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ABSTRACT

With the rapid rise of Evo-devo and the concurrent development of new imaging
techniques, comparative studies of development have accelerated over the last decade.
Squamates, lizards and snakes, lack a traditional experimental model species for developmental
investigations, yet are important for understanding fundamental evolutionary questions because
of their remarkable diversity. However, several squamate species have growing communities of
biologists building new resources for comparative and experimental studies of lizard
development. Creation of detailed embryological atlases for these species will help promote their
advancement. In the past, scientists have had to rely on destructive methods to take apart
biological samples which allows them to visualize the three-dimensional (3D) anatomy.

However, X-ray computed tomography, CT scanning, allows for sub-10 micron, non-
destructive imaging of vertebrate embryos. This technique allows not only the ability to analyze
the hard tissues, but also, with the help of chemical counterstains, the ability to differentiate
among soft tissues. | created a detailed, 3D embryological atlas of the model lizard species,
Anolis sagrei, using micro-CT scanning. For a subset of stages | reconstructed the development
of both hard and soft tissues, such as bone, muscle, and neural tissues. All reconstructions were
performed in the free software package 3D Slicer. This anatomical atlas will be essential for
future research on Anolis development, will build a comprehensive understanding of the
embryonic development of anoles, and may provide a reference for people investigating the

development of other lizards.

viii



CHAPTER 1
INTRODUCTION

Over the past several decades Evolutionary Developmental Biology (Evo-devo) has
impacted numerous and disparate biological fields including ecology, molecular biology,
paleontology, and medicine (Bowler, 1996; Hall, 1992, 1999, 2002, 2003; Moczek et al.,
2015). Evo-devo grew and matured by investigating the mechanisms that link genes to their
structures (genotypes to phenotypes). This relationship is important because there is no one-
to-one correspondence between gene and phenotype. Genes provide the road map, but they
do not drive the embryo to its final destination. Hierarchical developmental processes
unfold within the context of the environment to make structures with characteristics of size,
shape, and color. Outside forces such as mechanical stimulus, environmental temperature
and water, and interactions with chemical products will affect the genotype to phenotype
transition (Hall, 2012).

Evo-devo allowed biologists to understand how the internal processes of
development and natural selection combine to create morphological diversity (Wagner et al.,
2000), whether that transformation is a minor modification in the shape of a bone or the
origin of novel features such as the turtle shell (Burke, 1989, 1991; Gilbert et al., 2001),
feathers (Prum & Brush, 2002), insect wings (Carroll et al., 1995; Weatherbee et al., 1999)
or flowers with their striking color and shape (Hall, 2003; Simpson & Niklas, 1997). Model
systems such as the fruit fly, mouse, zebrafish, and chicken are the most oft-used species in

1



Developmental Biology and formed the foundation of Evo-devo. Evo-devo grew out of the
technical and cultural traditions established by developmental biology (Raff, 1996; Hall,
1999).

A major justification for the use of model species is that the biological phenomena
that have been and are being uncovered can readily be extrapolated to other species,
including humans (Jenner & Wills, 2007). Based on this, model systems, even those
distantly related to humans (e.g., yeast, C. elegans, and Drosophila), have been prioritized
by researchers and funding agencies (Hunter, 2008; Milinkovitch & Tzika, 2007). These
traditional model systems have provided important and fundamental information on
patterns and mechanisms of developmental change across the metazoan phylogeny. Yet
ironically, one of Evo-devo’s objectives is to understand the developmental and molecular
bases of morphological diversity. This means that we must progress from the comfort of
well-known model systems and venture towards non-traditional species to address diverse
and distinct questions about their biological attributes (Sanger, 2012).

