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Abstract

The purpose of this study was to determine whether connexin 43 (Cx43) contributes to
craniofacial phenotypic variability. Skull shape and variation were compared within and
among two heterozygous mutant mouse models (G60S/+ and 1130T/+) that exhibit different
levels of Cx43 channel function when compared to their wildtype counterparts (~80% and
~50% reduction in function, respectively). Results indicated mutants have significant
differences in skull shape compared to wildtype littermates. Similar patterns of shape
difference were found in both mutants. Increased skull shape variation and a disruption in the
covariation of skull structures were observed in G60S/+ mutants only. These results show
that while a 50% reduction in Cx43 function causes a shift in mean skull shape, there is a
lower threshold at which Cx43 function disrupts craniofacial phenotypic robustness. This
study demonstrates that Cx43 can contribute to phenotypic variability of the skull through a

nonlinear relationship between Cx43 function and phenotypic outcomes.
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Summary for Lay Audience

The skull is complex in its development and function. This complexity makes it vulnerable to
disruptive forces, and upwards of one third of inherited abnormalities in humans involve the
skull. Abnormalities in the skull can be viewed as extreme examples of variation, and it is
generally assumed that both normal and extreme variation is structured through development.
If this assumption is correct, then we would expect that patterns of variation will be similar if
the developmental mechanisms are similar, and that shape variation can then be used to help
uncover potential areas of developmental disruption in the case of unusual development. This
study tests the hypothesis that the function of a protein important for communication between
cells, particularly those in bone (connexin 43), has a nonlinear relationship with how
susceptible the skull is to shape change. This hypothesis was tested using mutant mice with
normal and abnormal skull shapes. Two mouse models with mutations to the gene encoding
for connexin 43 (Cx43) were used to test the relationship between Cx43 function and shape
variation in the skull. The 1130T/+ mutant mouse has a fifty percent reduction in channel
function, whereas the G60S/+ mutant has an eighty percent reduction. Therefore, it was
predicted that the G60S/+ mutants would have a greater difference in shape than 1130T/+ but
that the localization of shape differences would be similar in both mutants. Shape analyses
indicated that the two mutants have significantly different skull shapes compared to non-
mutant littermates. As predicted, shape changes and shape variation are more severe in
G60S/+ mice than the 1130T/+, but the areas and patterns of change are similar in both
mutants. While the fifty percent reduction in Cx43 in 1130T/+ mice was enough to change
the mean shape, the range of variation (or variability) was only increased in the G60S/+
mutants, meaning that there is a nonlinear relationship between phenotype and function in the
skull. This study supports the suggestion that any gene that contributes to trait development
can likewise modulate trait variability, extending to genes that play important though not

crucial roles in development.
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Chapter 1

1 Introduction

Phenotypic variation is the raw material on which natural selection acts and is therefore
necessary for evolutionary change. However, excessive variation results in congenital
malformations. Thus, a balance must be struck between factors that introduce and factors
that constrain variation. Not all traits exhibit the same balance between variation and
constraint. The skull is particularly susceptible to factors that introduce variation. Indeed,
three quarters of all congenital defects involve craniofacial structures in humans (Chai &
Maxson, 2006). These congenital defects can be viewed as extreme demonstrations of
normal variation. The high prevalence of congenital anomalies of the skull is likely due
to the skull’s extremely complex development. Each bone in the adult skull forms from
several ossification centers that must grow and fuse in a coordinated fashion.
Furthermore, the skull is composed of bones derived from both neural crest and
mesoderm cell populations that are formed through intramembranous and endochondral
ossification. This developmental complexity provides great opportunity for variation to
arise. However, the functional demands of the skull, such as facilitating breathing,
mastication, and encasing the brain, requires that individual bones of the skull develop in
concert to form a functional whole. Thus, while there are many opportunities for
variation in the skull to arise, the range of observable variation is finite due to functional
demands (Wagner & Altenberg, 1996). This range of possible variation describes the
variability of the skull.

In this study the concept that variability is at least in part determined by embedded
properties of skull development is addressed. Specifically, the study seeks to determine if
nonlinearities between gene function and resultant phenotype contribute to skull
variation. The remainder of this chapter outlines the historical context for the study of
skull variability and provides the background and rationale for the mouse models used.



1.1 Phenotypic Variation

An organism’s phenotype is composed of an observable suite of morphological traits.
While many organisms exhibit similarities or trends in their appearance, no two creatures
are identical. These differences are represented as phenotypic variation and can be
measured and compared among different individuals or groups. Phenotypic variation
arises due to a multitude of factors, including genetic variation and environmental
influence. Not all traits or individuals are equally susceptible to these influences, and thus
the range of variation differs depending on the robusticity or resilience of each trait and
organism. This range of possible variation, or potential for variation within a trait, is
called phenotypic variability. While phenotypic variation can be measured directly,
phenotypic variability is a relational property that describes the extent of possible

variation within a population in comparison with another (Wagner & Altenberg, 1996).

Phenotypic variation is the raw material upon which natural selection acts; it is necessary
for the evolution of traits. However, large morphological deviations from the trait mean
are usually deleterious (Hallgrimsson, Willmore, & Hall, 2002). Therefore, a balance
must be struck between processes that allow and constrain variation. A consequence of
leaving room for beneficial variation is that detrimental variation is also given an
opportunity to occur (Willmore, Young, & Richtsmeier, 2007). These changes in
variation may occur over long periods of evolutionary time, or much quicker in response
to acute environmental stimuli. Recently it has been shown that several animal species
are adjusting morphologically to adapt to the environmental pressures of climate change
(Ryding et al., 2021). Those organisms capable of swift adaptation that does not
jeopardize functional viability will be more likely to propagate and pass on genetic
information. While these organisms may be able to adapt quickly to external changes,
some of the phenotypic consequences may be unfavourable for long term evolutionary

development.

To model these phenotypic consequences, studies of phenotypic variation and variability
have often used model organisms, such as mice. These model systems allow researchers

to manipulate either environmental (Breno, Bots, & Van Dongen, 2013; Gonzalez et al.,

2014; Lazi¢ et al., 2016; Waddington, 1957) or genetic (DeLaurier et al., 2014; Dun &



Fraser, 1958, 1959; Heuzé et al., 2014; Rendel, 1959) factors, such that the amount and
patterning of phenotypic variation can be compared among experimental groups. The
rationale for using these experimental models is that by disrupting the system through
either genetic or environmental perturbations, variation that was “hidden”, or buffered in
the unperturbed population, will be revealed (Rutherford, 2000), providing a window into
the potential for phenotypic variation. The assumption is that the variation in the
perturbed and unperturbed populations is not simply random; rather it is structured by
underlying developmental processes (Hallgrimsson, Willmore, & Hall, 2002).

1.2 Phenotypic Variability
1.2.1 Waddington’s Epigenetic Landscape

An early visual metaphor representing how development contributes to phenotypic
variation is Waddington’s epigenetic landscape(Waddington, 1957) (Figure 1). In this
visual metaphor, the development of a trait is represented as a ball rolling down a hill and
the distance between the top and the bottom of the hill represents developmental time.
The potential developmental trajectories of a trait, as informed by the underlying genetic
makeup, are represented as a series of grooves within the hill that all lead to a specific
phenotypic outcome. In this visualization of the metaphor (Figure 1), some of these
outcomes are phenotypically normal for a population, here represented by the bins
defined as -1 to +1 standard deviations. Other trajectories lead to abnormal morphology,
represented by the bins defined as +/- 2 and 3 standard deviations. The path the ball takes
down the hill is dependent on the depth of the grooves as well as potential genetic and
environmental perturbations. Genetic and environmental perturbations act to push the ball
horizontally, or reduce the depth of the grooves, potentially knocking the ball from one
groove or trajectory to another. Trajectories represented as deep grooves are more robust
to such perturbations, and allow the ball to maintain its original path, whereas shallow
grooves allow for more flexibility, enabling the ball to be more easily displaced to
adjacent trajectories. This “landscape” differs among individuals, with some individuals’
development represented by deep grooves indicating high developmental fidelity or
resilience and others represented by shallow grooves leaving their development more

vulnerable to genetic and environmental insults. Thus, the possible distribution of the



balls describes the phenotypic variability. The larger the range of outcomes, the greater

the variability.

Figure 1 Illustration of Waddington’s epigenetic landscape

The concept of the epigenetic landscape is here represented by the grey ramp. The ball
rolling down the hill signifies the developmental processes over time that produce the
resultant phenotype. The purple baskets represent the phenotype in relation to standard

deviations (SD) from the mean trajectory.

Phenotypic variability is often described and studied through three related concepts:
canalization, developmental stability, and morphological integration (Hallgrimsson,
Willmore, & Hall, 2002). These concepts or components of variability are linked in that
they describe the relative buffering of development against genetic and environmental
perturbations. However, each of these components captures different aspects of
phenotypic variation and subsequent variability (Willmore et al., 2007). Each of these

concepts is defined and described below.



1.2.2 Canalization

Canalization refers to the suppression of phenotypic variation among individuals, and
Waddington proposed that canalization occurs through development itself (Waddington,
1942; Waddington, 1957). While canalization provides phenotypic robustness among
individuals, it enables variation at the genetic, cellular, and tissue levels, thus maintaining
the evolutionary potential of complex traits (Wagner & Altenberg, 1996). The early
studies of canalization used assimilation experiments to look at Drosophila phenotype
when treated with ether to induce a targeted phenotype. Waddington found that after
several generations, the induced phenotype began to arise without an external stimulus
(Waddington, 1953; Scharloo, 1991). Subsequent studies demonstrated that genetic or
environmental insults can uncover genetic variation that is normally “hidden” by
buffering properties of development (Rutherford & Lindquist, 1998; Wilkins, 2002).

