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Craniosynostosis is a congenital condition characterized by the premature
fusion of the craniofacial sutures. The Crouzon mouse (Fgfr2c=**"") is a
well-established model of this condition which shows premature fusion
of the coronal suture. Our group has recently shown that postnatal,
cyclic loading can potentially rescue the coronal suture and normalize
skull morphology in Crouzon mice. This study aimed to investigate the
underlying biological mechanism of the treatment. Wild-type (WT) and
Crouzon (MUT) mice underwent in vivo loading sessions. Loading did
not significantly affect skull shape. The patency across the coronal suture
did not change between treated and untreated MUT animals. Orientation
and coherence of the coronal suture collagen fibres were statistically
different when comparing WT untreated with MUT untreated and WT
treated with MUT treated. Treatment increases the number of proliferative
cells in both the WT and MUT sutures compared to their untreated
counterparts. The mechanobiological mechanisms driving the differences
need further investigation into molecular mechanotransduction pathways.
Understanding the biological principles affected during bone loading, a
more refined cyclical bone loading protocol can be developed and refined
for potential clinical use.

1. Background

Craniosynostosis is a congenital condition characterized by the premature
fusion of one or more sutures in the skull, occurring in approximately
1 in 2000 live births [1-3]. This early closure disrupts normal skull and
brain growth, leading to complications such as abnormal head shape, vision
and breathing difficulties, and developmental delays [4,5]. The impact of
craniosynostosis can be profound for both patients and their families, in
part due to the limited treatment options and the high risks associated with
craniofacial surgical intervention. These treatments, which primarily involve
invasive surgery, are most often tailored to each patient due to individual
variation and the delicate nature of craniofacial surgery [6-8].

Several groups have recently explored alternative treatment approaches
for craniosynostosis leveraging principles of tissue engineering and mecha-
nobiology [9-12]. An example of these includes the application of external
mechanical forces to the skull that have been shown to affect the overall skull
morphology, suture structure and suture patency [13]. The field of dynamic
bone loading is ever-growing, with promising results in animal models such
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as rats, rabbits, pigs and mice [11,14-16]. Studies by Vij & Mao [16] and Moazen et al. [11] have demonstrated that external n
forces can delay suture fusion, with recent findings suggesting that dynamic loading of the frontal bone can prevent early
42 However, despite extensive
work on the morphological changes associated with mechanical calvarial bone loading, there has been little investigation into

fusion of the coronal suture and improve skull shape normalization in Crouzon mice (Fgfr2c

the mechanobiology underlying craniofacial remodelling.

External bone loading is believed to induce a mechanobiological response via a mechanotransduction pathway. Mechano-
transduction refers to the molecular transformation of a physical stimulus to a biological response. An external mechanical
stimulus can activate signalling pathways, up or downregulate gene expression and alter protein synthesis. On a cellular level,
mechanotransduction can affect cell proliferation, migration, differentiation, angiogenesis and apoptosis [17-19]. On a tissue
level, mechanotransduction can influence suture and bone architecture, shape and strength [18]. The extracellular matrix (ECM)
is vital for transmitting mechanical loads and signals within the cell. The collagens and elastin transmit loads to the intracellular
environment via integrins that connect the extracellular and intracellular structures, actin filaments and associated proteins
that constitute the cytoskeleton [20]. While there is a large body of literature on endochondral mechanical loading and the
mechanotransduction systems involved, research on the response of intramembranous and craniofacial bones to mechanical
stimuli is limited [21,22]. This highlights an important gap in our understanding of mechanotransduction within the craniofacial
system, as the pathway induced during cyclic bone loading has not been identified.

This study uses the Crouzon mouse model (Fgfr2“*¥"), developed in 2004 [23]. Crouzon syndrome is a gain-of-function
mutation to the FGFR2 signalling pathway causing an increase in ligand-independent signalling [23,24]. The increase in FGF
ligand binding affinity to the extracellular immunoglobulin-like domains causes constitutive activation of the pathway and
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allows binding without dimerization [25]. Mutations to the FGFR2 pathway are associated with a heterogeneous differentiative
phenotype, suggesting an imbalance to the proliferative/differentiative switch [26]. Maintaining suture patency is not possible
with FGFR2 mutations due to the disturbance to the delicate equilibrium of cell proliferation, differentiation, migration and
apoptosis needed to regulate the osteogenic fronts at the cranial sutures [10]. In both humans and the mouse model, Crouzon
syndrome presents primarily with early fusion of the coronal suture among other suture fusion, including the lambdoid suture
and intersphenoid synchondrosis (ISS) [27]. Due to premature suture fusion, other phenotypic features, including midfacial
hypoplasia, malocclusion and a domed-shaped skull, are observed [28-31]. The craniosynostosis phenotype typically begins to
appear at embryonic stages (E18.5), with full fusion often occurring by postnatal day 20 (P20). In contrast, in the wild type the
coronal suture remains patent [23,32].