Thanks to the expansion of modern research tools such as the genome, transcriptome
sequencing, and imaging, the use of non-model organisms used in developmental studies has
greatly expanded. Non-model species used in developmental biology have played an important
role expanding the field beyond the themes that catalyzed the field including: the effects of
environmental neurotoxicants on fish development (Garcia et al., 2016; Siefferman & Hill,
2005; Ranasinghe et al., 2020); studying defects in the morphogenetic mechanisms involved in
development of limbs responsible for the cessation of growth of limb buds in certain reptiles

(Leal & Cohn, 2016; Raynaud, 1990); how inducing thermal stress affects rate of



developmental malformations in vertebrates (Chen et al., 2010; Piestun et al., 2009; Sanger et
al., 2018, 2021) and the evolution of rapidly evolving sexual features (Hatlauf et al., 2021;
Kaliontzopoulou et al., 2007; Murta-Fonseca et al., 2019; Oliveira et al., 2005; Sanger et al.,
2013a). These discoveries, and others, offer a casual explanation for unique trends in
morphological diversification, changes and perturbations in development associated with the
environment, and the evolutionary form (Carroll, 2008; Carroll et al., 2005). One of the
fundamental tools of developmental biology is a description of the normal stages that define
standard divisions of embryogenesis and morphogenesis. These staging series include pictures
and descriptions that define the standard divisions of development that are used by the
community of biologists studying that organism (Hopwood, 2007). They can also be used as
reference for investigators studying closely related species (e.g., Sanger et al. 2008, Griffing et
al. 2019). Staging series have played an important role as the standard for comparing both
experimentally perturbed embryos to the reference and as a standard for comparisons among
even distantly related species. For example, in a recent study of embryonic thermal stress
affects the A. sagrei staging series (Sanger et al. 2008) was used to identify changes in the rate
of development and origin of craniofacial malformations in embryos (Sanger et al., 2018, 2021).
Staging tables also provide a valuable reference that allows an investigator to know what stages
are forming at what times during development, an especially valuable resource for embryos that
cannot be readily observed (e.g., oviparous species). Embryological tables have been created for
all of the commonly used vertebrate species in Developmental Biology, such as the mouse Mus
musculus (Downs & Davies, 1993; Theiler, 1972; Wong et al., 2012), chicken, Gallus

domesticus (Arnaout et al., 2021; Hamburger & Hamilton, 1951; Stern, 2018), zebrafish,



Danio rerio (Kimmel et al., 1995; Parichy et al., 2009), and frog Xenopus (Phipps et al.,
2020). They are also commonly used for a large number of less well-known developmental
models such as Savigny’s treefrog Hyla savgnyi, ornate narrow-mouthed frog Microhyla
arnata, grey balloon frog Uperodon glublosus, ornate pigmy frog Microhyla fissipes
(Degani, 2015; Narzary & Bordoloi, 2013; Wang et al., 2017), Axolotl Ambystoma
mexicanum (McCusker & Gardiner, 2011; Roy & Gatien, 2008), and African house snake,
Boaedon fuliginosis (Boback et al., 2012) as partial or complete tables.

Embryonic development is a continuous process where the embryo undergoes a
consecutive series of tissue-specific cell differentiation, morphogenesis, and growth until
the organism reaches maturity. This continuous change can be analyzed by treating it as a
series of developmental events, or developmental stages if you will. The order at which
morphological stages take place is known as a developmental sequence and are of interest
because they define the ontogeny of the individual (Gould, 1982; Gould, 1977; McKinney,
1991; Smith, 2001). Changes in developmental stages, therefore, reflect evolutionary
changes in development and likely give a strong indication about the origins of
morphological diversity. Constructed tables also aid in establishing patterns of relationship
amongst species by identifying homologous structures and helping investigators establish
when and where in development changes arise. Classification of development into distinct,
definable stages allows embryos to be compared more easily to the reference, especially in
the case where embryos are experimentally treated. Also, developmental events are inter-
dependent so that the competence of a tissue to respond to a specific signal could be

dependent on the stage of development, and can change dramatically within a very short



time (Dias & Schoenwolf, 1990; Stern, 2018; Storey et al., 1992; Streit et al., 1997).

Effective methods of visualizing embryonic phenotypes have become crucial to the
expanded utility of new and emerging model systems. Historically, phenotyping of embryonic
morphology includes visualization techniques such as serial histological sectioning and light
microscopy, which are both time consuming, may destroy the embryonic sample, and cannot
visualize the inner tissue architecture of the embryo. For example, histology uses thin slices of
embedded embryological material, which then needs to be manually sectioned. Because of
this, these histological approaches can also introduce distortions on the final three-dimensional
image (3D) due to the sectioning process (Cleary et al., 2011). Recently, nondestructive
techniques, such as X-ray computed tomography (CT), have come to the forefront have further
enhanced the analysis of embryological phenotypes (Ding et al., 2019; Wong et al., 2012).