1.2.3 Developmental Stability

Where canalization homes in on the suppression of among-individual variation,
developmental stability focuses on the regulation of within-individual variation (Clarke,
1998). This variation arises due to the fallibility of the developmental processes
themselves rather than from the effects of external perturbations (Hallgrimsson,
Willmore, & Hall, 2002; Van Valen, 1962). Developmental stability impacts the
evolutionary potential for those traits responsible for the most basic functions, such as
translation, transcription, and protein folding (Klingenberg, Barluenga, & Meyer, 2002).
For organisms that are more developmentally stable, the variability within an individual
would be low. As the system experiences an increase in noise, there is an assumption that
an increase in within-individual variation will follow. This assumption does not always
hold true, and this suggests the existence of a threshold that must be crossed to see a
significant increase in variation (Klingenberg, Barluenga, & Meyer, 2002).

1.2.4 Morphological Integration

The final piece that contributes to phenotypic variability is morphological integration.
Morphological integration describes the interrelation that exists between one or more

traits (Olson & Miller, 1958). For example, phenotypic traits that are closely linked



through function, location, or development often exhibit a certain amount of
morphological integration. An example of this could be the morphology of the brain and
chondrocranium, which are closely linked through development. Integration can be
observed at the individual, genetic, and evolutionary level (Cheverud, 1996). Integration
between traits increases the likelihood of certain phenotypes being perpetuated through
natural selection. Those traits that are tightly integrated are referred to as modules. Traits
within a module are more likely to evolve independently from traits from other modules
(Klingenberg, 2008). Thus, the study of integration and modularity allows for insight on
how variation is structured and can uncover meaning in those patterns of variation that

are observed.

1.3 Measures of Phenotypic Variation

1.3.1 Geometric Morphometrics

A common method of measuring phenotypic variation is geometric morphometrics, or the
statistical analysis of shape and size using 2D or 3D landmark data. Landmarks are
selected based on their biological significance, repeatability, and their coverage of the
trait(s) of interest (Zelditch, Swiderski, & Fink, 2004). Biologically significant landmarks
are selected to be repeatable across individuals and reduce the amount of noise created by
intra-rater error. Individuals are landmarked twice, and the mean is taken to determine the
final dataset. To interpret this complex shape data, it is necessary to fit each individual
into the same shape space. This fit is accomplished using Procrustes superimposition, a
threefold technique that scales, rotates and superimposes the data, giving each individual
a new set of Procrustes landmark coordinates that are used for subsequent statistical
analyses (Zelditch, Swiderski, & Fink, 2004). Several techniques exist for the study and
assessment of these data, with the current field standard being the analysis of data with
several open-sourced suites in the R statistical computing software. These suites allow for
a consistency in data analysis and interpretation across the field and due to the open-

source nature, are consistently updated.



1.3.2 Among-Individual Variation

Canalization is most commonly assessed through the measurement of among-individual
variation, with greater canalization represented by low variation. The amount of trait
variation within one or more experimental groups compared with a control group
indicates how well canalized the trait is against genetic and environmental insults. Shape
variation can be measured from multivariate landmark data using a non-parametric
MANOVA on Procrustes distances. Multivariate analyses allow for the 3D landmark
shape data to retain their spatial relationship information when multiple landmark

coordinates must be used to represent individual shape (Adams & Collyer, 2018).

Shape variation can also be visualized through several means, including principal
components analysis (PCA) and trajectory analysis. PCA looks at the axes responsible for
the most variation in a population and assigns a score to each individual for each
principal component (PC). The majority of variation is captured within the first few PCs,
greatly simplifying the data, which can then be visualized on a scatterplot, with each
point representing an individual. The grouping of individuals offers a method of mean
shape comparison within and among groups of interest, with overlap of PC scores
indicating similar shape and distinct clusters indicating differences in mean shape.
Variation in shape is depicted by the spread of PC scores along the axes. The greater the
spread of points, the greater the variation among individuals, which implies reduced
canalization. Another means of measuring and visualizing canalization is through
trajectory analysis. This method uses principal components to visualize the magnitude

and direction of shape change between two or more groups.

1.3.3 Fluctuating Asymmetry

The standard measure of developmental stability is within-individual variation as
assessed by fluctuating asymmetry (FA). FA is the measurable expression of left-right
asymmetry of bilaterally symmetrical morphological structures (Klingenberg, 2003).
When the internal environment of an organism experiences a critical amount of noise,
this can be visualized through an increase of FA. FA can be visualized using some of the

same techniques as among-individual shape variation. Principal components analysis can



show the within-group range of FA as well as allow for among-group comparisons

(Klingenberg, Barluenga, & Meyer, 2002).

1.34 Phenotypic Covariation

To measure morphological integration, covariation between traits is calculated.
Covariation can be explored using an a posteriori approach to determine which traits may
share enough similarities to form distinct groups or modules of interest. Covariation can
also be measured using Procrustes superimposed datasets whose landmarks have been
subdivided into a priori modules (Olson & Miller, 1958; Cardini, 2019). Covariation
between those modules can be measured and visualized using a two-block partial least
squares (PLS) analysis. The method used in this study looks at a priori modules based on
the developmental subregions of the skull (mesoderm- and neural crest-derived tissues,
and endochondral and intramembranous bones). This allows us to assess if predetermined
developmental factors are strongly integrated, and if this integration changes following a

genetic perturbation.

1.4 Mechanisms that Modulate Phenotypic Variation

The mechanisms that modulate phenotypic variation are not mutually exclusive, and it is
likely that to truly understand robusticity of traits, an understanding of multiple
mechanisms is required (Hallgrimsson, et al., 2019). This section acts to highlight some
of the mechanisms that have been previously investigated, and how they have been found

to modulate phenotypic variation.

One specific mechanism that has been shown to modulate variation is protective function
of heat shock proteins (HSPs). HSPs are a group of proteins that function in cells when
they are exposed to stress conditions. Studies have shown that a decrease in HSP levels
can significantly impact the evolutionary potential of multiple traits in Drosophila
(Rutherford & Lindquist, 1998; Sgrensen, Kristensen, & Loeschcke, 2003). Rutherford &
Lindquist observed that Hsp90 levels in Drosophila impact evolutionary change by
helping to buffer a multitude of developmental pathways. When Hsp90 function was
reduced, there was an increase of phenotypic variation of several traits (Rutherford &

Lindquist, 1998). Variation can see both a rise and fall after HSP recruitment during



stress times. While HSP recruitment in response to stress may initially prevent an
increase in phenotypic variation, upon hitting a threshold HSPs are no longer available to
mitigate these changes. Indeed, it may prove that deletion or failure of a gene has a less
dramatic impact on variation than the reduction in chaperone function, due to the vast
network of processes that HSPs buffer (Rutherford, 2003).

A fundamental biological mechanism that has been shown to modulate phenotypic
variation is the role of microRNAs (miRNAs). miRNAs act to repress gene expression
and regulate transcription. Similar to HSPs, miRNAs can have a profound effect on
multiple developmental processes. miRNASs have been shown to act as buffers against
variation (Ebert & Sharp, 2012). It has been shown that miRNA experiences a threshold
effect, which helps to suppress different genes, and thus phenotypic outcomes. This
indicates that miRNA may act in concert with other developmental mechanisms to help
stabilize phenotypic variability (Ebert & Sharp, 2012).

It is important for a certain amount of variability to exist among traits. This variability
must allow for positive change, while maintaining stability. This relationship has been
posited to be nonlinear in nature. Nonlinearity is then the observance of a threshold at
which traits exhibit an influx of variation that is not necessarily proportional to the
amount of external perturbation. This nonlinearity is thought to be modulated by
developmental processes. Ramler et al. found that the effect of temperature on phenotypic
variation exhibited a nonlinear relationship when observing how a wide range of
temperatures impacted the phenotype of a threespine stickleback fish (Ramler et al.,
2014). By including a wide range of temperatures, this study was able to model the
threshold at which phenotypic variability increased. In another study, Green et al.
demonstrated a nonlinear relationship between Fgf8 expression and craniofacial
development in mice, wherein mouse facial development was robust to a 60% reduction
in Fgf8 levels, whereas beyond this threshold, small changes in gene expression resulted
in large phenotypic effects (Green et al. 2017). Through this nonlinear relationship, a
large amount of genetic variation can be tolerated without phenotypic consequence.
While there is compelling evidence that the effects of genetic and environmental insults

can be buffered by specific, dedicated developmental mechanisms for complex traits such
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as skull shape, phenotypic robustness may arise more commonly through general
developmental mechanisms such as nonlinearities (Hallgrimsson et al. 2019). In contrast
to previous studies of nonlinearities, this study seeks to determine if a gene that is
important but not crucial to skull development contributes to phenotypic variability.

1.5 Craniofacial Development

To further the aim of studying how developmental mechanisms, like nonlinearities,
impact phenotype it is helpful to focus on a specific region that is measurable,
developmentally complex, and prone to a wide range of phenotypic variation in both
normal and abnormal development. The skull offers such a complex structure, in that it
requires several mechanisms working in concert to allow for proper development, which
allows for a wide range of possible phenotypes. These abnormal phenotypes can occur
during early development, such as neurocristopathies (Bolande, 1997), or later in life.
These post-natal morphologies can arise due to mechanical injuries like
temporomandibular disorder (Bavia, Vilanova, & Garcia, 2016), or diseases that impact
bone remodeling (Feng & McDonald, 2011).

At the cellular level, development of the skull begins with two cell lineages, the neural
crest and mesoderm. A specific subset of neural crest cells, cranial neural crest cells,
undergo a series of processes including induction, epithelial-to-mesenchymal transition,
migration, proliferation, and differentiation to form many of the cell types which are
responsible for the creation of the facial skeleton, and part of the cranial vault (Santagati
& Rijli, 2003; Chai & Maxson, 2006). In contrast, the cranial base and posterior portion
of the cranial vault are formed from cells of somatic mesoderm origin (Vyas,
Nandkishore, & Sambasivan, 2020). Adding to the complexity, both cell types can

contribute to skull formation through two different types of ossification.