The overall aim of this study was to further understand our previously observed improvements in skull morphology and
investigate whether the suture patency was a result of mechanotransduction induced by cyclic bone loading. Specifically, we
hypothesize that cyclic bone loading activates mechanotransduction in the coronal suture, which can be biologically observed
by an increase in proliferative cells, promotion of angiogenesis through sprouting and enhancement of collagen fibre remodel-
ling, ultimately leading to the observed improvements in skull morphology and suture patency.

2. Methods

2.1. Animals

Fgfr2c®**" mice were maintained on a CD-1 genetic background [23]. The Crouzon mouse model (Fgfr2tm4Lni; aka Fgfr2c=*Y;

MGI:3053095) was re-derived at MRC Harwell (CD1-FGFR2c342y, number EM02488) through the European Mouse Mutant
Archive (EMMA) at MRC Harwell.

In total, the study included 124 male and female animals, of which 75 were WT untreated, 10 were WT treated, 29 were MUT
untreated and 10 were MUT treated. The number of treated animals remained consistent with Moazen et al. [11]. All the animals
were used in morphological analyses with three from each group used for histological analyses. WT skulls used for histology
were randomly selected, whereas selection for MUT skulls was based on suture patency observed in the CT data.

2.2. Mechanical loading

The cyclical loading treatment was adapted from Moazen et al. [11]. An experimental loading setup was developed with an
actuator (T-LSR series, Zaber Technologies: res. 50 um, max. load 200 N) and a force sensor (GSO Series, Transducer Techniques:
res. 0.01 N with 1 N capacity) configured to a custom-developed LabVIEW program (National Instruments Corp, Austin, TX,
USA). The treated mice underwent 10 loading sessions between the ages of P7 and P21. Loading sessions lasted 10 min at a
frequency of 1 Hz and a force of 10 g (0.1 N). The loading tip was placed on the posterior aspect of the left frontal bone, lateral to
the interfrontal suture and dorsally to the coronal suture. Post-mortem analysis was performed as described in figure 1.

2.3. Micro-CT analysis

The P21 skulls were immediately fixed in 10% formalin at 4°C for 7 days. The fixed skulls were scanned in a micro-CT scanner
(XT H 225ST; Nikon, Herts, UK). CT images were imported into an image processing software (Avizo 2022.1; ThermoFisher
Scientific, MA, USA) where the data were converted to 16 bit and the skulls were aligned using the image registration tool
and reconstructed using a consistent threshold of 19000 (figure 2A). Fifty-six landmarks were placed across the skull as shown
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Figure 1. An overview of the experimental workflow performed. This includes the number of animals used for each experiment and the types of experiments
conducted. (A) The number of WT and MUT animals in the loading treatment (blue and orange lines) and the control groups (green and red lines). (B) Cyclic bone
loading experiment. (C) The morphological analysis undertaken. (D) The histology done including H&E, Picrosirius red and IHC. (E) The blood vessel analysis done in
ImageJ via a threshold analysis. (F) The collagen fibre orientation analysis done in ImageJ with Orientation). (G) Cell counting in the coronal suture in Image) with
StarDist.

in electronic supplementary material, figure S1. These were based on Richtsmeier et al. [33] and Motch Perrine et al. [34].
However, some changes were made to account for the fusion of various sutures in the Crouzon mice. Linear measurements
were taken between landmarks 3 and 30 for length, 25 and 26 for width and 24 and 38 for height (electronic supplementary
material, figure S1). PCA was carried out to evaluate the overall shape of the skulls (figure 2B). Finally, suture patency in the
MUT coronal suture was investigated both qualitatively and quantitatively. Qualitatively, the MUT coronal suture was observed
from the dorsal view of the skull where visible left and right coronal sutures were categorized as patent and no suture as
fused (figure 2C). Partially patent MUT coronal sutures were categorized as patent, as only one control specimen out of all the
investigated animals showed full patency highlighted in the quantitative analysis results. The qualitative analysis only observed
the left and right coronal suture patency dorsally, thus even sutures with ventral fusion may be categorized as patent. Using
the landmarks ([21-23]—see electronic supplementary material, figure S1, for landmark numbers), the coronal suture region
was extracted from the rest of the skull and individual sagittal slices across the suture were categorized as fused or patent
depending on whether there was a suture gaps in the slice (figure 2D) for quantitative patency. The landmarks were used
to define the bounding box of the investigated region. The percentage of patent slices to the total number of slices was then
recorded for each suture. The investigations were carried out for left and right coronal sutures individually. The advantages of
the quantitative analysis were first, that the level of fusion could be quantified and second, that the entire depth of the suture
is investigated to quantify true patency, rather than the dorsally apparent one. Micro-CT and histological analysis were done
in parallel. The CT data validated the histology, confirming the overall shape of the suture, which could have changed during
tissue processing. The histological slides and CT slices showed qualitative similarities in the suture morphology. Together, the
two imaging techniques provided a holistic analysis of the overall shape of the coronal sutures and the changes throughout the
skull.