X Ray Computed Tomography

Recently, non-destructive visualization techniques have come to the forefront for
whole- volume imaging of animal tissues. One such technique, X-ray computed tomography
(CT), has become an attractive option for analyzing morphological phenotypes because it
allows for 3D visualization of biological structures which examine tissue anatomy of living,
preserved, and fossil species. Morphological studies harnessing X-ray imaging techniques,
including standard CT (greater than 100um resolution), micro-CT (5-100um resolution), and
nano-CT (150nm and 50um) provide volumetric models for mineralized hard and soft-tissue
anatomy which have far surpassed those of other non-destructive visualization methods

(Gignac et al., 2016; Metscher, 2009a, 2009b; Neu & Genin, 2014).



Figure 1. Diversity of species’ skeletons illustrating the utility of CT scanning.
Phylogenetically and morphologically diverse examples of CT imaged organisms that
display hard tissue, such as bone or exoskeleton, as 3D volumes. Specimens are leopard
seal Hydrurga leptonyx (USNM 270326), spotted hyena Crocuta crocuta (USNM 181527),
American alligator Alligator missipiensis (OUVC 11415), northern snapping turtle Elseya
dentata (TMM:M 9315), large seed harvesting ant Pogonomyrmex desertorum
(UTEP:ENTO 4702), no common name Eupolybothrus liburnicus (CBSS:CHP 538), lined
seahorse Hippocampus erectus (TCWC:ICHTHYOLOGY 13069.01), no common name
Mabea speciosa (USNM 000368389), and Texas horned lizard Phrynosoma cornutum.
Data was publicly available through Morphosource or collected at LUC.



Figure 2. Diversity of species’ skeletons illustrating the utility of soft-tissue CT scanning.
Vertebrates imaged using iodine-based contrast enhanced computed tomography (DiceCT),
demonstrating the diversity of soft tissue anatomy, such as the brain and muscle, that can be
visualized using CT scanning. Brains of both vertebrates were segmented, and 3D rendered
at LUC. Specimens are (a) saltwater crocodile Crocodylus porosus (OUVC 10899) (b)
thick-tailed galago Otolemur crassicaudatus (DLC 1715f). Specimen scans were accessed
using publicly available data from Morphosource.



CT imaging was initially developed to visualize hard tissue, such as bone. Non-
mineralized soft tissue structures cannot be readily visualized using conventional x-ray
imaging techniques. However, the increasing availability of CT resources have led
researchers and medical professionals to advance innovative means to overcome this
challenge. Simple staining methods that allow for high contrast imaging by increasing the
radio densities of soft tissue so that their visualization in CT is comparable to or better than
that of naturally mineralized tissues (Gignac et al., 2016; Harris et al., 1979; Metscher,
2009a, 2009b; Wallingford, 1953). Currently, several contrast-enhancing staining agents are
used for soft-tissue specificity and radiopacity, such as: iodine (12KI or Lugol’s solution);
(Degenhardt, et. al. 2010; Gignac et al., 2016; Metscher, 2009a, 2009b), phosphotungstic
acid (PTA) (Metscher, 2009a, 2009b; Pauwels et al., 2013), Osmium tetroxide (OsOa)
(McDowell & Trump, 1976; Metscher, 2009a, 2009b; Mizutani & Suzuki, 2012; Pauwels et
al., 2013) and phosphomolybdic acid (PMA) (Pauwels et al., 2013). The utility of each stain
depends on the size of the specimen and composition of tissue being imaged.

Among these effective contrast agents, Lugol’s iodine, also known as strong
solution of iodine-potassium iodide (1.KI), has become the popular choice amongst
anatomists and morphologists due to its simple protocol, cost effectiveness and differential
affinities for different types of soft tissues. Lugol’s iodine can be used to visualize soft
tissue anatomy in invertebrates, vertebrates, and their embryos (Metscher, 2009b, 2009a).
Phosphotungstic acid (PTA) staining is as robust as Lugol’s and produces excellent contrast

among tissues but cannot penetrate into deep tissues more than a few millimeters in size.