The skull ossifies through endochondral and intramembranous ossification. The flat
bones of the calvaria and facial bones form through intramembranous ossification, a
process in which sheets of bone develop through the proliferation of mesenchymal stem
cells directly into osteoprogenitor cells. The cranial base and ossicles form through

endochondral ossification, a process more commonly associated with long bone
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development. Endochondral ossification is a process in which a cartilaginous model is
used as a template for bone development (Marieb, Mallatt, & Wilheld, 2013). Both
modes of ossification are found in cranial neural crest- and mesoderm-derived tissues,
meaning there is an overlap producing four unique regions of interest - endochondral and
intramembranous neural crest-derived bone, and endochondral and intramembranous
mesoderm-derived bone (D'Souza, Ruest, Hinton, & Svoboda, 2010). This overlap allows
for studies to examine the dynamic interplay between different developmental processes
present in each region, and to determine if certain regions are more or less buffered

against perturbations based on their phenotypic variation.

1.6 Connexin 43 (Cx43)

1.6.1 Connexins

The complex development of the skull, and all bone, relies on intercellular
communication. One of the families of proteins that facilitate intercellular
communication is connexins. Connexins are intramembranous proteins comprised of four
transmembrane domains, two extracellular loops, one intracellular loop as well as an n-
and c- terminus (Figure 2) (Laird, 2014). These proteins oligomerize into hexameric
structures referred to as hemi-channels or connexons (McLachlan, et al., 2008).
Connexons may function as hemichannels connecting the intercellular matrix with the
extracellular environment, or they can bind with a connexon on an adjacent cell to form
gap junctions (McLachlan, et al., 2008). Gap junctions are intercellular channels, which
allow for the transfer of small molecules and secondary messengers less than 1kDa in

size between cells, facilitating intercellular communication (Laird, 2014).

Mutations in the genes encoding for connexin proteins result in a wide array of human
diseases due to the disruption of normal intercellular communication. These include
syndromic and non-syndromic hearing loss (Cx26, Cx30, Cx31, Cx43), skin disease
(Cx26, Cx30, Cx30.3, Cx31, Cx43), peripheral neuropathy (Cx32), atrial fibrillation
(Cx40), cataracts (Cx46, Cx50), and bone dysplasia (Cx43) (Laird et al. 2017; Srinivas et
al. 2018).
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1.6.2 Connexin 43 in Bone

Due to its important role in osteogenesis, the protein of focus for this study is connexin
43 (Cx43). Of the 21 connexins expressed in humans, Cx43 is the most ubiquitously
expressed and is also present in mice (Flenniken, et al., 2005). In terms of skeletal
development, Cx43 is found in osteoprogenitor cells, osteoblasts, osteocytes, and
osteoclasts (Stains & Civitelli, 2005). Cx43 gap junction channels allow the intercellular
passage of secondary messengers such as ATP, calcium ions, and inositol polyphosphates
that are thought to initiate signaling cascades important in bone development and
homeostasis (Goodenough, Goliger, & Paul, 1996). Cx43 hemichannels are also thought
to be important in bone homeostasis (Riquelme, Cardenas, Xu, & Jiang, 2020). Indeed,
Cx43 function has been shown to play a role in osteoblast differentiation (Lecanda, et al.,
2000; Chung, et al., 2006; Dobrowolski, et al., 2007; McLachlan, et al., 2008; Watkins, et
al., 2011; Jarvis, et al., 2020), osteocyte mechanosensation in relation to bone
remodelling, (Alford, Jacobs, & Donahue, 2003; Jiang, Siller-Jackson, & Burra, 2007;
Taylor, et al., 2007; Grimston, Watkins, Stains, & Civitelli, 2013; Plotkin, Speacht, &
Donahue, 2015) and osteoclast formation and activation (llvesaro, Tavi, & Tuukkanen,
2001; Ransjo, Sahli, & Lie, 2003).

Dysregulation of Cx43 results in a variety of functional consequences such as increased
osteoclastogenesis, osteocyte apoptosis, and impaired osteoblast differentiation (Bivi, et
al., 2012; Lecanda, et al., 2000). Disrupted Cx43 function can impair the normal
homeostasis of both endochondral and intramembranous bone and leads to phenotypic
changes, such as a decrease of cortical bone thickness and overall decrease in bone
mineral density (Laird et al., 2017; Zappitelli & Aubin, 2014).

1.6.3 Mutations of Connexin 43

Cx43 is encoded by the gene GJAL, and there are currently more than eighty known
mutations of the gene (Laird 2014). The majority of these mutations are autosomal-
dominant missense mutations and are linked with the rare human condition,
oculodentodigital dysplasia (ODDD) (Meyer-Schwickerath, Gruterich, & Weyers, 1957;
Laird, 2014). ODDD is predominantly characterized by microphthalmia, syndactyly,
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skull anomalies, cardiac defects, and enamel hypoplasia. ODDD provides a lucrative
model for the study of craniofacial variation, due to the wide range in craniofacial
phenotypes that are associated with ODDD. These include underdeveloped nasal bones,
overgrowth of nasal cartilage, cleft palate, cleft lip, hypotelorism, small chin, and malar
hypoplasia (Paznekas, et al., 2009). It is useful as a model for the study of variation, due
to the high intra- and inter-familial variation in phenotypic presentation (Paznekas, et al.,
2003; Paznekas, et al., 2009). While this variable phenotypic expression presents
challenges in understanding the mechanisms that underlie ODDD and the role of Cx43 in
bone and skull development, it also offers an opportunity to determine whether an
important, though not critical, gene in skull development, such as GJAL, can modulate

phenotypic variation.

1.7 Connexin 43 Mouse Models

Several genetically modified mouse models targeting the Gjal gene encoding Cx43 have
been developed. Of these, three are models of ODDD, and include two models of
disease-linked mutations found in humans (1130T & G138R) (Kalcheva et al., 2007;
Dobrowolski et al., 2008) and one mutation, not found in humans, which resulted from an
ENU-mutagenic screening (G60S) (Flenniken et al. 2005).

1.7.1 1130T/+ Mutant Mouse

The first mouse model used in this study (1130T/+) is heterozygous for an autosomal-
dominant mutation found in humans with ODDD. It results from the substitution of
isoleucine for threonine at the 130th residue in the intracellular loop of the Cx43 protein
(Figure 2). Animals with homozygous expression of the 1130T mutation are not viable
due to defects in the pulmonary outflow tract, necessitating the use of heterozygotes for
post-natal studies (Kalcheva et al., 2007). This mutation was found to cause a 50%
decrease in channel conductance (Laird, 2014). The resulting murine phenotype was
found to be similar to that of humans with ODDD (Paznekas, et al., 2009; Jarvis, et al.,
2020).

Previous studies in our lab have used the 1130T/+ mouse model to determine that there is

a significant difference in skull shape and size between adult 1130T/+ and wildtype mice
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as newborn pups and adults, and that the ODDD phenotype arises between E17.5 and
birth in these mice (Jarvis, et al., 2020). The phenotype was found to get worse over time
with the greatest differences in morphology observed in bones of the face (Jarvis, et al.,
2020).
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Figure 2 Connexin 43 protein

Schematic of the protein connexin 43 highlighting the locations of the mutations found in
our two mouse models of ODDD indicated by black dots. The G60S mutation is located

on the first extracellular loop and the 1130T mutation is located on the intracellular loop.
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1.7.2 G60S/+ Mutant Mouse

The second model used in this study (G60S/+) is heterozygous for the missense point
mutation between glycine and serine at the 60th residue on the first extracellular loop
(Figure 2). The consequences of this dominant-negative mutation are far more severe
than those of the 1130T/+ mutation, reducing Cx43 channel function to 15-20% along
with a reduction of Cx43 expression. It has yet to be discovered in human patients with
ODDD and was discovered through N-ethyl-N-nitrosourea (ENU) mutagenesis
screening. Mice with the G60S/+ mutation were found to have an ODDD-like phenotype,
including syndactyly, underdeveloped incisors, eye malformations, osteopenia, and
differences in skull morphology (Flenniken et al., 2005). Additionally, previous work in
our lab has demonstrated that mandibular morphology in newborn G60S/+ and 1130T/+

mice is significantly different from their wildtype littermates (Moore, et al., 2020).

1.8 Rationale

It has long been posited that phenotypic variability is modulated by developmental
processes, and Waddington suggested that embedded properties of development may play
arole in regulating variation (Waddington, 1957). Recent studies have demonstrated that
emergent properties of development such as a nonlinearity between gene dosage and
phenotypic outcome can explain variability in skull phenotype (Green, et al., 2017).
However, these studies have focused on the role of genes of critical importance to skull
development (eg. Shh, Fgf, Wnt) (Young, Chong, Hu, Hallgrimsson, & Marcucio, 2010;
Dash & Trainor, 2020), and it is yet to be determined if genes encoding proteins that play
active, though not crucial, roles in skull development, can likewise modulate phenotypic
variation. The aim of this study is to determine if Cx43 modulates variability of the skull.
Cx43 has been shown to play an active role in bone development and homeostasis (Stains
& Civitelli, 2005). Disruptions to Cx43 function through mutation result in the human
disease ODDD, which presents with a distinct craniofacial phenotype (Meyer-
Schwickerath, Gruterich, & Weyers, 1957). Two heterozygous mouse models, G60S/+
and 1130T/+, show a distinct ODDD-like phenotype, which results from a common
disruption to normal Cx43 function (Flenniken, et al., 2005; Kalcheva, et al., 2007). The
difference in severity of phenotype, with G60S/+ mice seemingly more strongly impacted
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than 1130T/+, provides an ideal model for the study of how disruption to a non-crucial
gene (Gjal) impacts phenotypic variation and variability, and if this impact is linear or
nonlinear in nature. Determining the linearity or nonlinearity in a specific developmental

process can show which traits are buffered against external influence (Jewlal et al., 2021).

