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Abstract

Craniofacial and neural tissues develop in concert throughout pre- and postnatal growth. FGFR-
related craniosynostosis syndromes, such as Apert syndrome (AS), are associated with specific
phenotypes involving both the skull and the brain. We analyzed the effects of the FGFR P253R
mutation for Apert syndrome using the Fgf72*/F253R mouse to evaluate the effects of this mutation
on these two tissues over the course of development from day of birth (PO) to postnatal day 2 (P2).
Three-dimensional magnetic resonance microscopy and computed tomography images were
acquired from Fgfr2*/P253R mice and unaffected littermates at PO (N=28) and P2 (N=23). 3D
coordinate data for 23 skull and 15 brain landmarks were statistically compared between groups.
Results demonstrate that the Fgf72*/F253R mice show reduced growth in the facial skeleton and the
cerebrum, while the height and width of the neurocranium and caudal regions of the brain show
increased growth relative to unaffected littermates. This localized correspondence of differential
growth patterns in skull and brain point to their continued interaction through development and
suggest that both tissues display divergent postnatal growth patterns relative to unaffected
littermates. However, the change in the skull-brain relationship from PO to P2 implies that each
tissue affected by the mutation retains a degree of independence, rather than one tissue directing
the development of the other.
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INTRODUCTION

Apert syndrome (AS) is an autosomal dominant disorder occurring in approximately 15 out
of 1 million live births characterized by coronal craniosynostosis, midfacial deficiency,
syndactyly of the hands and feet, CNS abnormalities, and other anomalies, [Cohen et al.,
1992]. More than 99% of all cases of AS are associated with one of two mutations of
fibroblast growth factor receptor 2 (FGFR2) [Park et al., 1995; Wilkie et al., 1995]. Studies
indicate that approximately one-third of individuals with Apert syndrome have missense
mutations of the Pro253Arg amino acid, while the remaining individuals have a mutation in
the neighboring amino acid, Ser252Trp [von Gernet et al., 2000; Wilkie et al., 1995]. These
gain-of-function mutations modify the ligand-binding affinity and alter the specificity of
FGFR2 toward a number of FGF ligands affecting many of the processes mediated by the
FGF/FGFR signaling pathway including osteogenesis and central nervous system
development [Eswarakumar et al., 2002; Ibrahimi et al., 2001; Marcucio et al., 2011; Wilke
etal., 1997; Yu et al., 2000].

The constellation of phenotypic anomalies observed in AS results from alteration of the
FGF/FGFR signaling pathway during development, including those of the skull and central
nervous system (CNS). CNS anomalies include megalencephaly [Cohen and Kreiborg 1990;
1991] increased intracranial volume [Gosain et al., 1995; Posnick et al., 1995],
ventriculomegaly [Pooh et al., 1999; Renier et al., 2000; Tokumaru et al., 1996; Yacubian-
Fernandes et al., 2004], and dysmorphology of the corpus callosum and other CNS
structures [Cohen and Kreiborg 1990; 1991; de Leon et al., 1987; Posnick et al., 1995].
Skull anomalies include premature coronal suture synostosis [Cohen 2000; Cohen and
Kreiborg, 1996], midfacial hypoplasia, and a midline defect of the anterior fontanelle
[Cohen 2000], among other anomalies. Longitudinal analyses of individuals with AS
suggest that the size of the anterior fontanelle defect diminishes over time as bony islands
form within it [Kreiborg and Cohen, 1990]. Intracranial volume in individuals with AS does
not differ from unaffected individuals at birth, but is significantly larger after 3.5 months of
age and continues to be significantly larger throughout the lifespan [Gosain et al., 1995].
The shape of the head, however, is not uniformly affected. There is an overall reduction of
head circumference, while there is an increase in height (i.e., turribrachycephaly) with
growth in individuals with AS [Cohen and Kreiborg 1993a].

A Fgfr2*/P255R ppert syndrome inbred mouse [Wang et al., 2010] has been developed and
analyzed to fully characterize the specific contributions of the Pro253Arg mutation of the
FGFR2 gene to phenotypes observed in individuals with AS. In an analysis of the
morphology of the brain at postnatal day 0 (P0) in Fgfr2*/P253R mice, gross asymmetry of
the overall brain, changes in the form of the corpus callosum, and enlargement of the
ventricles were noted in those mice carrying the P253R mutation relative to unaffected
littermates [Aldridge et al., 2010]. Additionally, there are varying degrees of coronal
craniosynostosis, ranging from partial closure of one suture to complete fusion of both
coronal sutures in Fgfr2*/P253R mice at birth, while all Fgf72*/F253R PO mice show
synostosis of the zygomatic-maxillary and premaxilla-maxillary sutures [Martinez-Abadias
et al., 2010; Wang et al., 2010]. Analysis of the overall form of the skull showed reduction
rostrocaudally and increase dorsoventrally in the Fgfr2*/P253R mice relative to unaffected
littermates [Martinez-Abadias et al., 2010; Wang et al., 2010].

