol in phosphate-buffered saline (PBS) to prevent struc-
tural changes induced by drying. For measurement of
Young’s modulus (YM) via quantitative nanomechanical
mapping (QNM), RTESPA-150 cantilevers (Bruker) were
utilized, having nominal spring constant and tip radii
of 5 N/m and 8 nm, respectively. Cantilevers were cali-
brated via the relative method utilizing a poly(dimethyl-
siloxane) (PDMS) standard with data fit to a Derjaguin-
Muller-Toporov (DMT) model, accounting for the effect
of adhesion forces in the standard Hertzian model for
indentation. Three fish were investigated for each level
of hypergravity exposure. For each fish, three separate
500 nm x 500 nm regions were scanned in both the im-
mature chondrocytes and hypertrophic chondrocytes,
six regions in total. Overall, 65,536 measurements were
taken per scanned region and their root mean square
(RMS) mean calculation recorded for comparison. Data
were normalized to values from 1 g static samples to
show the relative YMs.3%%7

Nanoindentation. Larvae were fixed in 4% PFA and
stored in 100% MeOH before rehydration to 30% su-
crose in PBS. Samples were submerged in 30% sucrose
in PBS, and diluted 1:2 in optimal cutting temperature
compound (OCT compound) until they sunk. This
solution was refreshed for embedding and samples
were flash frozen and sectioned in a coronal orientation
using an NX70 Cryostat (Thermo Fisher Scientific) at a
thickness of 10 um. Nanoindentation was performed on
sections containing the jaw joint and/or Meckel’s carti-
lage using a Chiaro nanoindentation device (Optics11,
Amsterdam, The Netherlands). Sections were kept sub-
merged in PBS at room temperature while measure-
ments were taken. A spherical nanoindentation probe
with an 8 um radius and stiffness of 0.49 N/m was used,
and tissues were indented to a depth of 1 ym with ve-
locity of 1 um s, with the tip held at a constant depth
for ten seconds. The collected curves were analyzed
based on Hertzian contact theory for direct compari-
son with AFM measurements, and the resultant YM E,
data were calculated assuming the sample’s incom-
pressibility. Nanoindentation was performed across all
sections containing the joint or Meckel’s cartilage, with
one measurement collected per region of interest (ROI)
in each section. The resulting YM had their means calcu-
lated for each region across sections. Nanoindentation
was performed on five fish from each of the 1 g static
and 6 g spin groups.
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Table Il. Actual and relative material property values of immature and hypertrophic chondrocytes from atomic force microscopy and nanoindentation, which
were used for finite element models. Values represent the mean measurement across samples, and the figure number of the corresponding finite element

model is shown in the right-hand column.

Figure no. of

Gravity condition Method Hypertrophic chondrocytes Immature chondrocytes corresponding model
Actual Relative Actual Relative
material material material material
property property property property
value value value value
1 g static AFM 7.7 MPa 1 4.2 MPa 0.51968 Figure 3A
Nanoindentation 37.39 kPa 1 54.8 kPa 1.46563 Figure 3B
6 g spin AFM 31.0 MPa 413444 15.2 MPa 1.99503 Figure 3A
Nanoindentation 62.9 kPa 1.68227 52.63 kPa 1.407597 Figure 3B

AFM, atomic force microscopy.

Histological staining. Fixed samples were processed
into paraffin, cut in 5 pym sections, deparaffinized, and
stained with haematoxylin and eosin (H&E) and Alcian
blue, Picrosirius Red, Safranin O/Fast Green, or Masson’s
trichrome. H&E Alcian blue slides were stained in
Erhlic’s haematoxylin for five minutes, rinsed, differen-
tiated in acid alcohol and Scott’s water, placed in eosin
solution for ten seconds, and rinsed and immersed in
Alcian blue for 30 minutes. Picrosirius Red slides were
immersed in Picrosirius Red for one hour and washed in
two changes of acidified water. Safranin O/Fast Green
slides were stained with Weigert’s iron haematoxylin for
ten minutes, washed for a further ten minutes, stained
with 0.05% Fast Green solution for five minutes, rinsed
in 1% acetic acid, and immersed in 0.1% Safranin O
solution for five minutes. Masson’s trichrome sections
were refixed in Bouin’s solution, stained in Weigert’s
iron haematoxylin then Ponceau Fuschin (Masson’s)
for five minutes, rinsed, immersed in phosphomolyb-
dic acid solution and counter-stained with Aniline blue
both five minutes, and dipped in 1% acetic acid for ten
seconds. Following staining, all sections were dehy-
drated sequentially to 100% industrial methylate spirit
(IMS), immersed in xylene for three sets of five minutes,
and mounted using DPX mountant (Sigma-Aldrich).
Slides stained with Picrosirius Red were imaged under
polarized light on a Leica DMI6000 inverted epifluores-
cence microscope (Leica), and all other slides were im-
aged on Leica MZ10F stereo microscope.