1.9 Hypothesis

Given the role of Cx43 in non-pathological skull development, I hypothesize that it also
plays a role in modulating phenotypic variability of the skull through developmental

nonlinearities between Cx43 channel function and resultant phenotype.

1.10 Objectives and Predictions

If the mechanisms that regulate phenotypic variability are embedded processes of
development, then I predict that not only crucial genes, such as Wnts and Fgfs, but also
other genes that play an important though not critical role in trait development, will be
able to modulate variability. This prediction was tested by comparing skull phenotypes
among mice with different levels of Cx43 function. Specifically, we used 3D landmarks
from micro-computed tomography (uCT) reconstructions of newborn and 3-month
G60S/+, 1130T/+ mice, and their wildtype littermates to measure and compare skull size,
mean shape, shape variance, shape asymmetry, and covariation among genotypes using

geometric morphometrics.

1.10.1 Objective 1

The first objective of this study is to characterize and compare skull shape and size
among G60S/+, 1130T/+ mutant mice, and their wildtype littermates at birth and 3
months to assess the linearity between mean phenotypic outcomes and the degree of

Cx43 channel function.

1.10.2  Objective 1 Predictions
1.10.2.1

Given the active role of Cx43 in bone development and remodeling, I predict that the

larger deficit in Cx43 channel function in G60S/+ mice will result in greater changes in



skull shape and size than those observed in the 1130T/+ mutant mice and that these

phenotypic changes will scale with Cx43 function in a nonlinear fashion.

1.10.2.2

Given the common developmental disruption, I predict that the same skull traits will be
targeted in G60S/+ and 1130T/+ mice as observed by similarly localized differences in

mean shape and size between mutants and wildtype littermates.

1.10.3  Objective 2

To measure and compare the amount and structure of phenotypic variation of the skull
among G60S/+ and 1130T/+ mutant mice, and their wildtype littermates at birth and 3
months. The degree of skull variation and the structure of this variation is determined
through measures of among-individual variation, within-individual variation (FA), and

covariation among genotypes.

1.10.4  Objective 2 Predictions
1.104.1

| predict that both mutant models will have increased among- and within-individual
variation compared with their wildtype littermates and that G60S/+ mice will display a

nonlinear increase in skull variation in comparison with 1130T/+ mice.

1.10.4.2

As both mutant mouse models disrupt Cx43 and alter similar processes in bone
development, | predict that the patterns of variation and covariation will be similarly

localized.

17
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Chapter 2

2  Materials and Methods
2.1 Mouse Models

Skull size, shape, shape variation, FA, and covariation were compared among G60S/+
mice and their wildtype littermates and 1130T/+ mice and their wildtype littermates at
post-natal day 0 (P0) and 3 months. A sample size of 30 mice/genotype/age with an equal
sex distribution was used for all analyses. G60S/+ mice were created from ENU
mutagenized C57BL/6 male mice and bred on a C3H/HeJ background (Flenniken, et al.,
2005), and 1130T/+ mice were created on a mixed C57BL/6 and CD1 background and
subsequently bred on a C57BL/6 background (Kalcheva, et al., 2007). Prior to sacrifice,
all mice were visually sexed, and genotyped using tail samples (Moore, et al., 2020;
Abitbol, et al., 2018). Mice were housed in standard cages and maintained on a 12hr
light/dark cycle, with a diet of standard mouse chow (2018 Teklad Global 18% Protein
Diet, Harlan Laboratories, Indianapolis, IN, USA). G60S/+ and their wildtype littermates
were supplemented with powdered food due to significant enamel hypoplasia in mutants
(2920X Teklad global soy protein-free extruded rodent diet; Harlan Laboratories,
Indianapolis, IN, USA) (Flenniken, et al., 2005). The study was conducted in accordance
with the policies and guidelines of the Canadian Council on Animal Care and approved

by the Animal Care Committee of the University of Western Ontario.

2.2 Imaging of Mouse Skulls

Prior to imaging, mouse heads were placed in phosphate-buffered saline and skin was
dissected. Heads were then fixed in 4% paraformaldehyde for 12-24 hours, mounted on
foam and embedded in 1% agarose in 50mL Falcon tubes to prevent movement during
scanning (Jarvis, et al., 2020). PO mice were imaged using high-resolution pCT (20 pm
isotropic voxel size) using a GE Locus RS-9 x-ray uCT scanner (GE Healthcare, USA)
housed in the Preclinical Imaging Facility at Robarts Research Institute (UWO, London,
ON, CAN). 900 views per gantry rotation were acquired over a 360-degree rotation.
Projections lasted for 4500 ms with potential measured at 80 kVp and tube current

measured at 450 pA. Three-month mouse skulls were scanned at 20 um isotropic voxel
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size using a Nikon XTH 225 ST cone-beam UCT scanner (Nikon Metrology Inc., UK)
housed at Sustainable Archaeology (UWO, London, ON, CAN). 3141 projections were
acquired over a 360-degree rotation. Projections lasted 1000 ms with potential measured
at 88 kVp with a tube current of 95 pA. A phantom consisting of air, water, and a cortical
bone mimicking epoxy with a bone mineral equivalent of 1100 mg cm™ (SB3, Gamex,
USA) was used in each scan for consistency of Hounsfield Unit calibration and material

registration (Beaucage, et al., 2014; Caskenette , et al., 2016).

2.3 3D Landmark Collection

3D landmarks were chosen based on their ability to capture the most complete
representation of the skull geometry and homology among age groups as described
previously (Abitbol, et al., 2019; Jarvis, et al., 2020). Landmark data were collected for
each mouse skull using Checkpoint software (Stratovan Corporation, Davis, California,
USA) from volumetric reconstructions of uCT data at consistent thresholds in
MicroView (Parallax Innovations, llderton, ON, Canada). To assess landmark
repeatability and enable measurement and comparison of FA, the skulls were landmarked
twice, ensuring that points could be repeated within 0.05 mm of error (Frelat, et al.,
2012). The average of the two trials was used in all subsequent analyses except for
comparisons of FA.

2.3.1 Procrustes Superimposition

Prior to analysis, landmark data undergo Procrustes superimposition, a threefold process
in which the 3D landmark coordinates undergo translation, scaling, and rotation. This
process acts to fit all the coordinates within the same shape space, creating the Procrustes
Average Shape. Points are reclassified with Procrustes coordinates, which are used in

subsequent analyses.

Data underwent Procrustes superimposition using the geomorph package in R (Adams, et
al., 2016; R Foundation for Statistical Computing, Vienna, Austria, 2017). To enable
localized shape and size comparisons among genotypes, biologically relevant subsets of
landmarks were created based on tissue origin (neural crest-derived and mesoderm-

derived) and mode of ossification (intramembranous and endochondral) (Figure 3A).
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Separate superimpositions were conducted for the whole skull and each regional subset.
To account for differences in genetic background, Procrustes superimposed data were
centered for each genotype on the grand mean (Green, et al., 2017). Thus, all

comparisons except the trajectory comparisons used pooled within-genotype analyses.

2.4 Skull Size Comparison

Skull size and size of regional skull subsets were measured and compared using centroid
size, a non-unitary measure determined by summing the squared distance between each
landmark in a configuration and the centre point. To account for gross size differences
between mutants and wildtype mice and potential sexual dimorphism, centroid size was
regressed on body weight and these scaled size measures were used in comparisons.
Statistical comparisons of scaled skull centroid size among genotypes were performed
using a two-way ANOVA with genotype and sex as main effects. Subsequent pairwise
comparisons between treatment groups were conducted using the glht function from the
multcomp package in R (Hothorn, Bretz, & Westfall, 2008; R Foundation for Statistical
Computing, Vienna, Austria, 2017). Similarly, comparisons of scaled centroid size were
performed on each regional subset of landmarks to determine potential localized size

differences.

2.5 Skull Shape Comparison

Skull shape was assessed to determine if reduced Cx43 function results in similar
phenotypic differences. Shape differences were compared among genotypes via a two-
way MANOVA with genotype and sex as main effects using the procD.Im function in the
R package geomorph (Adams, et al., 2016). This function includes resampling using
10,000 iterations to create a probability distribution from which significance (a=0.05) can
be determined (Collyer, Sekora, & Adams, 2015). To illustrate localized shape
differences between mutants and their wildtype littermates and between the G60S/+ and
1130T/+ mutants, we constructed heat morphs using the rgl package in R (R Foundation
for Statistical Computing, Vienna, Austria, 2017). To visualize shape differences
between genotypes, heat morphs were created wherein the degree of shape differences
was demonstrated by colour differences using R (R Foundation for Statistical Computing,



21

Vienna, Austria, 2017). To allow visualization of the range of phenotypic differences
among mouse groups, these comparisons were made between mice that fell at the

extreme ends of PC1 using the symmetric component of the superimposed data.

2.5.1 Trajectory Analysis

Trajectory analyses were used to further compare the nature of skull shape differences
exhibited by G60S/+ mice and their wildtype littermates and 1130T/+ mutants and their
wildtype littermates. Specifically, trajectory analyses enabled us to compare the
magnitude and direction of shape differences between each mutant and their respective
wildtype littermates. These analyses were conducted using the trajectory.analysis
function in geomorph on data that did not undergo centering on the grand mean (Adams
& Collyer, 2009).

2.6 Comparison of Skull Shape Variation

To determine how Cx43 function affects phenotypic variation of the skull, both skull
shape variation and FA were measured and compared among genotypes. Skull shape
variation was compared using the symmetric component of the centred Procrustes data
using the morphol.disparity function in the R package geomorph (Adams, et al., 2016).
This function estimates shape variation based on Procrustes distances using a series of
10,000 iterations and then conducts pairwise comparisons. Comparisons of skull shape
variance were conducted for the whole skull and each regional subset. Skull shape
variation among genotypes was visualized using principal components analyses (PCA),
which depict the direction and magnitude of shape variation within and among the
genotypes. Principal component scores of each mouse for the first two principal
components (PC1 and PC2) are shown as a scatterplot; a greater spread of PC scores

indicates greater shape variation.