2.4, Histological analysis

The fixed skulls were then washed in PBS and decalcified for 10 days in 20% EDTA at 4°C. The skulls were embedded in
paraffin and sagittally sectioned 10 pm thick (n = 3, each group). Sections were stained with haematoxylin and eosin and
picrosirius red. Slides were imaged using the Zeiss Axioplan microscope. Picrosirius red was imaged with polarized light filters.

2.5. Immunohistochemistry

Sagittal sections were then placed in sodium citrate (10 mM tri-sodium citrate, 0.5% Tween-20, pH) and underwent antigen
retrieval in a steamer. Primary antibodies were diluted with PBST (0.01% Tween-20), 10% donkey serum and 1% bovine serum
albumin and applied overnight at 4°C. The following antibodies were used: PCNA (clone PC10(3F81), Invitrogen, 1:100),
Cleaved Caspase3 (clone 9661S, Cell Signaling Technology, 1:300) and endomucin (clone V.7C7.1, abcam, 1:100). Secondary
antibodies were applied with a 1:300 dilution. DAPI (4,6-diamidino-2-phylindole; Sigma) was pipetted and left for 10 min.
Immunofluorescence imaging was done on the Zeiss Observer 7 at 20 x 1.6 NA, 20 x 1.0 NA and 10 x 1.0 NA objectives. Images
were deconvolved using Huygens software and reconstructed in Image].

2.6. Qualitative and quantitative analysis

The H&E images were compared to the CT scan to find the location of the H&E sections and validate the shape of the suture.
Images were selected for qualitative analysis if they were void of artefacts (bone fragments, remaining wax, etc.), structurally
sound (no obvious tissue tears or holes) and representative of all the imaged sutures. DAPI-stained images were used to do

Downl oaded from http://royal soci etypublishing.org/rsob/article-pdf/doi/10.1098/rsob. 250387/ 6132366/ r sob. 250387. pdf
by SinonWerrett user
on 22 April 2026

/805 9L /0/guad()q051/|eum0f/6106U|q5||qnd/(1a|)05|9/(01 u



S N}
Linear measurements
(length, width, height)

_/j

S). Y

2
\R\ -> Qualitative binary dorsally apparent
o

L > \ L coronal suture patency

/ﬁw-?g?kgg : e
HH - ) uantitative level o
\ X I > . ->

Principal Component Analysis (PCA)

\ nags
& e 4 =

coronal suture patency

Figure 2. Overview of the (T analysis carried out. (A) Reconstructed and aligned MUT skull, (B) landmark placement, linear measurements and PCA, (C) binary
qualitative dorsally apparent suture patency categorization and (D) qualitative level of suture patency analysis.

cell counting in Image] (v. 1.54i) (n = 3 for each group, four technical replicates). An outline of the suture was manually drawn
and the image was blurred (filter: gaussian, strength: 3). Cell counting was done by StarDist 2D (with CSBDeep) with a score
threshold of 0.6 and an overlap threshold of 0.5 [35]. Proliferative cells were manually counted (n = 3). Blood vessel area was
found using a threshold analysis in Image] (n = 3). Collagen orientation and coherence analysis was done using Orientation]
measure with the default settings (i.e. Laplacian of Gaussian (sigma) of zero) [36]. An outline of the suture was manually drawn
and only the collagen fibres in the open suture area were included in the analysis. The 0° axis was aligned with the parietal
bone. Images used for the analysis were selected from animals with full bilateral suture patency or left unilateral suture patency.

2.7. Statistical analysis

For linear measurement, morphometric analysis and quantitative suture patency analysis unpaired t-test with Welch’s correc-
tion and Levene’s test were performed. For apparent suture patency analysis, chi-squared test was used. For quantitative
histological analyses, unpaired t-test with Welch’s correction and Levene’s test were performed. A p-value of <0.05 was
considered significant.

3. Results

3.1. Morphometric analysis

Linear measurements taken across the landmarks (electronic supplementary material, figure S1) to quantify skull length, width
and height did not highlight any statistically significant differences between the treated and untreated animals. Almost no
differences were observed with the largest difference of a 1.61% (from 18.20 s.d. 0.71 mm to 18.49 s.d. 0.36 mm) increase of
average skull length in the MUT treated animals (p = 0.22) (figure 3A). Similarly, the shape analysis did not show statistically
significant differences when comparing the principal components responsible for 95.00% of the variation observed (figure 3B).
A statistically significant difference between WT and MUT animals was present for both treated and untreated animals in
the principal component comparisons and all linear measurement comparisons except for the width measurements for the
treated MUT versus. treated WT groups (p = 0.21). There were no significant rescue effects on the skull shape and size at P21
immediately after the end of the loading procedure.