Characterizations of skull and brain morphology at a single age (i.e., PO) provide a snapshot
of the consequences of the FGFR2 mutations on the skull and the brain at a single
developmental time point. Throughout growth, there is a continual interaction between
tissues via biochemical and biomechanical mechanisms, such that the growth of the skull
and the brain influence each other (Fig 1) [Mao et al., 2003; Marcucio et al., 2011;
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Opperman, 2000; Parsons et al., 2011; Richtsmeier et al., 2006; Yu and Ornitz, 2001]. By
analyzing the magnitude and direction of growth-related changes in the skull and brain in
Fgfr2*/P253R mice we can begin to form a picture of the timing and location of
developmental contributions to phenotypes observed in AS.

By examining age-related change of the skull and brain in an inbred Fgfr2*/P255R model for
AS at early developmental stages we can capture changes in the skull and brain that are most
relevant to the age-related changes in individuals with AS at the time during which they
develop, rather than after they have occurred. Postnatal day 2 (P2) mice roughly correspond
to 10 month-old infants, in terms of body-to-brain ratios [Kobayashi, 1963]. Documenting
age-related change from PO to P2 allows correlation of findings in mice with clinically and
developmentally analogous changes in individuals with AS prior to 1 year of age.

This study is the first to quantitatively examine growth of the skull and brain concurrently
during this critical period of early postnatal development (from PO-P2) in Fgfr2*/F253R mice
and their unaffected littermates. To do this, several quantitative analyses comparing
Fofr2*/P253R mice and unaffected (Fgfr2*/#) littermates are performed: 1) comparison of
brain form at PO; 2) comparison of skull form at PO; 3) comparison of brain form at P2; 4)
comparison of skull form at P2; 5) comparison of growth patterns of the brain from PO to
P2; 6) comparison of growth patterns of the skull from PO to P2 in Fgfr2*/F255R mice and
unaffected littermates; and 7) combined brain-skull analyses. For all analyses, we test the
null hypothesis that Fgfr2*/F253R mice and unaffected littermates do not differ in form or
growth.

MATERIALS AND METHODS

Breeding the Apert Fgfr2* P253R mouse model

Fofr2*/P253R mice and their unaffected littermates were bred on an inbred C57BL/6J
background to minimize variation due to genetic differences [Wang et al., 2010]. PO and P2
mice were euthanized by inhalation anesthetics and fixed in 4% paraformaldehyde.
Genotyping of tail DNA was completed using polymerase chain reaction to identify mutant
and unaffected mice. The care and use of mice for this study were in compliance with the
animal welfare guidelines approved by the Mount Sinai School of Medicine Animal Care
and Use Committee. Our sample consisted of Fgfr2*/F255R (N=15) and their unaffected
littermates (N=13) from six litters at PO, and Fgf72/F2%3R (N=7) and their unaffected
littermates (N=13) from eight litters at P2.

Magnetic Resonance Microscopy and Micro Computed Tomography Imaging Protocols

Whole, fixed mouse heads were submerged in 2% Magnevist (Bayer Health Care, Wayne,
NJ) phosphor-buffered solution for 10 days prior to scanning [Aldridge et al., 2010].
Magnetic resonance microscopy (MRM) images of the heads of PO and P2 mice were
acquired at the High Field MRI facility at Pennsylvania State University
(www.imaging.psu.edu/facilities/high-field). To prevent the animals from drying out and to
minimize magnetic susceptibility artifacts during scanning, the specimens were immersed in
a flourinert liquid, FC-43 (3M, St. Paul, MN). A vertical 14.1 Tesla Varian (Varian Inc.,
Palo Alto, CA) imaging system was used to acquire the MRM images of the PO and P2
mouse heads. Postprocessing of the MRM images was completed with Matlab (The
MathWorks, Inc., Natick, MA). Standard imaging experiments were performed with an
isotropic resolution of 80 um. By zero-filling each direction by a factor of two, the pixel
resolution of the standard experiment was 40 (m)3. Micro-computed tomography (u-CT)
images of the mice were acquired at the Center for Quantitative Imaging at Pennsylvania
State University (www.cgi.psu.edu) using an HD-600 OMNI-X high resolution X-ray
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computed tomography system (Bio-Imaging Research Inc., Lincolnshire, IL) following
previously established protocols [Hill et al., 2007; Martinez-Abadias et al., 2010]. Pixel
sizes ranged from 15 to 20 um and slice thicknesses ranged from 16 to 25 wm. p-CT image
data were reconstructed on 1024x1024 pixel grids as 16-bit TIFFs, and then reduced to 8-bit
TIFFs for landmark collection and analysis. Based on hydroxyapatite phantoms imaged with
the specimens, the minimum thresholds used to create bone isosurfaces ranged from 70 to
100 mg/cm? partial density of hydroxyapatite.

Landmark Data Collection Protocols

Three-dimensional landmark coordinate data were collected from the MRM images of the
brain and p-CT images of the skull for each mouse. Landmark coordinate data were
collected for 15 points on the brain [Aldridge et al., 2010] and 23 points on the skull
[Martinez-Abadias et al., 2010] (Table I, Fig 2). Landmarks for both the brain and skull
were digitized twice by the same observer to minimize measurement error following
previously published protocols [Aldridge et al., 2007; Richtsmeier et al., 1995]. After
checking for gross errors, the two trials were averaged for analysis.