2.6.1 Fluctuating Asymmetry

Fluctuating asymmetry was measured and compared among genotypes to determine the
effects of Cx43 channel function on skull variation at a highly localized phenotypic scale.
To measure and compare FA within genotypes, the bilat.symmetry function in the R
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package geomorph was used and the FA component was extracted from the function’s
output (Klingenberg, et al., 2002; Adams, et al., 2016). The FA component of shape was
illustrated using heat morphs created using the rgl package in R (R Foundation for
Statistical Computing, Vienna, Austria, 2017). The effects of Cx43 function on FA were
determined using the morphol.disparity function in geomorph (Adams, et al., 2016). As
with among-individual variation analyses, a series of pairwise comparisons between
genotypes was performed using the morphol.disparity function and these comparisons
were conducted for whole skull and regional subset data. Visualization of the degree of
FA within each genotype was accomplished using PCA on the FA component of the data.
Individual scores for PC1 and PC2 were graphed in a scatterplot, and as with our PC
graphs of skull shape variation, the greater the spread of points for a genotype, the greater
the FA. Additionally, to visualize the regional differences in FA between genotypes, heat
morphs were created as described for shape comparisons only using the FA component of

the superimposed data.

2.1 Comparison of Covariation within the Skull

Covariation between skull traits formed through intramembranous and endochondral
ossification and between structures derived from neural crest and mesoderm was
measured and compared among genotypes using group mean centred two-block PLS
analyses (Rohlf & Corti, 2000; Adams & Collyer, 2016). These tests were compared for
both PO and 3-month mice using the integration.test function in the R package geomorph
(Adams, et al., 2016; Adams & Collyer, 2016). For each two-block analysis, the maximal
correlation between blocks or regional subsets (rPLS) and the strength of covariation
were statistically compared among genotypes using the effect size (z score) of covariation
(Adams & Collyer, 2016). Covariation between regional subsets of the skull for each
genotype was illustrated using scatterplots of individual scores for the first PLS axis
(PLS1Y) for each block or subset.
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Chapter 3

3  Results

To determine the effects of Cx43 function on phenotypic variability of the skull, we
compared skull size, shape, shape variation, and covariation between G60S/+ mice and
their wildtype littermates (WT-G60S), between 1130T/+ mutants and their wildtype
littermates (WT-1130T), and between both mutants at PO and 3 months. Because the
different mutant mice are on separate genetic backgrounds (Flenniken, et al., 2005;
Kalcheva, et al., 2007), superimposed landmark data were centered for each genotype on
the grand mean to remove the effects of mouse strain and allow comparison between

mutant mice (Green, et al., 2017).

3.1 At age 3-months, mutant skulls are smaller than wildtype
with greatest size reduction observed in the G60S/+ strain

To determine the effects of reduced Cx43 function on skull size, centroid size was
calculated from landmark data and scaled for body mass. To enable measurement and
comparison of localized effects associated with each mutation, we created subsets of
landmarks based on tissue origin (neural crest-derived and mesoderm-derived) and mode
of ossification (intramembranous and endochondral) (Figure 3A). Scaled centroid size
was then calculated for and compared among genotypes for the whole skull as well as
each regional subset. At PO, differences in skull size among genotypes were only found in
regions of the skull developed through intramembranous ossification, and regions of
neural crest origin (Figure 3B, C). For intramembranously ossified bones, both mutants
were significantly smaller than their wildtype littermates. Only 1130T/+ mutants had
smaller neural crest-derived structures compared to their wildtype littermates. By 3
months, overall skull size and size of regional subsets of the skull were significantly
smaller in both mutant mice compared to their wildtype littermates (Figure 3B, D).
G60S/+ mice had a more extreme reduction in skull size compared to their wildtype
littermates and were significantly smaller than 1130T/+ mutants for all regions of the

skull except for the mesoderm-derived subset.
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Comparisons of skull centroid size included sex as a factor to determine if there were sex
effects for skull size. Sex effects were not significant at PO, with the exception that
female G60S/+ mice were significantly larger than male G60S/+ mice for the neural
crest-derived region (p = 0.036). At 3 months, however, females had significantly larger
skulls than males for all genotypes and regions, except for comparisons between male
and female G60S/+ mice for the intramembranous (p = 0.06) and endochondral (p =
0.208) regional subsets. Importantly, while strong sex effects were found at 3 months, no
significant genotype-by-sex interactions were detected, indicating that this dimorphism

was not affected by either mutation.
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A: Coloured PO mouse skull illustrating different subregions. Red represents bone of
mesoderm origin and endochondral ossification. Yellow represents bone of mesoderm
origin and intramembranous ossification. Blue represents bone of neural crest origin and
intramembranous ossification. Green represents bone of neural crest origin and
endochondral ossification. Relative skull size was measured as centroid size regressed on
body mass. B: Comparisons of relative whole skull size among genotypes at PO and 3
months. C: Comparison of size of regional subsets of the skull among genotypes at P0. D:
Comparison of size of regional subsets of the skull among genotypes at 3 months. *P
<.05, **P <.01, ***P <.001.

Table 1. Skull Shape Comparisons Among Genotypes at PO and 3 Months

PO Whole Skull Neural Crest Mesoderm Intramembranous | Endochondral

Gen Sex Gen Sex Gen Sex Gen Sex Gen Sex
WT-G60S : WT-1130T | 0.012 0.483 | 0.449 0.639 | 0.002 0.355 | 0.010 0.441 | 0.179 0.775
WT-G60S : G60S/+ | 0.0001 0.103 | 0.0002 0.071 | 0.0001 0.189 | 0.0001 0.116 |0.0001 0.061
WT-1130T : 1130T/+ | 0.002 0.0002 | 0.0002 0.0001 | 0.021 0.001 | 0.002 0.0005 | 0.004 0.0002
1130T/+ : G60S/+ 0.189 0.118 | 0.783 0.287 | 0.083 0.080 | 0.176 0.120 | 0.515 0.179

3 Months Whole Skull Neural Crest Mesoderm Intramembranous | Endochondral

Gen Sex Gen Sex Gen Sex Gen Sex Gen Sex

WT-G60S : WT-1130T | 0.0001 0.0001 | 0.0001 0.0001 | 0.0001 0.0001 | 0.0001 0.0001 |0.0001 0.0001
WT-G60S : G60S/+ | 0.0001 0.005 | 0.0001 0.04 |0.0001 0.0001 | 0.0001 0.038 |0.0001 0.0001
WT-I130T : 1130T/+ | 0.0001 0.0001 | 0.0001 0.0001 | 0.0001 0.0001 | 0.0001 0.0001 |0.0001 0.0001

1130T/+ : G60S/+ 0.0003 0.004 | 0.0003 0.027 | 0.0001 0.0001 | 0.0003 0.01 |0.0001 0.0002
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3.2 Mean skull shape is significantly different in mutant
compared to wildtype mice and this shape difference is similarly
localized in both mutant strains

Shape comparisons between mutants and their wildtype littermates were performed via
MANOVA using the proc.D function in the geomorph package in R (Adams, et al.,
2016). At PO, significant shape differences were present between each mutant and their
wildtype littermates for the whole skull and all sub-regions, though these shape
differences were greatest between G60S/+ mice and their wildtype littermates (Table 1).
Despite the use of centered data to account for mouse strain, significant shape differences
were noted between the two wildtype groups for structures derived from mesoderm and
those formed through intramembranous ossification (Table 1). To highlight the
distribution and severity of these shape differences, heat morphs were constructed to
compare the mean phenotypes in a pairwise fashion between mouse groups (Figure 4A).
The biggest differences in shape between both mutants and their wildtype littermates
were localized to sutural regions of the bones of the cranial vault and face, though these
differences were greatest between G60S/+ mice and their wildtype littermates. The heat
morphs demonstrate that while the skull phenotype was more severe in G60S/+ mice than

in 1130T/+ mice, shape anomalies for both mutants were similarly localized.

At 3 months, skull shape differences among all mouse genotypes were statistically
significant for the whole skull and all regional subsets (Table 1). The main effects of
altered Cx43 function on skull shape were observed in bones of the anterior face, the
zygomatic arches and the temporal bones (Figure 4B). Similar to PO mice, differences in
skull shape between G60S/+ mice and their wildtype littermates were more severe than
those observed between 1130T/+ mutants and their wildtype littermates, but the structures

affected were similar in both mutant mice at 3 months (Figure 4B).

To determine the effects of sex on skull shape, we included sex as a factor in our two-
way MANOVA for shape comparisons among genotypes. Significant sex effects for
shape were present in 1130T/+ mice, but not in the G60S/+ mutants at PO (Table 1). At 3

months, significant sex effects were found for all genotypes, for the whole skull and all
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regional subsets. However, no significant sex-by-genotype interactions were found,

indicating that these mutations did not modulate skull shape dimorphism.

To further compare the magnitude and direction of shape change between each mutant
and their respective wildtype littermates, we performed trajectory analyses. Our results
largely confirmed our findings from our shape MANOVAs and heat morphs. At PO, the
magnitude of difference in skull shape between G60S/+ mutants and their wildtype
littermates was significantly greater than the difference between 1130T/+ mice and their
wildtype littermates for measures of whole skull as well as mesoderm-derived structures
and intramembranously ossified bones, as indicated by the length of the arrows (Figure
5A, B). Additionally, our trajectory analyses showed that the direction of shape
differences between G60S/+ mutants and their wildtype littermates at PO was
significantly different than the direction of those measured between 1130T/+ mutants and
their wildtype controls for the whole skull, mesoderm, and intramembranous subsets
(Figure 5A, B). These regional effects indicate that the mesoderm-derived cranial vault
was more heavily affected in G60S/+ mice than in 1130T/+ mice. While our trajectory
analyses indicated that there were significant differences in the direction of shape change
between mutants, our trajectory findings align well with our heat morph visualizations of
shape change; that is, the greatest differences in mutant skull shape were localized to the

cranial vault and G60S/+ mice have the most extreme phenotypic effect (Figure 4A).