3.2. MUT coronal suture patency analysis

The qualitative analysis of the coronal suture patency highlighted an increase in the suture patency on the left (loaded) side
of the skull from 27.59% of untreated MUTs with suture patency (8/29) to 60.00% of treated MUTs with suture patency (6/10).
However, due to the lower number of animals in the loaded group, the result was not statistically significant at p = 0.07. The
increase on the right side was lower from 31.03% of untreated animals (9/29) to 40.00% of treated animals (4/10) (p = 0.60) (figure
3C). Although, this analysis does not take into account the differences between bilateral and unilateral suture fusion. To account
for this, each animal was recategorized by bilateral patency, unilateral patency and bilateral fusion (figure 3D). The treated
and untreated MUT distribution of these categories was statistically significant (p < 0.01). 7, 3 (1 left side, 2 right side) and 19
untreated MUT had bilateral patency, unilateral patency and bilateral fusion, respectively. In the treated MUT group 2, 6 (4 left
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Figure 3. Overall skull morphology and suture patency results. (A) Linear measurements across the skull (length, width and height) numbers in the brackets indicate
the measured landmarks. (B) PCA of shape comparing MUT treated and untreated and WT treated and untreated animals. (C) Qualitatively dorsally apparent suture
patency in MUT animals (left and right sutures investigated individually). (D) Qualitatively dorsally apparent suture patency in MUT animals recategorized by bilateral
patency, unilateral patency and bilateral fusion. (E) Quantitative comparison of suture patency in MUT animals. (F) Quantitative suture patency in MUT animals grouped
by apparent qualitative suture patency.

side, 2 right side) and 2 had bilateral patency, unilateral patency and bilateral fusion, respectively. This highlights an increase in
the incidence of unilateral coronal suture patency in the treated animals compared to the untreated animals. However, bilateral
patency was marginally more common in the untreated group. The quantitative analysis did not show any increase in suture
patency in either the left or right coronal suture (figure 3E). The quantitative suture patency was then grouped by apparent
qualitative patency to investigate the possible connection between the quantitative and qualitative analysis. A statistically
significant difference between the apparently patent suture and apparently fused sutures was observed in both untreated (p <
0.001) and treated (p < 0.01) animals in terms of quantitative suture patency percentage (figure 3F). Thus, if the sutures appeared
patent qualitatively, they were more patent on average than the ones that did not appear patent. It should be noted that some of
the apparently patent sutures did not show any quantitative patency.

3.3. Qualitative analysis of the coronal suture in P21 WT and MUT mice

CT data and histological analysis were done in parallel, which showed qualitative similarities in suture morphology (figure 4).
Sutures are primarily composed of mesenchymal stem cells (MSCs) and collagen fibres making them important sites of bone
growth and mechanical flexibility [4]. Both H&E and picrosirius red staining were performed to investigate the coronal suture
cell and fibre organization, respectively, in all groups. In the WT mouse, the patent coronal suture separated the overlapping
frontal and parietal bones with a dense population of MSCs and collagen fibres (figure 5A-C). The frontal bone thinned and
hooked down, making up the inferior border, whereas the parietal bone tapered up, creating the superior border. The bones
remained parallel, and the overall suture complex maintained a uniform width. The mechanically loaded WT mouse coronal
sutures were visually indistinguishable from their control counterparts, possessing the same overall shape and geometry (figure
4A-F).

At P21 in the MUT mouse, the coronal suture could be either fused or patent (figure 5D-H). The fully fused MUT sutures
lacked a distinguishable frontal-parietal division, MSCs and collagen fibres (figure 5G,H). The fused suture site presented with
collagen-free nuclei-filled cavities. The presence, size and shape of the cell-filled cavities varied between individuals. Fully fused
sutures were often thicker than the frontal and parietal bones. The MUT fused sutures were enlarged inferiorly increasing the
thickness/height (electronic supplementary material, figure S2).
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Figure 4. (T and histological imaging of the coronal suture in untreated and treated WT and MUT mice. (A,D,G,J) Coronal view of CT-scan skull reconstructions with
landmarks denoting the position of the H&E-stained sections. (B,E,H,K) H&E sagittal section of the coronal suture. (C,F,I,L) (T-scan Ortho slice of the corresponding H&E
section. The reconstructed CT scans and histology selected for this figure are representative of slices observed in each category where sutures are patent. f, frontal; p,
parietal. Scale bar: 100 um.
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Figure 5. Comparative histology of the coronal suture in untreated WT, untreated patent MUT and untreated fully fused MUT mice. (A) H&E-stained sagittal section
of a WT coronal suture with labels identifying the different elements of the coronal suture complex. The coronal suture remains patent in the WT. (B,C) Picrosirius red
-stained sagittal section of a WT coronal suture imaged under a polarized filter. The suture remains open, filled with collagen fibres (D) H&E-stained sagittal section of
a MUT patent coronal suture. The coronal suture in the MUT mouse has remained patent. (E,F) Collagen fibres are still present in the MUT patent suture. (G) Fully fused
coronal suture in a MUT, no presence of a suture complex. (H) Absence of collagen fibres in the cavities. MSCs, mesenchymal stem cells; f, frontal; p, parietal. Scale bar:
100 pm.