Morphometric analyses of landmark coordinate data

Overall size comparison—We statistically compared overall size of the skull and of the
brain in Fgfr2*/P253R and unaffected mice at both PO and P2. Size of the brain was measured
as the geometric mean of all neural linear distances estimated using 3D neural landmarks,
and skull size as the geometric mean of all skull linear distances estimated from 3D skull
landmarks [Darroch and Mosimann, 1985; Falsetti et al., 1993; Jungers et al., 1995]. These
measures were then statistically compared using ANOVA, with genotype, age, and
genotype*age as factors in IBM SPSS 19.0 (IBM, New York).

Form comparison within each age group—Landmark coordinate data were analyzed
using Euclidean Distance Matrix Analysis [Lele and Richtsmeier, 2001], a coordinate
system invariant method for the statistical comparison of form and change in form due to
growth. This approach defines the form of an object as that characteristic that remains
invariant under any translation, rotation, or reflection of the object [Richtsmeier et al.,
2002]. EDMA converts landmark coordinate data into a matrix of all possible linear
distances among landmarks and tests for differences between groups using a nonparametric
bootstrapping method. We have previously established statistically significant differences in
the form of the brain and skull at PO in this mouse model [see Aldridge et al., 2010;
Martinez-Abadias et al., 2010; Wang et al., 2010].

To estimate differences in skull form, EDMA first estimates all possible unique linear
distances among landmarks for each individual (the form matrix or FM) and then estimates
the means of all linear distances for each group (the mean FM), the difference between
groups as the ratio of like-linear distances for the two groups (form difference matrix, or
FDM), and confidence intervals for the inter-group difference for each linear distance using
a non-parametric bootstrapping procedure to statistically evaluate the similarity of linear
distances between groups. This procedure allows localization of differences in form to
particular linear distances and landmarks [Lele and Richtsmeier 2001]. Additionally, tests
for differences in global form of anatomical regions were evaluated at each age by testing a
null hypothesis of similarity in form [Lele and Richtsmeier 2001]. Subsets of landmarks
were identified to represent specific regions of the skull: face, cranial vault, and cranial base
(Table I1). These three regions of the skull are embryologically and phylogenetically distinct
units, which have been described frequently as partially distinct developmental modules
[e.g., Cheverud 1982; 1989; 1995; Hallgrimsson et al., 2004; 2007; Martinez-Abadias et al
2011]. Each subset was analyzed separately and the null hypothesis of similarity in form for
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a subset (7.¢e., developmental unit) was rejected if p<0.05. The same procedures were
followed using neural landmarks to compare form of the brain (Table I1).

Growth pattern (P0—P2) comparison—To analyze patterns of skull growth in
Fgfr2*/P253R mice and unaffected littermates from PO to P2, PO mice were directly compared
to P2 mice within each genotype group. Growth patterns were estimated for each group as
the relative change in the lengths of linear distances using methods similar to those
described for the form analyses above and detailed in Richtsmeier and Lele [1993].
Differences in growth between the two groups were estimated as a ratio of change
experienced by each sample (Fgfr2*/F253R mice and unaffected mice) between PO and P2.
As with the analyses of form at PO and P2, two non-parametric tests were used to determine
whether growth patterns differ between groups. Local differences in growth for specific
linear distances were evaluated using non-parametric bootstrapping confidence intervals
(10,000 bootstrapped steps) for each linear distance. Confidence intervals that did not
include 1.0 indicated that growth for that linear distance differed significantly between
Fgfr2*/P253R mice and unaffected littermates from PO to P2. Growth differences for whole
anatomical regions described by subsets of landmarks were tested statistically for a null
hypothesis of similarity in growth patterns using 10,000 bootstrapped steps (p<0.05)
[Richtsmeier et al., 1993]. The same procedures were followed to analyze patterns of growth
of the brain.

Combined brain-skull comparisons

Regression of size measures—To assess the relationship between brain size and skull
size we performed three sets of regression analyses at PO and at P2. We regressed brain size
and skull size to determine whether their relationship is statistically significant 1) in

unaffected mice at both ages, 2) in mutant mice at both ages, and 3) in all mice at both ages.

Principal components analysis—To analyze morphological variation and the specific
contributions of the skull and brain linear distances to differences in overall head
morphology, we performed principal components analyses (PCA) for select linear distances
representing the brain and the neurocranium. The 105 linear distances estimated among the
fifteen brain landmarks and 105 linear distances estimated among fifteen landmarks selected
to represent the braincase (Table 11) were included in this analysis. PCA performs a
coordinate rotation that aligns transformed axes (or PCs) with the direction of maximum
variation for the analyzed groups. PCAs were completed for linear distance data at PO, P2,
and combining PO and P2.