This makes PTA ideal for staining smaller tissues, but not for large, or adult specimens
(Dunmore-Buyze et al., 2014; Lesciotto et al., 2020; Metscher, 2009b, 2009a). Large-scale,
publicly funded, digitization projects such as #ScanallFish and oVert (Open Exploration of
Vertebrate Diversity in 3D), are generating high-resolution micro and nanoCT scans of
thousands of vertebrates. Data from these projects are shared with the community using 3D
specimen repositories such as Morphosource, through various open, creative common
licenses (Degenhardt et. al. 2010; Gignac et al., 2016; Gignac & Kley, 2014; Holliday et al.,
2013; Lautenschlager et al., 2014; Metscher & Miller, 2011; Schwarz et al., 2016).
Researchers from many biological disciplines now use high-resolution, three-
dimensional models demonstrating a wide range of taxonomic and anatomical detail. Such
data, where 3D digital renderings of objects such as bones have rapidly advanced, can now
be produced less expensively and more quickly than ever before. While software for
processing CT data was once cost prohibitive, newer open-source software allows for more
people the ability to analyze three- dimensional data. Quickly generated high-quality raw
data on morphology now presents new opportunities where researchers can improve their
proficiency in studying a specimen using 3D virtual ‘specimen data’ (Giribet, 2010; J. J. Shi
et al., 2018; Ziegler et al., 2010). Morphosource (Boyer et al., 2016; Boyer et al., 2014),
Morphobank (O’Leary & Kaufman, 2011), and Digitalfishlibrary (Berquist et al., 2012;
Eichberger et al., 2006) have made 3D versions of specimens increasingly available.
Researchers who lack physical access to a particular specimen can utilize 3D digital
versions of the specimen without ever seeing the specimen first-hand. Furthermore, web-

accessible digital libraries for rendered three-dimensional models have been developed.



Sketchfab, one such volume viewer, allows authors to intuitively upload models, define
rendering options (lighting, material properties, etc.), provide supplementary annotations,
and share models with research collaborators and educational classrooms (Hagmann, 2018;

Nesbit et al., 2020; Tiznado-Matzner et al., 2019).
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Software

CT scanning generates hundreds to thousands of cross-sectional views (i.e.,
projections) of the specimen. These projections can then be viewed as individual TIFF or
DICOM images or turned into three-dimensional image reconstructions (Pointer, 2008; Shi
et al., 2020). DICOM files contain a header file that includes details about the scan but are
not a functionally different form of data than TIF images. Many CT reconstruction
packages are on the market, however these programs often have a non-intuitive user
interface for most biologists or are too expensive for many labs to purchase (often over
$10,000; Shi et al., 2020). However, research teams have developed freely available, open-
source image reconstruction applications, such as 3D Slicer, Dragonfly, and ImageJ. These
toolkits are free and not tied to a specific hardware.

Squamates: Emerging Models for Developmental Biology

Amniota is an evolutionary clade of vertebrates that includes all living reptiles,
mammals, birds and their extinct relatives and ancestors. This lineage is characterized by the
presence of amniotic egg, which have membranes that protect the embryo from desiccation,
acting as a cushion to protect the embryo, promote gas transfer, and store waste materials
(Benton et al., 2015; Laurin & Reisz, 1995). Our current understanding of amniote
embryogenesis primarily derives from studies in mice and chick model systems, only two
representatives of the approximately 25,000 species of amniote (Diaz et al., 2017; Hedges,
2012). This exclusive focus on embryos from model organisms has led to low coverage of
biodiversity, making it difficult to test hypotheses about anatomical diversification and

developmental evolution (Sanger & Rajakumar, 2019).
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Squamates, lizards and snakes, are particularly important for understanding the
mechanisms of anatomical diversification in vertebrates because of their high diversity and
unique suite of evolutionary adaptations (e.g., snake fangs, adhesive toe pads, and limb
lessness; Gray et al., 2019; Jensen et al., 2013; Losos, 1990a, 2009; Sanger, 2012; Sanger &
Kircher, 2017; Yaryhin et al., 2021). They constitute a major vertebrate radiation,
representing almost a third of all known amniotes by more than 10,000 species (Uetz &
Stylianou, 2018). And although specious, they remain an underrepresented group in
developmental studies. This brings with it problems for questions looking into evolution of
digit and limb loss, developmental transitions of the head, gene ontology or understanding
gene regulation and expression patterns in reptiles among others (Bininda-Emonds et al.,
2007; Chang et al., 2009; Rasys et al., 2019, Sanger et al., 2018).