Measurement of staining intensity from histology
slides. To measure the staining intensity of Safranin O
and Masson’s trichrome, images were opened in Fiji
and the segmented line tool was used to draw a line
through the ECM surrounding immature and hyper-
trophic chondrocytes in the jaw region. The plot profile
command was then performed to extract the gray val-
ue along this line and measurements normalized to the
image background to remove white balance discrepan-
cies. This was performed in ten areas of immature and
hypertrophic chondrocytes respectively, with measure-
ments recorded from three fish per gravity condition.

Jaw measurements. Confocal image stacks of the low-
er jaw immunostained for type Il collagen were load-
ed into Fiji,* and the line tool, followed by the meas-
ure command, were used to take length and width
measurements (Figure 1a). 3D jaw renders and joint
measurements were executed as previously described
in Lawrence et al®' (Figure 1e) using Amira 6.0 (FEI
Company, Hillsboro, Oregon, USA).

Cell circularity and area quantification. Chondrocyte
morphology was measured in Fiji from brightfield im-
ages of Alcian Blue-stained lower jaw paraffin sections
(5 pm thick). The polygon selection tool was used to
outline chondrocytes at the joint and intercalation
zone of the Meckel’s cartilage (Figure 2a), and the area
and roundness shape descriptors were collected using
the measure command. Cells from the middle of the
Meckel’s cartilage were classified as hypertrophic and
cells from the jaw joint and Meckel’s symphysis (black
asterisk in Figure 2a) were classified as immature.
Muscle quantifications and calculation of muscle forc-
es. Muscle forces for each muscle group were calculat-
ed using methodology from a study by Brunt et al.’®
In brief, muscle fibre number and length were quanti-
fied manually in Fiji from confocal images of A4.1025
stained zebrafish and the cross-sectional area of the
fibres was calculated using the formula: Ttr?. The radii
of the fibres were calculated by taking a measurement
across each fibre and dividing it by two. To calculate
the cross-sectional area of the whole muscle group, the
resulting value was multiplied by the number of muscle
fibres. This area was multiplied by the maximal force
generated per unit area for larval zebrafish skeletal mus-
cles (40 n N/um?, from lorga et al*®) to give the final
force value for the muscle (values obtained for muscle
force are listed in Table I).

Finite element analysis. Finite element (FE) models of
the lower jaw for 1 g static and 6 g conditions were
created from a confocal image stack of a representative
experiment specimen. The same cartilage morphology
and muscle forces were used for both conditions” mod-
els in the absence of significant differences in cartilage
and muscle morphology between 1 g static and 6 g
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specimens (Figures Ta to 1d, 1k, and 11). The FE mesh-
es were developed and modelled for jaw opening and
closing movements as previously published.*’ Two dif-
ferent versions of the model were created, one for the
nanoscale properties derived from AFM and the other
using the microscale properties measured by nanoin-
dentation. Relative material properties were derived
from AFM and nanoindentation experiments (values
used are listed in Table II). For AFM and nanoindenta-
tion experiments separately, values were normalized
relative to the 1 g static hypertrophic chondrocyte YM.
In both experiments, the YM of the joint interzones was
set at 0.025% of the 1 g static hypertrophic chondro-
cyte YM, a markedly lower value than the chondrocyte
cells to enable realistic joint movement, and a Poisson’s
ratio of 0.495. To reflect the respective experimental
Poisson’s ratios, in the nanoindentation experiment
hypertrophic and immature chondrocytes' Poisson’s
ratios were set at 0.495; in the AFM experiment hyper-
trophic and immature chondrocytes' Poisson’s ratios
were set at 0.3. All muscle forces were calculated based
on cross-sectional area of the anatomical muscles, with
forces reduced to 60% of maximal force (to represent
jaw respiratory movement).