Regression of dissimilarity measures—An alternative means for assessing correlation
of brain morphology and skull morphology is through the comparison of dissimilarity
measures between pairs of individuals for each tissue type. Dissimilarity measures quantify
the resemblance (or lack of resemblance) between two individuals as a single number. In
this case we can calculate dissimilarity measures of skull form for each pair of individuals,
and a measure for brain form. Calculating a regression of dissimilarity of brain against
dissimilarity of skull indicates the nature of the relationship between the brain and skull.
Dissimilarity between all possible pairs of mice is expressed as a

2
(Fo= \/Z | in(FDM (A, B)); | ), where FDM(A,B) is the form difference matrix comparing
mouse A and mouse B. This results in a matrix of dissimilarity measures for every pair of
mice [Richtsmeier et al., 1998]. If Fg = 0, then A and B have identical forms. Larger Fq
values indicate greater differences between mice. We calculated four dissimilarity matrices
using the 15 brain and 15 skull landmarks as described for the PCA analyses: 1) brain
landmark data at PO, 2) skull landmark data at PO, 3) brain landmark data at P2, and 4) skull
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landmark data at P2. We then performed two regression analyses on brain and skull
dissimilarity values, at PO and at P2. If there is a significant correlation between
dissimilarity measures of brain and skull for all possible pairs of mice, then we conclude that
there is a strong relationship between brain form and skull form at a given age. If a
significant correlation is not evident, then we conclude that brain and skull form are
relatively independent of one another at that age.

Overall Size Comparisons

At PO, the Fgfr2*/P253R prain is 1% larger on average and the Fgfr2*/F253R skull is 2%
smaller relative to unaffected littermates (Fig 3). At P2, the brain does not differ in size on
average between mutant and unaffected mice, but the Fgfr2*/F253R skull is 9% smaller. The
results of the ANOVA of brain size finds a significant effect of age (p <0.001), but not of
genotype or age*genotype interaction (p=0.082 and 0.437, respectively). The effects of age,
genotype, and their interaction are all significant with respect to skull size (p <0.001 for all
comparisons). Since overall size is significantly different in several of these analyses, we
report analyses of growth and form differences that have been scaled for size differences.
Accordingly, each individual was scaled by geometric mean of the appropriate tissue (skull,
brain) before all EDMA and PCA analyses were performed. Comparison of the results of
analyses employing scaled and unscaled data demonstrated identical patterns of significant
differences between Fgfr2*/F253R mice and their unaffected littermates; therefore scaling
affects the magnitude of differences only, and not the pattern of differences.

Form analyses

Brain Morphology at PO—Tests for differences in global form for the three regions of
the brain at PO show statistically significant differences of the cerebral surface (o= 0.016)
and subcortical structures (p=0.027) of the brain, while the subset describing the cerebellum
did not differ significantly in overall form in Fgfr2*/F253R as compared to unaffected
littermates (Table I11). Examination of individual scaled linear distances determines that 12
of the 105 linear distances differed significantly in the two groups, with the magnitude of
these differences ranging from 5 to 12% (Figure 4). Linear distances representing the height
of cerebrum are increased in the Fgf72*/F253R mice compared to unaffected littermates, as
are the distances between the genu and splenium of the corpus callosum and between the
genu and the anterior commissure. The linear distance describing the length of the corpus
callosum is reduced in the Fgfr2*/P253R mice compared to their unaffected littermates.
Linear distances that cross from the cerebellum to caudal cerebrum and to the caudate nuclei
are reduced in the Fgfr2/F253R mice. These significant differences in localized form at PO
demonstrate that the Fgfr2*/"253R mice, in general, display reduced brain length along the
rostrocaudal axis and increased height of the brain along the dorsoventral axis relative to
unaffected littermates.

Brain Morphology at P2—One of the three brain regions was statistically different in
Fofr2*/P253R mice compared to their unaffected littermates at P2 (Table I11): the cerebral
surface (p=0.030), while the cerebellum (p=0.600) and the subcortical structures (p=0.212)
were not significantly different. Relative to the pattern seen at PO, a larger number of linear
distances showed local differences that were significantly different at P2 (Fig 4). Twenty-
seven linear distances were significantly increased by 5-30% in the two groups of mice,
though the majority of these linear distances differed by 5-10%. Distances describing the
dorsoventral height of the cerebrum are increased in the Fgfr2*/F253R mice relative to
unaffected littermates. All of the remaining linear distances that were increased in the
Fofr2*/P253R mice represent the relationship between the cerebrum and cerebellum. In
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Fgfr2*/P253R mice, distances originating on the cerebellum and ending on the cerebrum were
5-9% greater than in their unaffected littermates.

Brain growth from PO to P2—Significant differences in the form of the Fgfr2*/F253R
brain relative to that of unaffected littermates were established for both PO and P2,
underscoring differences local to the rostral cerebrum and subcortical structures, such as the
corpus callosum. Tests for global differences in growth of the brain from PO to P2 indicate
that the subsets describing the subcortical structures and cerebellum do not show statistically
significant differences in relative magnitude of change in the two groups of mice (0=0.314
and 1.00, respectively), while the change in the cerebral surface is statistically different
between groups (p=0.021).