At 3 months, the magnitude of shape difference between G60S/+ and their wildtype
littermates was significantly greater than that observed between 1130T/+ mice and their
wildtype controls for the whole skull and all regional subsets (Figure 5A, C). The
direction of shape change was also significantly different for G60S/+ and 1130T/+ mice
for whole skull shape as well as all regional subsets. However, while statistical
differences in direction of shape change were noted between the G60S/+ and wildtype
and 1130T/+ and wildtype comparisons, the direction of shape change was broadly
similar for both mutants (Figure 5A, C) indicating that localization of shape differences
was largely the same in G60S/+ and 1130T/+ mice at 3 months.
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Collectively, our findings demonstrate that both mutations significantly affected skull
shape at PO and 3 months, though G60S/+ mice displayed more severely disrupted
craniofacial morphology. Additionally, skull shape differences were similarly localized in
both mutants compared to their wildtype littermates, suggesting that both mutations affect

similar processes of skull development.
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Figure 4 Heat morphs indicate that shape differences between mutant and wildtype
mice are similarly localized in both mutant strains.
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Heat morphs represent differences in mean skull shape between genotypes at PO (A) and
3 months (B). Colouration reflects the differences of each genotype from the pooled
group average. In the comparison between G60S/+ and their wildtype littermates, red
highlights structures that are different in wildtype mice compared to the group mean,
whereas blue indicates traits that have a different shape in G60S/+ compared to the
group mean. For the comparison between the 1130T/+ mutants and their wildtype
littermates, purple colouration highlights differences noted for wildtype mice and green
indicates differences between 1130T/+ mice and the group mean. Finally, for the
comparison between G60S/+ and 1130T/+ mutants, structures that were most different in
G60S/+ mice are coloured in blue and those traits most different in 12.30T/+ mice

compared to the group mean are shown in green.



32

Trajectories of Shape Change

>

PO 3 Months
0.04 Mag. p<0.0001
- .
0.04] o 1) Dir. p<0.0001
o 2 0.02 |
o~
'o\O 02 oP ° o)) Q )
o 6} go) °)
B ° 0.00 o N6
o 0.00; ° 5
®) o
o ® .0.02 °
-0.02] Mag. p<0.005 e
Dir. p<0.004 )
-0.04 - ; : ; — -0.04 , .
-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02
PC1 59.8% PC1 55.7%
O WT-G60S © G60S/+ @WT-1130T © 1130T/+
PO
Neural Crest Mesoderm Intramembranous Endochondral
X 002 32 0.02 Xo0. o\° 0.02
o © % ™ ©
$ 0.00 t 2 & 0.00 @\' 3 g')ooo J‘
[aV] - ~— ™~
-0.02 0.00 0.02 -0.04-0.02 0.00 0.02 -0.02 0.00 0.02 -0.02 0.00 0.02
PC1 60.4% PC1 68.9% PC160.1% PC174.7%
Mag. p<0.469 Mag. p<0.0003 Mag. p<0.007 Mag. p<0.004
Dir. p<0.098 Dir. p<0.006 Dir. p<0.006 Dir. p<0.144
3 Months
Neural Crest Mesoderm Intramembranous Endochondral
0.02
2002 2 002 2 32002
N @ N ™
™ 0.00 ’ S 0.00 .. T 0.00 & ®
S ¥ N N 0.00 ’
Q_-0.0Z 0.-0.02 Q_-0.02 o i
-002 0.00 0.02 -0.02 0.00 0.02 002 000 002 004  -0.02 0.00 002
PC1 55.3% PC167.1% PC1 52.8% PC1 66.7%
Mag. p<0.0001 Mag. p<0.0001 Mag. p<0.0001 Mag. p<0.0001
Dir. p<0.0001 Dir. p<0.0001 Dir. p<0.0001 Dir. p<0.0001

Figure 5 Magnitude of shape differences between G60S/+ mice and wildtype is

greater than shape differences between 1130T/+ mice and wildtype.
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A: Results from trajectory analyses between each mutant and their wildtype littermates at
PO and 3 months. B: Results from trajectory analyses between mutants and wildtype mice
for each regional subset at PO. C: Results from trajectory analyses between mutants and
wildtype mice for each regional subset at 3 months. Significance of difference in
magnitude (Mag) and direction (Dir) between G60S/+ mutants and their wildtype
littermates and 1130T/ + mice and their wildtype control are indicated for each
comparison. Large circles represent mean shape for each genotype (A-C), and small
circles represent individual mice (A).

3.3 Skull shape variation is increased in G60S/+ but not 1130T/+
mutant mice

Skull shape variation was assessed and compared between genotypes via pairwise
comparisons using the morphol.disparity function in the R package geomorph and
visualized using scatterplots of PCA scores. At PO, G60S/+ mutants had significantly
greater shape variation than their wildtype controls in all regions of the skull except for
structures formed through endochondral ossification (Table 2). These results are
supported by the greater spread of PC scores across PC1 and PC2 for G60S/+ mice
compared to wildtype controls (Figure 6A, B). Conversely, skull shape variation was
unaffected in 1130T/+ mutants at PO. Moreover, variation of the whole skull as well as
mesoderm-derived, intramembranous bone was greater in G60S/+ mutants compared to
1130T/+ mice at PO. These findings are consistent with mean shape differences between
mutant mice at birth, wherein the mesoderm-derived bones of the cranial vault had a

more severe phenotype in the G60S/+ mice compared to 1130T/+ mutants (Figure 4A).

At 3 months, skull shape of G60S/+ mutants was significantly more variable than that of
their wildtype littermates for the whole skull and all regional subsets (Table 2). As noted
at PO, skull shape variation in 1130T/+ mice was not significantly different from that of
their wildtype controls at 3 months. Additionally, at 3 months, G60S/+ mutant skulls
were significantly more variable than 1130T/+ mouse skulls for the whole skull and for
all regional subsets. Visualization of skull shape variation using scores from our PCA
shows that the distribution of G60S/+ mice was distinct from the other three genotypes

along PC1, and also demonstrates that G60S/+ mice had the greatest variation along PC2
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(Figure 6A, C). Skull reconstructions of mice that fall at the extreme ends of PC1 indicate
that variation along this axis was related to changes in cranial vault width-to-length ratio,
where mutants had longer frontal and nasal bones and more narrow cranial vaults
compared to wildtype mice (Figure 6A). Variation along PC2 appears to be driven by

asymmetric curvature of the facial skeleton found in the G60S/+ mutants (Figure 6A).

Together our analyses of skull shape variation indicated that both PO and 3-month

G60S/+ mutants have increased variation compared to WT-G60S littermates.

Interestingly, the 1130T/+ mice did not have increased skull shape variation compared to

their wildtype littermates at either age. Given that Cx43 channel function is reduced by

approximately 50% in 1130T/+ mice and approximately 80% in G60S/+ mice (Flenniken,
et al., 2005; McLachlan, et al., 2008; Stewart, et al., 2013), our results indicate that the

fidelity of skull development is robust to a ~50% reduction in Cx43 function but is

compromised at ~80% reduction.

Table 2 Pairwise Comparisons of Skull Shape Variance Between Genotypes at PO

and 3 Months

PO Skull  Neural Crest Mesoderm Intramembranous Endochondral
WT-G60S : WT-1130T | 0.767 0.81 0.802 0.772 0.804
WT-G60S : G60S/+ 0.0002 0.021 0.0001 0.0002 0.057
WT-1130T : 1130T/+ 0.121 0.498 0.069 0.136 0.104
1130T/+ : G60S/+ 0.012 0.07 0.017 0.009 0.602

3 Months Skull  Neural Crest Mesoderm Intramembranous Endochondral
WT-G60S : WT-1130T | 0.012 0.019 0.016 0.029 0.001
WT-G60S : G60S/+ | 0.0001 0.0001 0.003 0.0001 0.0007
WT-1130T : 1130T/+ 0.528 0.605 0.379 0.617 0.340
1130T/+ : G60S/+ 0.0001 0.0001 0.0001 0.0001 0.0001
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Figure 6 Skull shape variation is greatest in G60S/+ mice at PO and

3 months.
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A: Shape variation is depicted using scatterplots of scores for the first two principal
components (PC1 and PC2) for all genotypes for landmarks that represent the whole
skull at PO and 3 months. Micro-CT skull reconstructions represent mice at the extreme
ends of PC1 and PC2. B: Shape variation for regional subsets of the skull at PO depicted
using scatterplots of PC1 and PC2. C: Shape variation for regional subsets of the skull at
3 months depicted using scatterplots of PC1 and PC2. Small circles represent individual

mice, and large circles represent genotype means.

3.4 Fluctuating asymmetry of the skull is greater in both mutants
compared to wildtype at PO, whereas only G60S/+ mice have
elevated fluctuating asymmetry at 3 months

Another measure of phenotypic variation is fluctuating asymmetry (FA), which describes
the distribution of the random deviation from perfect bilateral symmetry in symmetrical
structures (Van Valen, 1962). Greater measures of FA indicate decreased developmental
stability. To determine if FA is affected by Cx43 function, FA was measured for the
whole skull and each regional subset using the bilat.symmetry function in the geomorph
package for R, and compared among genotypes using the morphol.disparity function
(Adams, et al., 2016). At PO, both mutants had significantly greater FA than their
respective wildtype littermates for the whole skull and all regional subsets except for
bone derived through endochondral ossification (Table 3, Figure 7A, B). Heat morphs
were created to visualize differences in the FA component of skull shape data between
genotypes (Figure 8A). These morphs demonstrate that FA was similarly localized to the

intramembranous bones of the cranial vault in both mutants at birth.