Transmission electron microscopy. Transmission elec-
tron microscopy (TEM) was performed on 5 dpf larvae
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
for one hour at room temperature (RT). These samples
were embedded in 3% agarose before being osmium/
uranyl acetate stained, dehydrated, and infiltrated with
Eponin a Leica EM TP tissue processor using the stand-
ard protocol. Prior to sectioning, samples were laterally
embedded in 100% Epon and left to harden at 60°C for
two days. These blocks were sectioned at a thickness of
70 nm on a Leica EM UC7 RT ultramicrotome using a
diamond knife (Diatome, Hatfield, Pennsylvania, USA).
Sections were dried overnight before staining in ura-
nyl acetate for five minutes followed by distilled water
(dH,0) washes, five minutes in lead citrate, and a final
dH,O wash. Sections were imaged on a Tecnai 12-FEl
120kV BioTwin Spirit Transmission Electron Microscope
(FEI Company).

Analysis of collagen fibre density from TEM images. To
analyze collagen fibre density, TEM images were loaded
into Fiji and a ROl of 1 ym? was drawn in a random lo-
cation containing ECM. The number of collagen fibres
in this ROl was counted using the multipoint tool and
this process was repeated for five separate regions per
image. Four images were analyzed from two separate
sections per fish, with the sections originating from one
fish per gravity condition.

Statistical analysis. All statistical analyses were per-
formed in GraphPad Prism version 7.0 (GraphPad
Software, San Diego, California, USA) and the null hy-
pothesis was rejected at a p-value of 0.05 or lower. For
all datasets, D’Agostino and Pearson tests for normality
were performed followed by the appropriate statistical

test (independent-samples t-test, one-way analysis of
variance (ANOVA), or Mann-Whitney U test). Details of
statistical tests performed and the 'n' number of the
experiment are described further in the figure legends.
For all experiments, 'n' refers to an individual fish.
Power calculations were performed in PS: Power and
Sample Size Calculation software (version 3.1.6),% to
estimate the appropriate sample size to reject or accept
the null hypothesis.

Results

Craniofacial cartilage morphology and musculature are
unaffected by hypergravity. Having confirmed there was
no delay in larval growth®' following hypergravity ex-
posure (Supplementary Figure ae), we investigated the
effect of increased mechanical loading through hyper-
gravity on developing cartilage, using type Il collagen
immunostaining (Supplementary Figure b). These analy-
ses did not reveal gross changes to the overall jaw shape,
with jaw length and width statistically unchanged in 1
g static and 6 g spin fish (Figures 1c and 1d). Analysis of
joint morphology also revealed no significant difference
in fish exposed to hypergravity compared to the 1 g con-
trols (Figures Te to 1h).

Given the association of microgravity with muscle

loss, 253 we stained larvae with the pan-skeletal myosin
marker A4.1025 to visualize muscles in the lower jaw
(Figures 1k and 11). From these images we quantified
muscle fibre number, length, and force, with no signif-
icant differences in craniofacial muscle seen between
zebrafish incubated in normal gravity and at 6 g between
3 and 5 dpf (Figures Tm to 10).
Material properties are altered in the lower jaw. Changes
to mechanical loading have been observed to change
skeletal stiffness at both the nano and micro scales.®* This
led us to investigate the relative material properties of
lower jaw cartilage using AFM.5>%7 Measurements were
taken from areas of immature chondrocytes and hyper-
trophic chondrocytes (location of measurements shown
by schematics in Figures 1p and 1q). In both instances,
a positive correlation between the magnitude of gravi-
tational exposure and the measured YM was seen. Fish
from 3 g and 6 g had a significantly higher YM than 1 g
static or 1 g spin fish (Figures 1p and 1q), with 6 g show-
ing a significant increase in YM compared to 3 g fish. This
trend represents a stiffening of the cartilage following hy-
pergravity exposure during development.