When the MUT coronal suture remained patent, it was possible to identify the frontal and parietal bones (figure 4D-F).
The downward hook of the frontal bone was often conserved, whereas the morphology of the parietal bone varied not only
between animals but between histological sections of the same suture. The area between the two bones was filled with MSCs
and collagen fibres, occupying any available space. The patent MUT suture presented with a prominent inferior bulge which
give the suture an overall oval shape.

Comparing WT, patent MUT and fused MUT highlighted that WT and patent MUT sutures had MSCs and collagen fibres,
and fused MUT sutures did not. The patent MUT sutures still maintained a suture joint, whereas the fused MUT sutures had
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complete loss of a fibrous suture joint. MUT sutures, regardless of patency, were inferiorly enlarged and showed more intra-
and inter-morphological variation than the WT coronal sutures.

Collagen fibre orientation is important for normal cellular activity and promoting new bone growth. Orientation and self-
assembly of the ECM can be influenced by external mechanical stimuli, meaning that rescuing collagen fibre orientation to a
WT phenotype in the MUT suture may be a consequence of the mechanical bone loading [37-39]. Collagen fibres in the coronal
sutures were analysed using Orientation] Measurement in Image] (Fiji). This tool calculated the directional coherency coefficient
of the fibres, generated an overall degree of orientation and a coherence number. A coherency coefficient of 100% indicates a
fully uniform orientation of the fibres (figure 6). The 0° axis was aligned with the parietal bone and only the collagen fibres in
the coronal sutures were analysed.

Orientation relative to the dorsal surface of the frontal bone was significantly different when comparing WT untreated with
MUT untreated (p < 0.05). The collagen orientation in MUT untreated (3.27° s.d. 6.33°) and treated (-0.44° s.d. 11.26°) had
larger standard deviations when compared to their WT untreated (-3.34° s.d. 3.09°) and treated (-2.83° s.d. 2.35°) counterparts.
There was no statistically significant difference between WT untreated and WT treated, WT treated and MUT treated or
MUT untreated and MUT treated. The MUT sutures had large inter-variance of collagen fibres, meaning each MUT animal
had a unique, disorganized collagen matrix. Comparatively, the WT sutures had lower standard deviation values, reflecting
a more uniform orientation between samples. With average values of -3.34° and —2.83° and low standard deviations, relative
to MUT sutures, WT collagen fibres were more often closely aligned with the parietal bone (0° axis) compared to their MUT
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Figure 7. Inmunofluorescence-stained for PCNA (magenta) and DAPI (blue) sagittal sections of coronal suture and quantitative analysis. (A) WT untreated, (B) WT
treated, (C) MUT untreated and (D) MUT treated. f, frontal; p, parietal. Scale bar: 100 pm. (E) Proportion of proliferative cells to coronal suture cells. (F) Number of cells
in the coronal suture. (G) Density of cells, number of cells per micrometre (n = 3, four technical replicates per group). **p < 0.01.

counterparts. Overall, this analysis showed that MUT sutures have abnormal collagen fibre orientation and mechanical loading
did not have any significant effect in altering their collagen fibre orientation.

There was no statistically significant difference in coherence between WT untreated and WT treated (p = 0.35) or between
MUT untreated and MUT treated (p = 0.78). MUT untreated had an average coherence value of 38.83% s.d. 7.61% and MUT
treated had an average of 38.09% s.d. 5.15%. WT untreated and treated coherences were 55.20% s.d. 4.25% and 52.93% s.d.
7.11%, respectively. There was a statistically significant difference in coherence when comparing WT untreated with MUT
untreated (p < 0.001) and WT treated with MUT treated (p < 0.001). The higher coherence percentages, seen in the WT, illustra-
ted the general uniformity of the collagen fibre orientation in the coronal suture. This contrasted with the lower coherence
percentages seen in the MUT, indicating a more disorganized collagen matrix in the coronal sutures. The treatment in neither of
the WT and MUT groups affected the organization of the collagen fibres in the coronal suture.

The proportion of proliferative cells in the coronal suture was calculated by manually outlining the coronal suture, counting
the number of DAPI-stained cells using StarDist and manually counting the amount of proliferative cells [35] (figure 7).
The WT-treated group had the largest proportion of proliferative cells with an average of 10.78% s.d. 7.41% of cells being
proliferative (figure 7E). The MUT treatment group had the second highest proportion of proliferative cell with an average of
8.39% s.d. 4.75%. The WT untreated group had an average of 6.84% s.d. 4.21% and the MUT untreated had the lowest number
of proliferative cells with an average of 2.27% s.d. 2.11%. The WT and MUT untreated groups had a statistically significant
difference in proliferation (p < 0.005), meaning that MUT mice had lower baseline levels of proliferation in the coronal suture
than their WT counterparts. Additionally, the MUT treated and untreated groups were significantly different (p < 0.001). These
findings indicate that the treatment increased the number of proliferative cells in the MUT suture compared to its untreated
counterparts. The WT-treated and MUT-treated proliferation levels were not statistically significant. Instead, the MUT treated
(8.39% s.d. 4.75%) proliferation proportion was most similar to that of the untreated WT (6.84% s.d. 4.21%), illustrating that the
treated MUT suture resembles a more normal suture. This finding may indicate that loading may allow the MUT suture to be
rescued to an untreated baseline level of WT proliferation.