There has not been a single taxon of lizard that has been adopted among reptilian
based laboratories as the developmental model to study. This likely reflects the interest of
this community in understanding squamate diversity rather than probing deep into the depths
of cellular and molecular biology of reptiles. Over the past two decades, there have been a
handful of lizard taxa that have been documented and proposed as useful developmental
models. First, Sanger et al. (2008) proposed Anolis sagrei as a developmental model for
squamates (Sanger et al., 2008). Serving as more than a single developmental model, A.
sagrei could provide an experimental anchor for Anolis to serve as a model clade,
investigating the subtle ecomorphological differentiations within the adaptive radiation
(Sanger et al., 2008; Sanger & Rajakumar, 2019). Wise et al. (2009) described the

embryogenesis in the Eublepharis macularius, the leopard gecko, a well-known reptile



amongst herpetoculturalists and has been used in a wide range of studies including tissue
grafts and tail regeneration. Ollonen et al. (2018) describing the complete post-oviposition
embryonic development for Pogona vitticepts, the bearded dragon, which, have experienced
independent radiations and are part of a diverse lizard group, the Australian agamids.
Finally, Griffing et al. (2019) described the development of the mourning gecko,
Lepidodactylus lugubris, a parthenogenetic species, composed entirely of females and
reproduce without male gametes. This species will serve as model for comparative studies of
sexual evolution among geckos and their unique patterns of morphological and sexual
evolution. These studies have demonstrated the immense utility of squamates as models for
development.
Anolis

Anolis lizards, or anoles, are one of the largest vertebrate genera, containing nearly
420 species (Losos, 2009). Native throughout the northern half of South America, the
Caribbean, and Central American, anoles have been introduced on Pacific islands including
the Bermudas, Hawaiian Island, Taiwan, and the Bonin Islands. Anoles are relatively small,
often arboreal insectivores, but interspecies variation exists in size, habitat and diet (Losos,
2009). As a textbook example of adaptive radiation, anoles are known for occupying
different ecological niches, resulting in replicated patterns of morphological evolution on
different islands of the Greater Antilles (Losos, 1994; Poe & Anderson, 2019; Sanger &
Kircher, 2017). The repeated evolution of anoles offers the opportunity to test many
generalizations about evolutionary processes. Over the past 50 years, anoles have become

one of the most widely-studied model systems for studies of reptile evolution, ecology,
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behavior, physiology, genomics, and development (Rasys et al., 2019; Sanger et al., 2008;

Sanger & Kircher, 2017). A Google Scholar search for Anolis recovers over 27,000 articles
that have been published since 1980 and over 16,000 since 2010.

Anolis species inhabiting the Greater Antilles islands are a classic example of
convergent evolution (Langerhans et al., 2006); termed ecomorphs — species that are not
close phylogenetically are similar in morphology, ecology, and behavior (Williams, 1972,
1983; Losos, 1994; Losos & Schneider, 2009). Anole faunas have been noted for their
abundance and diversity and the corresponding diversity of the microhabitats in which they
occur but also by the conspicuous presence of highly similar species from one island to
another (Williams, 1983). The similarity among species within each ecomorph category is
striking, converging on color, size, body proportions, perch and foraging and escape
behavior and that these are ecological analogues. As such, the radiations have produced
essentially the same set of ecological types of ecomorphs on each island (Losos, 1994;
Rand, 1969; Schoener, 1988; Williams, 1972, 1983). Six Anolis ecomorphs have been
defined based on morphology and habitat: limb length, dimensions of adhesive toe pads, tail
length and the dimensions of the skull (Beuttell & Losos, 1999; Glossip & Losos, 1997;
Irschick & Losos, 1998, 1999; Losos, 1990, 1990b, 2009; Losos & Sinervo, 1989;
Williams, 1972). Because of this multidimensional convergence, each of these traits is
thought to be adaptive according in their respective microhabitats which range from grasses,
open ground, and different parts of trees of respective anoles. This unique assortment of
environmental pressures within each microhabitat are proposed to drive adaptation within

each microhabitat and thus the emergence of convergent species assemblages (Losos et, al.,
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1992, 2009; Losos & Ricklefs, 2009).