Within complex materials, different structures can
have a greater influence on stiffness at different length
scales. Having used AFM to measure YM at the nanoscale,
we employed nanoindentation to investigate mate-
rial properties of lower jaw cartilage at the micro scale.
Measurements from nanoindentation show 6 g spin fish
had a significantly higher YM (E, ) in hypertrophic chon-
drocytes when compared to 1 g static fish. This pattern of
increased stiffness was not seen for immature chondro-
cytes (Figure 1r).
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Exposure to hypergravity affects chondrocyte maturation
and behaviour. The impact of hypergravity at a cellular
level was evaluated by measuring chondrocyte mor-
phology from Alcian blue-stained lower jaw sections
(Figures 2a to 2c). Chondrocyte area was significantly re-
duced in immature and hypertrophic regions in 6 g spin
fish, with immature cells at the joint and Meckel’s sym-
physis showing the largest area reduction (Figure 2b).
Immature chondrocytes also showed a significant de-
crease in circularity (Figure 2c). The regions of most
change to cell morphology were colocalized to muscle
attachment sites in the mid-Meckel’s cartilage and at the
jaw joint. This suggests that short exposure to hypergrav-
ity alters chondrocyte behaviour, causing cartilage and
resulting bones to develop abnormally if maintained in
hypergravity for an extended period.

Histological staining reveals subtle changes to the ECM
surrounding chondrocytes in areas of altered cell mor-
phology. As increased mechanical loading is associated
with higher glycosaminoglycan (GAG) synthesis and
decreased ECM secretion,5 we performed wholemount
Alcian blue and Alizarin Red double staining (Figures 1i
and 1j) and Alcian Blue, H&E on sections to visualize
GAGs throughout the lower jaw (Figure 2d). From bright-
field images, we observed no changes to mineralization
or GAGs at 5 dpf (Figures 1i, 1), and 2d), suggesting that
secretion of this ECM component is unaffected by altered
loading.

The effect of hypergravity exposure on other ECM
components was examined using Safranin O, Masson’s
trichrome, and Picrosirius Red staining on sections of
the lower jaw including the joint and Meckel’s cartilage.
Proteoglycan content and mineralization of the carti-
lage ECM were visualized with Safranin O/Fast Green
staining which marks the cartilage in red, according to
the amount of proteoglycan present, and bone in green
(Figure 2d). The intensity of this stain was measured,
revealing that fish from the 6 g condition had a signifi-
cantly lower staining intensity in the ECM surrounding
immature chondrocytes than 1 g static fish (Figure 2e),
corresponding to a reduction in proteoglycan content in
the cartilage following hypergravity exposure. No areas
of mineralization were seen in the stained sections, so no
information on bone formation could be gathered from
this technique.

Masson’s trichrome staining was used to test whether
hypergravity impacted collagen content in chondrocyte
ECM (Figure 2d). This stain shows collagen in blue, and
measurements of staining intensity showed no signifi-
cant change to collagen content in the ECM surrounding
immature or hypertrophic chondrocytes in 6 g spin
fish compared to the ECM in 1 g static fish (Figure 2f).
Alongside measuring total collagen in the ECM through
Masson’s trichrome, Picrosirius Red staining was used to
assess the balance of type | and type Ill collagen fibres
in the ECM. Under polarized light, ECM surrounding
immature and hypertrophic chondrocytes appeared red/

orange (Figure 2d), indicating a predominance of type
| collagen fibres over type lll (which would give green
birefringence). This was unchanged in zebrafish from the
6 g condition (Figure 2d).

Hypergravity causes changes to collagen fibre packing in
the ECM. To further explore how the cartilage ECM is af-
fected by hypergravity, TEM was carried out on sections
of ear cartilage, which are comparable to regions of hy-
pertrophic chondrocytes in the lower jaw where the most
significant change to material properties was seen. From
the micrographs, subtle changes to the collagen fibre
packing were observed (Figure 2g), with fibres appear-
ing closer together in 6 g spin fish. This observation was
strengthened by quantification of fibre density, which re-
vealed a trend for increased fibre density in 6 g spin fish
(Figure 2h).

Taken together with histology data, this suggests

that hypergravity induces macromolecular changes
in the cartilage which give rise to slight changes at the
tissue level. If the larvae had been maintained in hyper-
gravity for longer, it is likely that these changes would
have become more pronounced, leading to more severe
changes to the tissue.
Finite element analyses reveal altered strain distribution in
response to hypergravity exposure. To assess whether cell
and matrix changes could be correlated with altered strain
distribution in the lower jaw, FE models were generated.
As no changes in lower jaw morphology or musculature
were observed (Figures Ta to 1d, 10), the same volumet-
ric model and muscle forces were used for both gravity
conditions. Different normalized material properties from
AFM (Figure 3a) and nanoindentation (Figure 3b) were
applied to these models (Table Il). From these models, it
can be seen that maximum principal strain is more local-
ized to the joint regions in 6 g spin fish with stiffer carti-
lage, whereas in 1 g static fish strain is distributed over
a larger area of cartilage elements (Figures 3a and 3b).
Both methods for obtaining material properties of the
cartilage show similar change in strain pattern distribu-
tion following hypergravity exposure (from 1 g static to 6
g). Similarly, the pattern of von Mises stress is more even-
ly distributed throughout the jaw in the 1 g static con-
dition, whereas in the 6 g condition stress is localized in
regions already experiencing high stress, specifically the
regions surrounding the joints (Supplementary Figure c).
This pattern is true for both opening and closing move-
ments. The altered patterns of strain observed, in which
the largest differences are close to the joint could provide
an explanation for the subtle changes to cell maturation,
which were more pronounced at the joint, and to chang-
es observed to matrix packing.