Of the 105 possible linear distances, 13 distances demonstrated significantly different
relative magnitudes of growth from PO to P2 between Fgfr2*/P253R mice and unaffected
littermates (Fig 4). Distances spanning the mediolateral width of the rostral cerebrum
showed significantly decreased magnitudes of growth in the Fgfr2*/P253R mice relative to
unaffected mice. The length of the ventral surface of the cerebrum also showed decreased
growth in the Fgfr2*/F253R mice. Additionally, distances describing the position of the
cerebrum relative to the cerebellum show decreased magnitudes of growth from PO to P2 in
the Fgfr2*/F253R mice.

Five linear distances showed increased magnitude of growth in the brains of the
Fofr2*/P253R mice. These distances spanned the rostrocaudal length of the cerebrum.
Specifically, the linear distances from the caudal cerebrum to points within the rostral
cerebrum grew more in Fgfr2*/F253R mice compared to unaffected littermates. The length of
corpus callosum also shows increased magnitudes of growth in Fgfr2*/F253R mice.

Skull Morphology at PO—Analyses of global form of the skull at PO indicated that
Fgfr2*/P253R mice were significantly different in form for the facial skeleton (p=0.001),
neurocranium (p=0.001) and cranial base (p=0.001) (Table I1). Of the 253 possible linear
distances for skull landmarks, 51 of the distances were significantly different in the two
groups (Fig 5). A majority of these distances were reduced in the Fgfr2*/F253R mice relative
to unaffected littermates. For example, distances that connect from the palate with points on
the rostral neurocranium and face were 5-15% shorter in the Fgf72/P2%3R mice. Conversely,
distances describing the width of the caudal neurocranium were significantly increased in
the Fgfr2*/F253R mice. These analyses support our previous studies which showed that all
regions of the skull are significantly affected by the FGFR2 P253R mutation at PO but that
the greatest differences in the form of the skull are localized to the facial skeleton (Fig 5)
[Martinez-Abadias et al., 2010].

Skull Morphology at P2—Analyses of global form of the skull at P2 indicated that
Fofr2*/P253R mice were significantly different in form for the facial skeleton (o <0.001),
neurocranium (p<0.001) and cranial base (p <0.001) (Table I11). Of the 253 possible linear
distances for skull landmarks, 101 of the distances were significantly different in the two
groups (Fig 5). Fifty of these distances were reduced in the Fgfr2*/F253R mice relative to
unaffected littermates. For example, distances that connect from the palate with points on
the rostral neurocranium and face were 5-15% shorter in the Fgf72/P2%3R mice. Conversely,
distances describing the height and width of the neurocranium were significantly increased
in the Fgfr2*/F253R mice. These differences, specifically increased height of the
neurocranium, correspond with differences in skull form seen in individuals with AS [Marsh
etal., 1991].
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Skull growth from PO to P2—Unlike our results for the brain, growth of the skull from
PO to P2 is significantly different for the facial skeleton (p=0.001), neurocranium (p=0.010)
and cranial base (p=0.013) in the Fgfr2*/F253R mice relative to unaffected littermates (Table
[11). Examination of individual linear distances showed that 26 of the possible 253 linear
distances showed significantly different magnitudes of growth in the two groups of mice
(Fig 5). In general, the Fgfr2*/P253R mice experienced relatively less growth than their
unaffected littermates from PO to P2, with reduced growth especially evident local to the
palate and rostral cranial base. Specifically, Fgfr2*/P253R mice demonstrated decreased
magnitudes of change along the rostrocaudal axis of the palate relative to unaffected
littermates. In contrast, several distances representing the form of the caudal neurocranium
showed increased magnitudes of change in the Fgfr2*/P253R mice. The height of the
neurocranium and width of the dorsal neurocranium showed increased magnitudes of change
in the Fgfr2*/F253R mice relative to unaffected littermates.

Combined brain-skull analyses—Regression of brain and skull size at PO showed a
significant relationship (Fig 3) in all three comparisons: all mice (p=0.014, Pearson
correlation 0.439), unaffected mice (p=0.009, Pearson correlation 0.692), and mutant mice
(0=0.028, Pearson 0.564). This relationship is not significant at P2, however, in any of the
three analyses (all mice p=0.397, Pearson correlation —0.200; unaffected mice p=0.268,
Pearson correlation —0.332; mutant mice p=0.166, Pearson correlation 0.587). These results
suggest that size of brain and skull are significantly correlated at PO, but not at P2.

Results of the principal components analysis of brain and skull morphology at PO indicate
that mutant and unaffected littermates separate along principal component axis 1 (PC1) (Fig
6). The specific linear distances that contribute up to 30% of the variance associated with
PC1 describe rostrocaudal neurocranial length, caudal neurocranial width, and rostral brain
width. We performed ANOVA to assess the effects of genotype and litter on PC 1 and PC 2
scores. Results show significant effects of both genotype (o <0.001) and litter (»=0.008) on
PC 1, with 70.2% of the variation explained by genotype and 3.2% by litter. Neither litter
nor genotype shows significant effects on PC2 (p=0.120 and 0.398, respectively).