At 3 months, G60S/+ mice showed significantly greater FA of the whole skull and all
regional subsets, whereas FA was unaffected in 1130T/+ mice (Table 3, Figure 4A, C).
G60S/+ mice also had significantly greater FA than 1130T/+ mice for all regions of the
skull. These results align with our shape variation comparisons, wherein variance was
significantly increased in G60S/+ mutant skulls, but not 1130T/+ skulls. While very little
FA was measured in 3-month 1130T/+ mice, localization of FA within the skull was

similar for both mutants, as illustrated by our heat morphs (Figure 8B). In both mutants,
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FA was greatest in bones of the posterior cranial vault, the anterior face, and the lateral

portion of the frontal bones.

In short, FA was significantly increased in both mutants compared to their wildtype
littermates for skull structures of the cranial vault and face formed through
intramembranous ossification at PO. However, at 3 months, only G60S/+ mutants had
increased FA compared to wildtype littermates. These results are similar to our findings
for shape variation, at least for our adult mice. Specifically, developmental stability of the
skull, as indicated by levels of FA, appears to be robust to ~50% reduction in Cx43

function but not ~80% reduction in adult mice.

Table 3 Pairwise Comparisons of Fluctuating Asymmetry Between Genotypes at PO
and 3 Months

PO Skull  Neural Crest Mesoderm Intramembranous Endochondral
WT-G60S : WT-1130T | 0.1614 0.3837 0.1927 0.1476 0.7073
WT-G60S : G60S/+ | 0.0001 0.0035 0.0001 0.0001 0.7908
WT-1130T : 1130T/+ | 0.0006 0.018 0.0015 0.0006 0.373
1130T/+ : G60S/+ 0.364 0.6023 0.3904 0.2628 0.0788

3 Months Skull  Neural Crest Mesoderm Intramembranous Endochondral
WT-G60S : WT-1130T | 0.1871 0.1546 0.4569 0.1229 0.8898
WT-G60S : G60S/+ 0.0001 0.0001 0.0001 0.0002 0.0001
WT-1130T : 1130T/+ | 0.1164 0.1027 0.2818 0.1527 0.1053
1130T/+ : G60S/+ 0.0002 0.0002 0.0004 0.0003 0.0001
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Figure 7 Both mutants demonstrate elevated FA at PO compared to wildtype mice,

whereas only G60S/+ mice have elevated FA at 3 months.

A: FA is depicted using scatterplots of scores for the first two principal components (PC1
and PC2) determined using the FA component from superimposed landmark data for the
whole skull at PO and 3 months. B: FA for regional subsets of the skull at PO depicted
using scatterplots of PC1 and PC2. C: FA for regional subsets of the skull at 3 months
depicted using scatterplots of PC1 and PC2.
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mice are similarly localized in both mutant strains.
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Heat morphs represent differences FA at PO (A) and 3 months (B). Colouration reflects
the differences of each genotype from the pooled group average. In the comparison
between G60S/+ and their wildtype littermates, red highlights structures that are
different in wildtype mice compared to the group mean, whereas blue indicates traits that
have a different shape in G60S/+ compared to the group mean. For the comparison
between the 1130T/+ mutants and their wildtype littermates, purple colouration
highlights differences noted for wildtype mice and green indicates differences between
1130T/+ mice and the group mean. Finally, for the comparison between G60S/+ and
1130T/+ mutants, structures that were most different in G60S/+ mice are coloured in
blue and those traits most different in 1130T/+ mice compared to the group mean are

shown in green.

3.5 Patterns of skull covariation are similar among all genotypes
but the strength of covariation in G60S/+ mice is significantly
reduced

To further understand how the patterning of phenotypic variation compared among
genotypes, we measured and compared skull covariation among all mouse groups using
group-mean centered two-block PLS analyses. Specifically, we analysed covariation
between skull structures derived from neural crest and mesoderm and between skull
bones formed through intramembranous and endochondral ossification. At PO,
covariation between neural crest and mesoderm traits was high and statistically
significant for all genotypes (range of rPLS: 0.78-0.88). Covariation between structures
formed through intramembranous and endochondral ossification was likewise strong and
statistically significant for all genotypes (range of rPLS: 0.82-0.93). Comparisons of the
strength of covariation among genotypes performed using effect size demonstrated
similar covariation for all genotypes for both sets of comparisons (mode of ossification
and tissue origin) (Table 4). These results were visualized through scatterplots of scores
for the first PLS axes (PSL1) for the blocks of our ossification mode comparison and the
blocks for our tissue origin comparison (Figure 9A). Scores for PLS1 overlapped among
genotypes and showed a clustering at the positive end of the intramembranous and

endochondral axes in the ossification mode comparison, and mesoderm and neural crest
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axes in the tissue origin comparison. While all genotypes demonstrated a strong
correlation among these blocks of data, skull shape differed along each axis. At the
positive end of the axes for both comparisons, PO skulls were more developed than those
found at the negative end of the axes. The most overt differences in development were
noted in the bones of the cranial vault and face, but also included bones of the cranial

base, particularly the anterior portion of the cranial base.

At 3 months, covariation between regional subsets was even stronger than that observed
at PO. Covariation as measured by PLS between intramembranously and endochondrally
ossified structures was very high and statistically significant for all genotypes (range of
rPLS: 0.82-0.94) and was likewise strong and statistically significant for all mouse
groups between neural crest- and mesoderm-derived traits (range of rPLS: 0.84-0.95).
While all genotypes demonstrated strong and significant covariation between blocks of
data, comparisons among genotypes revealed that the strength of covariation for both sets
of blocks (mode of ossification and tissue origin) was significantly weaker in 3-month
G60S/+ mice compared with their wildtype littermates and compared with 1130T/+
mutants (Table 4). Visualization of scores for PLS1 for intramembranous and
endochondral blocks and for neural crest and mesoderm blocks confirmed our statistical
findings (Figure 9B). For both comparisons, all genotypes demonstrated a strong and
similar covariation between blocks of data, though the G60S/+ mice had a greater spread
around the main axis. The PLS1 scores formed discrete clusters among genotypes for
both two-block comparisons and highlight the shape differences among genotypes,
particularly the shape differences observed in G60S/+ mice. For both mode of
ossification and tissue origin comparisons, the strong covariation appeared to arise from
changes in neurocranial width (cranial base and cranial vault) and face length, with
G60S/+ mice tending to have a wide cranial vault and cranial base and short facial
skeleton (Figure 9B).

Collectively, our results indicated strong covariation among skull structures derived from
neural crest and mesoderm and among traits formed through intramembranous and
endochondral ossification for all mouse groups at PO and 3 months. However, at 3

months, while still significantly high, the strength of covariation between these blocks of
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data was significantly reduced in G60S/+ mutants compared to all other genotypes. These

findings suggested that the structure of variation is altered in 3-month G60S/+ mutants.

Table 4 . Comparisons of Strength of Covariation Between Regional Subsets of the

Skull Among Genotypes at PO and 3 Months

PO

WT G60S : WT 1130T
WT G60S : G60S/+
WT 1130T : 1130T/+

1130T/+ : G6OS/+

3 Months

WT G60S : WT 1130T
WT G60S : G60S/+

WT 1130T : 1130T/+

1130T/+ : G60S/+

Neural Crest & Mesoderm

Effect Size P-value
0.6359 0.2624
0.1381 0.4451
0.1198 0.4523
0.7428 0.2288

Neural Crest & Mesoderm

Effect Size P-value
0.1378 0.4452
2.468 0.0068
0.7513 0.2262
2.994 0.0014

Intramembranous & Endochondral

Effect Size P-value
1.431 0.0762
0.03488 0.4861
0.3669 0.3569
1.0220 0.1534

Intramembranous & Endochondral

Effect Size P-value
0.6370 0.2621
2.297 0.0108
1.432 0.0760
3.097 0.0010
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Figure 9 Covariation among regional subsets of the skull is strong for all genotypes
at PO and 3 months, though G60S/+ mutants have significantly weaker covariation

than wildtype and 1130T/+ mice at 3 months.
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Covariation between blocks of landmarks that represent structures formed through
different modes of ossification (endochondral and intramembranous) and derived from
different tissue origins (neural crest and mesoderm) is represented using scatterplots of
scores for the first axis from two-block partial least squares analyses (PLS1) at PO (A)
and 3 months (B). Micro-CT skull reconstructions in superior and inferior view represent

mice at the extreme ends of PLS1 for each comparison.
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Chapter 4

4 Discussion

This study explored the prediction that phenotypic variability can arise through
embedded properties of development by investigating whether this concept extends to a
gene that plays an active, though not crucial, role in skull development. Specifically, it
investigated the role of Cx43 in modulating developmental variability of the skull by
quantitatively measuring and comparing skull shape and size, variation, FA, and
covariation among mice with two different Gjal mutations (and subsequent different
reductions in Cx43 gap junction channel function) and their wildtype littermates. We
found that skull shape and size in both newborn and 3-month mice were significantly
different in both mutant mice compared to wildtype, and while the skull phenotype was
more severe in the G60S/+ mutants, differences in mutant skull shape were similarly
localized. Skull shape variation, however, was significantly increased in the G60S/+
mutants only. Fluctuating asymmetry was significantly greater in both mutants compared
to wildtype at birth, but by 3 months, only the G60S/+ mice displayed greater FA
compared to their wildtype littermates. Covariation between skull regions formed through
endochondral and intramembranous ossification and between traits derived from neural
crest and mesoderm was significant and very strong for all genotypes at birth and 3
months. However, covariation was significantly less strong between these regional
subsets in G60S/+ mice at both ages compared to other genotypes. Together these
findings indicate that both mutations target the same developmental processes and are
sufficient to cause a shift in mean phenotype, and that Cx43 can modulate phenotypic
variation of the skull, but only if protein function is reduced beyond a relatively

permissive threshold.