The next test examined whether differences in mitotic proportion impact the overall cell number in the suture. The number
of cells in the coronal suture was the highest in the WT untreated sutures with an average of 429.83 s.d. 127.63 cells (figure 7F).
WT treated mice had an average of 383.25 s.d. 81.40 cells. MUT untreated and treated had 230.67 s.d. 98.69 cells and 291.42 s.d.
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Figure 8. Immunofluorescence-stained for endomucin (red) and DAPI (blue) sagittal sections of coronal suture. (A) WT untreated, (B) WT treated, (C) MUT untreated
and (D) MUT treated. f, frontal; p, parietal. Scale bar: 100 um. (E) Proportion of blood vessel area to coronal suture area. The blood vessel area analysed included solely
the endomucin-stained area and did not include the lumen (n = 3, four technical replicates per group). *p < 0.05.

49.51 cells on average, respectively. WT untreated and treated coronal sutures did not have a statistically significant difference
in the number of cells (p = 0.30) and neither did MUT untreated and treated sutures (p = 0.07). WT and MUT untreated mice
had statistically significant differences in the number of cells in the coronal suture (p < 0.001) as well as WT and MUT treated
(p < 0.005). Following the counting of suture cells, the density of the cells in the coronal suture was calculated. The average
density in the WT untreated and treated was the same, both with 0.0146 cell pm™, MUT untreated was 0.0164 cell pm™ and
MUT treated was 0.0148 cell um™ (figure 7G). None of these averages were statistically significant meaning that regardless of
genotype or treatment cell density in the coronal suture remained consistent. However, combined with the proliferation data,
this trend towards an increased number of cells—closer to that of WT sutures—in treated MUT sutures compared to untreated
MUT sutures, may support a more patent suture.

Blood vessels in the coronal suture were observed using an endomucin antibody. Endomucin is found in the capillary endothe-
lial cells. The proportion of blood vessel area to coronal suture area was calculated by a threshold analysis in Image]J (figure
8). The WT untreated group had an average of 3.56% s.d. 1.95% of the coronal suture area occupied by blood vessels. The WT
treated had an average of 4.37% s.d. 1.87%, MUT untreated had a 4.98% s.d. 2.78% average and MUT treated averaged at 5.49%
s.d. 2.25%. The following groups were not statistically significant: the WT untreated and treated (p = 0.31), MUT untreated and
treated (p = 0.63), WT and MUT untreated (p = 0.16) and WT and MUT treated (p = 0.20). None of the groups was statistically
significantly different from one another except for the WT untreated and MUT treated (p < 0.05). Although not statistically
significant, the treated groups showed an increase in blood vessel area compared to their untreated counterparts and MUT
coronal sutures had a greater blood vessel area than WT.

A previous study by Moazen et al. [11] found that cyclic bone loading delayed the early fusion of the coronal suture in the
Crouzon mouse (MUT). This study aimed to further understand the associated improvements in skull morphology and whether
the suture patency improvement was due to a mechanobiological effect induced by cyclical bone loading. The main finding
from this study is that cyclical bone loading induces proliferation in the suture. Furthermore, cyclical loading showed no effect
on the orientation of the collagen fibres in the coronal sutures after loading.

Morphological analysis investigated the gross shape differences between the treated and untreated animals in both WT and
MUT animals. No statistically significant differences were observed between the treated and untreated groups across linear
measurements and overall skull shape. However, the skull shape of the WT animals was statistically significantly different
to the skull shape of the MUT animals in both treated and untreated groups. Similar differences were observed in the linear
measurements with a single exception of width between WT and MUT treated animals.

The present study failed to replicate the statistically significant increase in skull length observed in Moazen et al. [11]. The
original scans from the previous study were reconstructed and landmarked following the same landmarking scheme. The lack
of treatment effect in the current study was not due to the landmark scheme (electronic supplementary material, figure S3). The
comparison of the linear measurements between the two studies highlights differences between the phenotypes in the control
animals. Additionally, while four of the 31 MUT animals (both treated and untreated) included in the Moazen et al. [11] study
had patent ISS in the skull base, none of the 39 MUT included presented with patent ISS. These differences highlight significant
phenotypic differences between the MUT populations of the two studies (specifically, more severe phenotype in the current
study) which may in turn explain the lack of phenotypic rescue observed in this study.
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The lack of treatment effects on the skull shape, in the current study, may be linked to the observed lack of an effect on m
quantitative suture patency. The apparent suture patency as observed from the dorsal view of the skull did increase on the
left (loaded) side (not statistically significant) and the incidence of unilateral apparent patency increased significantly in the
treated MUT group compared to their untreated counterparts. More animals proportionally had bilateral apparent patency in
the untreated group. The treatment did not show any effect on the quantitative coronal suture patency. The qualitative suture
analysis only took into account the most dorsal part of the suture to gauge fusion, where the quantitative analysis considered
the full depth of the suture. The discrepancy in the results here may highlight that the loading had an effect on the dorsal part
of the coronal suture, but not on the more ventral parts where fusion tends to originate. While the quantitative suture patency
methodology introduced here likely captures the physical patency better, the comparison to qualitative suture patency analysis
was maintained to retain comparability with the analysis performed by Moazen et al. [11].