PCA of the same measures of brain and neurocranium at P2 reveal a separation between the
groups along PC1 (Fig 6). Mutant mice cluster on the positive end of PC1, while unaffected
mice tend toward the negative end of the axis. 30% of the variance associated with PC1 is
associated with linear distances describing the rostrocaudal length of the neurocranium.
Unlike PO, no measures of mediolateral width in either the brain or skull are associated with
PC1 or PC2. Tests of the effects of genotype and litter on PC1 show significant effects of
genotype (p <0.001) but not litter (p=0.195), with genotype explaining 64.8% of the
variance and litter only 3.6%. There is not a significant effect of genotype on PC2 (p
=0.276), but there is an effect of litter (p =0.006), with litter explaining 38.5% of the
variance and genotype 9.1%.

PCA of the same measures of brain and neurocranium ing data from PO and P2 mice reveal
clusters on PC1 and PC2 (Fig 6). Unaffected P2 mice cluster at the negative end of PC1,
while mutant P2 and all PO mice overlap on this axis. 30% of the variance associated with
PC1 is associated with linear distances describing rostrocaudal neurocranial length and
width of the rostral neurocranium. Mutant P2 mice cluster separately from the PO mice on
PC2, but overlap with the unaffected P2 mice on this axis. The linear distances that
contribute up to 30% of the variance associated with this PC describe rostrocaudal cerebral
length and caudal cerebral width. ANOVA testing the effects of age, genotype, and their
interaction on PC1 show significant effects of all three (p <0.001), with age explaining
49.7% of the variance, genotype 14.3%, and their interaction only 6.7%. There is a
significant effect of all three on PC2 (age p=0.023; genotype p <0.001; age*genotype o
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=0.015), though the variance is attributed more to genotype on PC 2 (47.9%) than to age
(12.7%) or the interaction (14.7%). The PO mice cluster together along both PC1 and PC2,
suggesting constraints in morphology at PO. The within-group variance of the two groups of
P2 mice along PC2 is much broader that that for either of the PO groups along PC2. In
general, unaffected and mutant mice have very different growth patterns, with change in
unaffected mice defined by PC1, which is primarily associated with skull morphology, while
change in mutant mice is defined by PC2, which is more associated with brain morphology.

Results of the regression of dissimilarity measures (Fg) among all possible pairs of mice at
PO indicate that there is no significant relationship between skull morphology and brain
morphology at PO (p=0.254, Pearson correlation=0.059) (Figure 7). In contrast, there is a
highly significant relationship in brain and skull morphology at P2 (p <0.001, Pearson
correlation=0.743). These results suggest that in both groups form of the skull and brain are
not significantly correlated at PO, but are highly correlated at P2.

DISCUSSION

The FGFR2 Pro253Arg mutation is associated with approximately 33% of cases of Apert
syndrome [von Gernet et al., 2000; Wilkie et al., 1995]. Most studies of both patients and
animal models for AS have focused on skeletal and sutural tissues. However, FGFR2 is
expressed in many and varied tissues of the developing head, including skull [Hatch 2010;
Karaplis 2008; Noden and Trainor 2005] and suture [Chen et al., 2003; Hajihosseini 2008;
Merrill et al., 2006], but also in the developing brain [Bansal et al., 2003; Ever et al., 2008;
Maric et al., 2007; Yoon et al., 2004].

Our study design excludes two potential sources of variation within the sample, allowing a
clearer view of how these tissues interact over time. First, we use an inbred mouse model
[Wang et al., 2010] to control for genetic variation that contributes to the phenotypic effects
of the Pro253Arg mutation, enabling a more precise characterization of the specific effects
of the mutation on CNS and skeletal phenotypes than would be possible using outbred mice.
Second, the same mice underwent MRM and p-CT imaging, such that data collected for the
skull and for the brain were obtained from the same individuals. The cost associated with
acquiring both sets of imaging data from the mice necessitates smaller sample sizes than a
single imaging modality would allow, introducing a potential bias. However, acquisition of
both image types from the same mice removes the potential variation introduced by using
differing samples of mice for analysis of skull and analysis of brain.

Studies of overall head shape in individuals with AS have described a flat and elongated
forehead, broader bitemporal width, broad and flattened occipital regions, and
anteroposteriorly shortened cranial lengths [Marsh et al., 1991] with dramatically increased
head height and decreased head length present at birth [Cohen and Kreiborg, 1994]. Studies
of postnatal cranial growth in humans with AS, however, have been limited by variation in
data types, methods, and small sample size. In a cross-sectional analysis of cephalograms
from children with AS, Richtsmeier [1988] found differences in the anterior nasal spine and
posterior nasal spine, resulting in a shortened palate [Richtsmeier, 1988]. Another cross-
sectional study showed head circumference decreases with age in AS [Cohen and Kreiborg,
1993a]. Analyses of brain growth have been limited to estimates of intracranial volume,
which has been found to be larger in infants with AS [Anderson et al., 2004; Gosain et al.,
1995] and that this difference increases with age [Gosain et al., 1995].