Discussion

The impact of microgravity on the musculoskeletal
system has been well studied, with exposure to below-
Earth gravity linked to muscle loss and decreased bone
density. In comparison, relatively little is known about
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Fig. 3

Altered extracellular matrix (ECM) characteristics could result from altered strain distribution in the lower jaw following hypergravity exposure. a) Finite
element (FE) models of maximum principal strain incorporating relative material property values from atomic force microscopy (AFM) in 1 g static and 6

g spin zebrafish. b) FE models of maximum principal strain incorporating relative material property values from nanoindentation in 1 g static and 6 g spin
zebrafish. Black arrowheads = areas of high strain; black asterisks = jaw joints; red asterisks = Meckel’s symphysis. Ventral and lateral views shown for opening
and closing steps in both gravity conditions.
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how short-term hypergravity exposure affects the
musculoskeletal system. Here, we show that in zebrafish
embryos gross cartilage and muscle morphology is
unchanged, but cartilage material properties and its
resulting biomechanical performance are affected by
short-term exposure to hypergravity during develop-
ment. We also show that hypergravity leads to altered
chondrocyte maturation and subtle changes to the
surrounding ECM, which may lead to more dramatic
changes to the cartilage over time.

Gravity is important for cartilage health as it provides
a loading force essential for cartilage homeostasis and
prevention of degenerative diseases such as OA.56-¢
Although cartilage morphology and skeletal muscle
mass has been shown to be affected by altered loading
conditions,”®”3 our data suggest that two days of hyper-
gravity exposure is not sufficient to cause gross morpho-
logical changes in larval zebrafish. One explanation for
this is the length of exposure being insufficient to induce
musculoskeletal remodelling, as previous studies have
found that longer exposure to non-Earth gravity leads
to more severe musculoskeletal transformations.?"”
Another explanation for the lack of morphological
alterations is that the level of hypergravity was not
high enough to induce changes. However, it has previ-
ously been shown by Aceto et al** that exposure to
3 g between 5 and 9 dpf is sufficient to induce skel-
etal changes in zebrafish. This indicates that the age
at which the zebrafish are exposed to hypergravity is
also crucial.” Thus, we hypothesize that extending the
amount of time larvae spend in hypergravity to include
later timepoints key in musculoskeletal development
would lead to more dramatic changes.

The hypothesis that more severe cartilage abnormal-
ities would be seen following a lengthier hypergravity
exposure is given weight by increased modulus seen
in the matrix of zebrafish exposed to both 3 g and 6
g, with the largest increase seen in zebrafish subjected
to 6 g. FE analysis revealed that these altered material
properties were sufficient to disturb strain pattern in the
lower jaw, with the jaw joint and muscle attachment
sites showing most change in the craniofacial cartilage
elements. In these areas of altered strain, we observed
abnormal chondrocyte maturation, which over time
would likely give rise to altered joint shape and carti-
lage morphology.

In conclusion, short-term exposure to hypergravity
in early development causes changes to ECM content
and organization in zebrafish, which could induce
more dramatic structural and morphological changes
to the musculoskeletal system over extended exposure
periods.

Twitter

Follow E. A. Lawrence @LizzieALawrence
Follow |. Aggleton @jessye_aggleton
Follow C. Hammond @ChrissyLHam

Supplementary material
Supplementary material for this paper includes
the ARRIVE checklist and three additional figures:
a) setup of experiment in the Large Diameter Cen-
trifuge; b) cartilage morphology following hypergravity
exposure; and c) altered extracellular matrix (ECM) char-
acteristics that may result from altered stress distribution
in the lower jaw following hypergravity exposure.
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