Importantly, the sutures play a mechanical role in permitting skull growth during brain expansion and external loading
[40-42]. However, with the treatment effects limited to the dorsal part of the suture, the dorsal patency may not sufficiently
permit deformation across the full suture as seen in the WT animals. This could explain the lack of therapeutic effects on the
skull shape observed in this work. Additionally, it is unclear how much the premature fusion of the coronal suture affects the
craniofacial shape in this mouse model. The premature fusion of the coronal suture has been considered one of the main drivers
of the phenotype. However, with quantitative investigation of the level of coronal suture patency the correlation between
the linear measurements and shape against the level of patency can be investigated in untreated MUT animals (electronic
supplementary material, figure S4). One potential reason for minimal therapeutic effects on suture patency and, thus, the
overall morphology may be attributed to the fusion of the coronal sutures before the beginning of the loading treatment. As
shown by Didziokas et al. [43], not only are the sutures fused at P7 but also the fusion significantly restricts suture deformation
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with no statistically significant increase in suture width during loading. The patent sutures in the WT animals, as shown in
the previous study, permit deformation ranging from 0.33 times the original length to 4.37 times. This restriction of mechanical
strain across the loaded MUT suture may contribute to the lack of clear suture phenotype rescue. In short, the coronal suture
patency did not correlate strongly with any of the linear measurement or PC1 that largely captured the differences between

*~ where natural bilateral

MT and WT skull shapes. This is contrary to other mouse models of craniosynostosis such as Twist1,
coronal suture patency did lead to a more WT-like skull shape even at P15 [44]. Thus, suggesting that even full patency
rescue of the coronal suture is unlikely to significantly rescue the craniofacial shape in the Crouzon mice, perhaps due to the
synchondrosis fusion in the skull base [28].

The qualitative observation of the histology showed that mechanical bone loading in the WT coronal sutures did not cause
adverse effects when compared to the untreated WT coronal sutures. In the MUT coronal suture, there was a clear qualitative
difference between locally open and fully fused sutures in both treated and untreated groups. The patent MUT sutures had
a distinguishable frontal-parietal delineation, MSCs and collagen fibres. The fully fused MUT coronal sutures did not have
a delineation between the frontal and parietal bones. Instead, the fully fused suture area was enlarged and had nuclei-filled
cavities void of collagen fibres. The absence of collagen fibres in the nuclei-filled cavities indicated that, with suture fusion,
there was a complete loss of the fibrous tissue, and the cavities did not have the same characteristics as a suture. Instead,
the cavities resemble bone marrow niches, but without cellular labelling, the function or identity of these cavities remains
unknown. Although Zimmermann et al. [45] described a key step of suture development at P20 that involves the enlargement
of bone marrow cavities. This reinforces the hypothesis that the fully fused MUT sutures are perhaps filled with bone marrow
cavities instead of a fibrous suture. The absence of collagen fibres in the fully fused coronal suture suggests that once full fusion
occurs the mechanisms of suture recovery are likely different from the patent suture retention mechanisms.

Proliferation in the WT untreated coronal suture was higher than in the MUT untreated. Eswarakumar et al. [23] observed
a similar proliferation patterns, finding that the Fgfr2c=*** had increased proliferation in the coronal suture cells during the
early stages of development and saw a decline after birth. This suggests that the increased number of proliferative osteoblast
cells in the coronal suture at E14.5, but not later may lead to the premature fusion of the frontal and parietal bones seen
postnatally [23]. Additionally, Iseki et al. [46] propose that an increase in fibroblast growth factor signalling downregulates
Fgfr2 and inhibits cell proliferation in the coronal suture. The treatment in the MUT mice showed a statistically significant
increase in the proportion of proliferative cells. A non-statistically significant increase was observed in the WT-treated mice
compared to their untreated counterpart. These findings may suggest that the loading treatment regardless of the phenotype
does induce proliferation. This increase in proliferation may be due to the primary cilia stimulation. Primary cilia modulate
osteogenic mechanotransduction pathways, particularly in the MSCs [47]. Stimulating the primary cilia enhances the expression
of osteogenic genes including COX-2 and BMP2 in MSCs, increasing the proliferation rate in MSCs twofold [48]. The observed
increase in proliferation may also be due to paracrine communication specifically via the expression of PGE2. The expression
of PGE2 via mechanical stimulation has been shown to increase preosteoblast proliferation [49]. Further investigation is needed
into the pathways involved in the observed proliferation increase. In addition to a proliferation marker, an apoptotic assay
was undertaken. The coronal suture tissue did not present with notable apoptotic markers in any of the investigated groups
(electronic supplementary material, figure S5).