We may draw some parallels between clinical studies of growth in children with AS and the
patterns of early postnatal growth in Fgfr2*/P253R mice discussed here. We found that the
overall size of the skull is reduced in Fgfr2*/P253R mice as compared to their unaffected
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littermates, though this size reduction is not uniformly distributed across the cranium. While
the facial skeleton is reduced by 11% in Fgfr2*/F253R mice at P2, the neurocranium is
reduced by only 3%. This indicates that head size is disproportionately reduced in the facial
skeleton and palate relative to the remainder of the skull. In fact, the greatest differences in
growth of the skull of Fgfr2*/P253R mice are localized to the palate, as seen in children with
AS [Richtsmeier 1988]. Relative to unaffected littermates, the Fgfr2*/F253R mice show 5-
10% reduction of growth of the palate from PO to P2. Other changes in the Fgfr2*/F253R
skull include relatively increased change in the height of the posterior neurocranium with
growth (~5%) and increased change in width between the interparietal bones (dorsal
neurocranium) with growth, mirroring the increased intracranial volume observed in AS
[Anderson et al., 2004; Gosain et al., 1995].

Changes in the brain in Fgfr2*/F253R mice also parallel the findings of clinical studies of
brain morphology in children with AS. Dysmorphology of the corpus callosum is a frequent
finding in AS [Cohen and Kreiborg 1990; Cohen and Kreiborg, 1991; 1994; de Leon et al.,
1987; Posnick et al., 1995], and we find that the corpus callosum is shortened in
Fgfr2*/P253R mice at both PO and P2, in agreement with a previous qualitative study of these
mice [Aldridge et al., 2010]. Intracranial volume is often used as a proxy for brain size, and
intracranial volume has been observed to be larger in children with AS [Anderson et al.,
2004; Gosain et al., 1995], though head circumference decreases with age [Cohen and
Kreiborg, 1993b]. The present study did not find statistically significant differences in brain
size in mice carrying the Pro253Arg mutation, though we cannot exclude the possibility that
these results are affected by small sample size. However, differences in the form of the brain
at PO and P2 were observed. Specifically, Fgfr2*/255R mice show increased mediolateral
growth of the cerebrum, and decreased rostrocaudal cerebral growth, contributing to a brain
phenotype that is proportionately shorter rostrocaudally and taller superoinferiorly than in
unaffected littermates.

Using images of the brain and skull from the same mice allowed for investigation of the
relationship between the two tissues. Our results demonstrate that size of brain and skull are
significantly correlated at birth in both Fgfr2*/F253R mutants and unaffected littermates, but
not at P2. In contrast, brain and skull form are not significantly correlated at PO, but are
correlated at P2. Analysis of overall head form (including brain and skull measures) shows
that skull morphology distinguishes Fgfr2*/F253R from unaffected mice at PO and at P2.
However, when PO and P2 mice are combined, skull morphology distinguishes unaffected
P2 mice from the other three groups, while brain morphology distinguishes mutant P2 mice
from both groups of PO mice.

Taken together, these results suggest that size and form show different patterns of growth in
both mutant and unaffected mice. Further, though phenotypic differences are observed in
both the skull and the brain at PO, the morphology of the skull is most influential in
distinguishing groups. However, it is the combination of skull and brain growth that
underlies the differentiation of the growth patterns of the two groups. Understanding how
these two tissues of the vertebrate head covary is key to understanding both the development
and evolution of this complex structure [Jamniczky and Hallgrimsson, 2011].

Our study represents concurrent analyses of both brain and skull in a mouse model for AS.
Our results demonstrate that brain and skull development in the Fgfr2*/F255R mouse model
mirrors that of infants with AS. Further, we have identified localized regions of the brain
and skull that are different in the Fg#r2*/P253R mice as compared to their unaffected
littermates during this critical period of early postnatal development. Our findings of
differences in growth patterns of skull and brain in Fgfr2*/F253R mice and their unaffected
littermates, and the correspondence between them, point to their continued interaction
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through development. Our demonstration of altered patterns of development in both brain
and skull in the Fgfr2*/P255R mice suggest that both tissues display divergent postnatal
growth patterns as compared to their unaffected littermates, rather than one tissue directing
development of the other.
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Figure 1.
Three-dimensional reconstructions of the brain and skull of a postnatal day 0 unaffected

mouse (A) and a postnatal day 2 unaffected mouse (B) illustrating the relationship between
the brain and skull. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure2.

Anatomical locations of the landmarks collected from the brain and skull of PO and P2 mice,
illustrated on 3-D reconstructions of MRM and p.-CT scans of a P2 unaffected mouse. A)
Brain, dorsal view. B) Midsagittal slice. C) Brain, right lateral view. D) Horizontal slice. E)
Skull, dorsal view. F) Skull, right lateral view. G) Skull, ventral view. Definitions for
landmark abbreviations are provided in Table 1 and are further defined at
www.getahead.psu.edu.
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Box-and-whisker plots of brain size (left), skull size (center), and regression of brain and
skull size (right) at PO (above) and P2 (below) for Fgfr2*/F253R (closed symbols) and

unaffected littermates (open symbols).
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Figure4.