Skull shape differences in mutants compared to wildtype mice were similarly localized in
G60S/+ and 1130T/+ mice at birth and 3 months, though the phenotypic effects were
more severe in G60S/+ mutants. At birth these shape differences were largely
concentrated in regions of active ossification such as the sutural edges of the bones of the
cranial vault and face. These findings are consistent with the well-established role that
Cx43 plays in osteoblast differentiation and bone development (Lecanda, et al., 2000;
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Chung, et al., 2006; Dobrowolski, et al., 2007; McLachlan, et al., 2008; Watkins, et al.,
2011; Jarvis, et al., 2020), and indicate that the differences in skull shape at PO may be
due to delayed osteoblast differentiation. At 3 months, differences in shape between
wildtype and mutant mice are more severe than those observed in newborns, aligning
well with previous work from our lab (Jarvis, et al., 2020). As with newborn mice, at 3
months both mutants differ in skull shape similarly compared to their wildtype
littermates. However, these differences are now localized to the anterior face, the palate
near the molars, the zygomatic arches, and the temporal bones. These regions all coincide
with areas of mechanical stimulation through chewing (Baverstock, Jeffery, & Cobb,
2013), and indicate that shape differences in 3-month mutants may be due to altered
mechanotransduction in bone. Indeed, several studies have demonstrated the role of Cx43
in bone mechanotransduction (Alford, Jacobs, & Donahue, 2003; Jiang, Siller-Jackson, &
Burra, 2007; Taylor, et al., 2007; Watkins, et al., 2011; Grimston, Watkins, Stains, &
Civitelli, 2013; Plotkin, Speacht, & Donahue, 2015). While most of the shape differences
between mutant mice were similarly localized, at 3 months, the G60S/+ mice displayed
overt differences in the shape of the posterior cranial vault compared to wildtype that
were not observed in 1130T/+ mice. Additionally, our trajectory analyses indicated
statistically significant differences in direction of phenotypic change between mutants,
though the trajectory of shape difference was broadly similar in G60S/+ and 1130T/+
mice. These differences in skull shape are likely due to differences in genetic
background, as genetic background has been shown to be able to strongly affect the
phenotypic consequences of the same mutation (Percival, et al., 2017). In general, even
though these mutant mouse strains are on different genetic backgrounds, G60S/+ and
1130T/+ mutants displayed very similar skull phenotypes that correspond with the known
roles of Cx43 in bone development and remodeling. Thus, we suggest that both mutations

act on similar processes of skull development through reduced Cx43 channel function.

Skull shape variation was increased in G60S/+ newborn and 3-month mice compared to
wildtype, suggesting that Cx43 can play a role in modulating phenotypic variation.
1130T/+ mice did not show increased levels of shape variation despite displaying changes
in mean skull shape compared to wildtype. These findings are consistent with early

studies that demonstrated that more extreme phenotypes tend to have increased shape
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variation (Waddington, The Strategy of the Genes, 1957; Scharloo, 1991). Moreover, our
results indicate a threshold effect of Cx43 function on skull shape variation. Cx43
channel function is reduced to ~20% in G60S/+ mice and to ~50% in 1130T/+ mutants
compared to wildtype (Flenniken, et al., 2005; McLachlan, et al., 2008; Stewart, et al.,
2013), and thus, while reduction to ~50% Cx43 function is sufficient to shift mean shape,
it is not sufficient to disrupt the fidelity of development. This threshold effect on mean
skull shape and shape variation has been previously demonstrated in relation to gene
dosage. For example, Young and colleagues discovered a nonlinear relationship between
SHH ligand concentration and upper jaw formation in chicks, where small changes in
concentration below a threshold led to dramatic phenotypic outcomes, whereas changes
in concentration above the threshold yielded relatively minor differences in jaw shape
(Young et al., 2010). Similarly, a recent study demonstrated that Fgf8 dosage relates
nonlinearly with mouse craniofacial shape variation with no changes in shape variation
until Fgf8 expression falls below 40% of that found in wildtype mice (Green, et al.,
2017). Further analyses indicated that the nonlinear relationship between Fgf8 and
craniofacial phenotype was caused by a nonlinear response in downstream genes to
changes in Fgf8 dosage. A possible explanation for the threshold effect for phenotypic
variation found in this study is the role that Cx43 gap junctions can play in amplifying
cell signaling. Gap junctions exchange second messengers to adjacent cells that converge
on downstream signaling pathways. Each target cell can then pass these second
messengers onto neighbouring cells, creating a cascade effect and amplifying the original
stimulus (Lima et al., 2009; Niger, et al., 2012; Buo & Stains, 2014). Thus, it is possible
that normal Cx43 cell signaling exceeds physiological needs and provides built-in
functional redundancy. However, when Cx43 function falls below a threshold, the
resultant gap junction-facilitated signaling cascade may be insufficient to trigger
downstream pathways. While this explanation is consistent with our current
understanding of the role of Cx43 in bone development and homeostasis, it remains to be
demonstrated experimentally. Additionally, cell signaling through Cx43 hemichannels
could contribute to our findings, though currently it is difficult to disentangle the effects
of Cx43 gap junctions and hemichannels on phenotypic outcomes (Riquelme et al.,
2020).
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The effects of Cx43 function on skull FA appeared to change with age. At birth, both
G60S/+ and 1130T/+ mice had elevated levels of FA compared to their wildtype
littermates, whereas only G60S/+ mice had increased FA at 3 months. Thus, at PO, a
reduction of Cx43 function to ~50% is sufficient to reduce developmental stability,
whereas at 3 months, there is a greater tolerance for reduced Cx43 function. We consider
both shape variation and FA to be indicators of phenotypic variability, with shape
variation representing a more global measure and FA a localized indicator. The
differential effect of Cx43 on these measures at PO demonstrates the importance of
developmental scale and timing when studying the developmental determinants of
variation. Indeed, several studies have tested the congruence between shape variation and
FA, and to date, no consensus has been reached, leading to the suggestion that variation
at these different phenotypic scales is modulated by separate developmental processes
(Klingenberg & Mclintyre, 1998; Debat et al., 2000; Willmore, Klingenberg, &
Hallgrimsson, 2005; Breno, Leirs, & Van Dongen, 2011; Varon-Gonzaélez et al., 2019).
Our results indicate that congruence between shape variation and FA could be context-
specific, rather than all or nothing. At PO, mouse skulls are actively undergoing
ossification. Given that cell-cell communication through Cx43 gap junctions can amplify
cell signaling that acts on downstream pathways of bone formation, it is reasonable that
relatively small changes in Cx43 function could lead to highly localized changes in
ossification during this developmental period of high activity (Lima et al., 2009; Niger, et
al., 2012; Buo & Stains, 2014). On the other hand, at 3 months, Cx43 contributes to bone
remodeling (Watkins et al., 2011; Grimston et al., 2013; Stains et al., 2014). It is possible
that processes of bone remodeling are less sensitive to Cx43 function at the highly
localized scale, such that FA is only elevated at a much lower threshold for Cx43 channel
function. Ultimately, our results indicate that Cx43 channel function does contribute to

developmental stability of the skull.

Phenotypic covariation describes how variation is structured within a trait and is a
measure of morphological integration (Olson & Miller, 1958; Cheverud, 1982;
Hallgrimsson, Willmore, & Hall, 2002). Morphological integration coordinates
development of traits that serve common functional demands. While measures of

integration are not often included as a metric of phenotypic variability, we suggest that
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differences in integration within the same species indicate a disruption to developmental
fidelity, as these differences could result in adverse functional consequences. Our skull
covariation findings further support the suggestion that Cx43 channel function
contributes to phenotypic variability via a nonlinear relationship. Covariation between
skull traits formed through endochondral and intramembranous ossification and between
regions derived from neural crest and mesoderm was very high and statistically
significant for all genotypes at PO and 3 months. However, covariation among skull
regions was significantly lower in G60S/+ mice at both ages, whereas covariation within
1130T/+ mutants was similar to that of wildtype mice. Thus, as we found for shape
variation, Cx43 appears to contribute to morphological integration through a threshold

effect.

4.1 Limitations and Future Studies

A limitation of the models used in this study was that the genetic backgrounds of the two
mouse models were not consistent, with 1130T/+ mice being on a C57BL/6 background
and the G60S/+ model bred on the C3H/HeJ strain. While this was statistically accounted
for during analysis, the known variable penetrance of the ODDD phenotype means that
background effects were likely a factor in those phenotypes observed. In the future
ensuring a common murine background between mutants would amend this limitation.
Another limitation of these models stems from the loss of Cx43 function being achieved
using mutations. In future, using knock-down mouse models would allow for phenotypic
analyses to be done at multiple gradations of Cx43 function. This approach could help
pinpoint the threshold beyond which variation increases dramatically. Also, the function
of Cx43 was not measured for each individual, nor was the amount of Gjal expression in
each individual measured, so the linearity of Cx43 function to phenotypic variation was
generalized using data from previous studies of these mouse models. The expression of
other connexins in bone was also not investigated to determine if there was compensation

for the loss of Cx43 function.

A clearer understanding of how embedded properties of development modulate
phenotypic variability will help address fundamental questions related to evolutionary

and developmental biology, but is also clinically relevant. For example, uncovering the



50

specific developmental consequences that cascade from varying levels of Cx43 gap
junction function through to specific phenotypic outcomes would provide a mechanistic
explanation for the high phenotypic variability observed in patients with ODDD. Indeed,
different clinical presentation among ODDD patient groups with the same mutation
underscores the variable penetrance of GJA1 mutations. Such variable penetrance
presents challenges for diagnosis and for attempts to develop effective therapeutic
strategies. Further exploration of how embedded processes of development influence
mutational effects on phenotype could provide important insight into many

developmental diseases.

4.2 Conclusion

Collectively, our results indicate that Cx43 can contribute to phenotypic variability of the
skull through a nonlinear relationship between the level of gap junction function and
skull morphology. These findings suggest that modulation of craniofacial phenotypic
variance through embedded processes of development can extend beyond genes of

essential importance in skull development.
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5 Appendices
5.1 Landmarks
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Figure 10 Landmarks

53 landmarks were used for each age point and are shown on mouse skull uCT scans as

green circles. A. PO Landmarks. B. Adult Landmarks
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