Although proliferation was increased in the treated animals, there were no significant differences in cell density of the patent
coronal sutures between groups. The density of cells remained consistent between groups, but the number of cells in the coronal
suture varied between groups. WT sutures had a higher number of cells in the coronal suture compared to the MUT sutures.
This highlights that the WT sutures are larger in area but not more densely packed.

The collagen fibres in the suture provide strength and flexibility to the skull and allow for normal cellular activity including
migration, proliferation and differentiation [20]. Oriented collagen fibres scaffolds can promote new bone growth and induce
cells to secrete ECM with orientation structure [38]. In in vitro systems, fluid shear stress and shear stress have been shown
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to influence collagen fibre orientation and self-assembly [37-39]. The ECM is made of a network of macromolecules including m
glycosaminoglycans (GAG), proteoglycans, collagens, fibronectin and other glycoproteins [50]. The suture ECM is made of
Sharpey’s fibres, consisting mainly of type 1 collagen fibres [51]. The composition and structure of the ECM are important for
cellular adhesion, migration, proliferation and differentiation [52]. In Crouzon’s syndrome, GAG, sulfated GAG and fibronectin
accumulation are reduced and collagen secretion is increased [50]. Sulfated GAG is responsible for collagen fibre orientation
and affects matrix mineralization [53]. The drop in sulfated GAG alters collagen fibril orientation, impairing bone remodelling.
The abnormal ECM expression pattern in Crouzon syndrome damages the formation and maintenance of the connective tissue
architecture [50].

When the ECM is exposed to mechanical stimuli, it undergoes remodelling and changes its internal microstructure [20].
ECM remodelling is important for maintaining tissue homeostasis, activating integrin signalling pathways like RhoA/ROCK to
drive cellular mechanotransduction and stimulating MSC differentiation [54, 55]. The ECM in the coronal suture was observed
to see if cyclic bone loading allowed collagen fibre remodelling to a more wild-type phenotype in an effort to promote suture
patency. The coronal suture in the WT mice showed a higher coherence values, meaning more organized matrixes. Quantitative
analysis of collagen fibres showed significant differences in the coherence between WT untreated and MUT untreated, as well
as between WT treated and MUT treated. The smaller coherence results in the MUT coronal sutures highlight the general
disorganized collagen matrix. No recovery of the collagen fibre matrix organization was made to a wild-type phenotype. It
remains unclear why no changes were observed in collagen fibre organization in the MUT-treated mice compared to their
untreated counterparts.

One explanation may be the importance of fibronectin as a site for integrins in response to mechanical forces. Integrins
are found on the surface of cells and act as a link between the extracellular ligands, transmitting forces into the intracellular

[8505C 9L ‘[oig uadbw q051/|eum0[/6106mq5||qnd/(1a|)05|9/(01

actin cytoskeleton and communicating signals from the intracellular domains into the ECM. Integrins have a two-way mechano-
transduction pathway [18]. The inhibiting of integrins leads to changes in the strain sensing through the ECM [55]. With the
decreased amount of fibronectin in the Crouzon mouse suture, there would also be a lack of signalling associated with integrin
activation. This may explain the lack of ECM remodelling in the MUT mouse after treatment.

Angiogenesis is an important part of bone remodelling, and mechanical loading has been shown to have a direct impact
[18]. None of the groups showed significant differences in the proportion of blood vessels area to the coronal suture area.
Although nothing definitive can be said about this observation, there is a developmental coupling between blood vessels and
ECM organization. The disorganization seen in the MUT coronal suture ECM may dictate the directionality and development of
the blood vessels.

The main limitation of this study was the variation in the mouse model. The early fusion of the coronal suture typically
begins at embryonic stages (E18.5), and full closure is commonly achieved by P20 [23,24]. Due to the nature of the loading
treatment, it is impossible to identify if a MUT animal has a fully fused suture before the treatment. Not knowing the level of
patency of the suture prior to the treatment makes it unclear if the observed results are due to the cyclic loading or the mouse
phenotype.

In conclusion, the observed increase in cellular proliferation in the coronal suture after treatment corroborates that there is
a cellular response to cyclic mechanical bone loading. Although the hypothesis that cyclic bone loading activates mechanotrans-
duction cannot be validated as the determining pathway at present. Future work will focus on determining the gene expression
in the coronal suture using RNA sequencing to understand which pathways are stimulated by cyclic bone loading. Additionally,
to further understand the increased proliferation in the treated animals and how it is induced by cyclic bone loading, a time
course analysis with EAU will be performed. Furthermore, loading did not significantly affect skull shape and did not change
the patency across the coronal suture between treated and untreated MUT animals. To address this, alterations to the treatment
protocol will be undertaken to optimize suture patency (i.e. changing the frequency of cyclic loading, changing the number of
sessions within a given time frame).
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