Analyses of brain phenotypes in Fgfr2*/P253R mice relative to unaffected littermates. Results
of form difference analysis of the brain at PO (left) and P2 (middle), where white lines
indicate linear distances that were increased in Fgfr2*/F255R mice and black lines indicate
linear distances that were decreased in Fgfr2*/F253R mice relative to unaffected littermates.
Results of growth difference analysis of the brain (right), where black lines indicate those
linear distances that show greater magnitude of change from PO to P2 in Fgfr2*/P253R and
white lines indicate linear distances that show a decreased magnitude of change in the
Fgfr2*/P253R mice. Ghosted landmarks and dashed lines indicate landmarks and linear
distances that are deep to the surface of the 3D reconstruction. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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PO Form P2 Form

Figure5.

Analyses of skull phenotypes in Fgfr2*/P253R mice relative to unaffected littermates. Results
of form difference analysis (left) of the skull landmarks in P2 mice, where white lines
indicate linear distances that were increased in Fgfr2*/F255R mice and black lines indicate
linear distances that were decreased in Fgfr2*/F253R mice relative to unaffected littermates.
Results of the growth difference analyses of skull (right), where black lines indicate those
linear distances that show greater magnitudes of change from PO to P2 in Fgfr2*/F253R mice
and white lines indicate linear distances that show decreased magnitudes of change in the
Fgfr2*/P253R mice. Ghosted landmarks and dashed lines indicate landmarks and linear
distances that are deep to the surface of the 3D reconstruction. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure®6.
Results of PCA analyses of the linear distances measured in brain and skull for each mouse

in the study at PO (left), P2 (center), and PO & P2 together (right). Closed symbols indicate
Fofr2*/P253R mice while open symbols indicate unaffected littermates; circles are PO mice,
squares are P2 mice. Linear distances that contribute up to 30% of the variation in PC 1 at
PO and P2 are illustrated in gray. Linear distances that contribute up to 30% of the variation
in PC 2 at P2 are illustrated in white. Convex hulls are drawn for Fgfr2*/P253R and
unaffected mice. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Am J Med Genet A. Author manuscript; available in PMC 2014 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hill et al.

F,: Brain

Page 21

ool—L 1 101 ooL—L 1 11
0.1020304050607080910 0.102030405060.7080910

F- Skull F - Skull

Figure7.
Results of regression of dissimilarity measures of skull and brain for all possible pairs of

mice at PO (left) and P2 (right).
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Anatomical definitions of the landmarks collected from MRM and p-CT images of mice at PO and P2.
Landmarks are illustrated in Figure 2. Definitions of skull landmarks can be found at www.getahead.psu.edu.

Brain Landmark(s)

Definition

Skull Landmark(s)

Abbreviation at www.getahead.psu.edu

B1, B2

B3, B4

B5, B6

B7

B8

B9
B10

B11

B12, B13

B14, B15

Most superolateral point of intersection of
olfactory bulb with anterior frontal lobe surface
(bilateral)

Most caudolateral point on the occipital lobe
surface (bilateral)

Most lateral point on the cerebellar surface
(bilateral)

Most caudal point on the cerebellar surface
Genu of corpus callosum

Anterior commissure

Splenium of corpus callosum

Intersection of pons with most caudal aspect of the
ventral cerebral surface

Origin of the middle cerebral artery from Circle of
Willis on ventral cerebral surface (bilateral)

Centroid of the head of caudate nucleus (bilateral)

S1
S2

S3, 54

S5, S6

S7,S8
S9, S10
S11, 812
S13,S14

S15

S16, S17
S18
S19, S20
S21
S22
S23

Insla

Inslp

Iflac, rflac (bilateral)

Izyt, rzyt (bilateral)

Ipto, rpto (bilateral)
Ifbc, rfbc (bilateral)
Ipst, rpst (bilateral)
locc, rocc (bilateral)
opi

laalf, raalf (bilateral)
ethma

Ipalf, rpalf (bilateral)
cpsh

amsph

bas
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Table Il

Landmark subsets for analyses. Landmarks are illustrated in Figure 2.

Anatomical Region  #of landmarks

Landmarksin subset

Cerebral surface 7 B1, B2, B3, B4, B11, B12, B13
Brain  Subcortical structures 5 B8, B9, B10, B14, B15

Cerebellum 3 B5, B6, B7

Face 6 S1, S2, S3, S5, S16, S19
Skull  Neurocranium 8 S7, S8, S9, S10, S11, S12, S13, S14

Cranial Base 4 S15, S21, S22, S23

S2, S3, 54, S7, S8, S9, S10, S11, S12, S13, S14, S15, S21, S22, S23

PCA  Braincase, Brain 30

B1, B2, B3, B4, B5, B6, B7, B8, B9, B10, B11, B12, B13, B14, B15
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P-values derived from analyses of form and growth for subsets of landmarks. P-values in bold are significantly

different between Fgfr2*/F255R mice and their unaffected littermates.

PO P2 Growth

Brain

Cerebral surface 0.016 0.003 0.021

Subcortical structures  0.027  0.212 0.314

Cerebellum 0.666 0.600 1.00
Skull

Face 0.001 0.000 0.001

Neurocranium 0.001 0.001 0.010

Cranial base 0.001 0.000 0.013
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