Given the extensive ecological and evolutionary understanding of anole radiations,
anoles have become an excellent model clade to study the development of both ecological
and evolutionary relevant morphological changes (Campbell-Staton et al., 2017; Gorman &
Hillman, 1977; Gunderson & Leal, 2012; Hertz et al., 1979; Huey & Bennett, 1987; Huey et
al., 2009; Mufioz et al., 2014; Sanger et al., 2018). The genome sequencing of Anolis
carolinensis, the green anole, allowed for a deeper understanding of amniote evolution,
opening the doors to experimental embryology and functional genomics (i.e., knock-down
or overexpression studies), and brought new attention to this genus by those traditionally
trained in Developmental Biology (Alfoldi et al., 2011; Geneva et al., 2021; Sanger &
Kircher, 2017). Research of anole development has expanded greatly beyond the traditional
evolutionary utility of the genus including studies of heart development (Jensen et al., 2013;
Koshiba- Takeuchi et al., 2009), tail regeneration (Hutchins et al., 2014, 2016; Ritzman et
al., 2012), longitudinal body axis formation (Eckalbar et al., 2012; Kusumi et al., 2013),
external genital (i.e., phallus) development (Gredler et al., 2014, 2015; Infante et al., 2015;
Tschopp et al., 2014) and new tissue and ex-ovo embryo culturing techniques (Diaz &
Trainor, 2015; Park et al., 2014; Sanger & Kircher, 2017; Tschopp et al., 2014). More
recently, advances in CRISPR-Cas9 genome-editing technology in both model and non-
model species (Bassett et al., 2013; Gilles & Averof, 2014) demonstrate that the
microinjection of CRISPR-Cas9 into unfertilized oocytes is an effective method to produce
targeted mutations in A. sagrei (Rasys et al., 2019). Whether those studies are within

species, among closely related anole species, or as a representative squamate for



comparisons among distantly related amniotes, anoles are providing a framework for testing
evolutionary, developmental, and genomic hypotheses at different phylogenetic scales
(Sanger & Rajakumar, 2019).

Following from years of concentrated study on Anolis lizards by the Sanger Lab and
others, within this thesis | will describe a detailed post-oviposition, three-dimensional
staging atlas for the body and head of A. sagrei based on external morphological characters
previously defined by Sanger et al. (2008). Using non-destructive uCT techniques for
embryological characterization, | track limb, craniofacial, and neural development. I also
describe the cranial ossification sequence, since an easily available, complete
morphological description of the embryonic skull is still lacking for most lizard families,
including anoles. The data generated, such as images and 3D mesh files, will be globally
open for exploration, download, and 3D printing on anolisevodevo, Morphosource, and
Sketchfab. Additionally, the data generated will be a great resource for future evolutionary
and developmental investigations in squamates and the continued study of A. sagrei as a

model for evo-devo.
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CHAPTER 2
METHODS/MATERIALS
Here | describe protocols for the construction of a novel 3D embryonic staging table
for the head and body of A. sagrei based on uCT imaging. I collected multiple embryos of
each developmental stage (Sanger et al. 2008) and nondestructively tracked the limb,
craniofacial, and neural development along with the sequence of craniofacial ossification.
This was possible by employing UCT imaging for hard tissue and contrast-enhanced dice
MCT imaging using contrast staining agents. | rendered these scanned embryos and tissues
of interest in order to create interactive 3D models that can be used in both research and
education.
Husbandry
| followed the protocols for husbandry and embryo collection of Anolis lizards that
are described in detail in Sanger et. al. (2008). Approximately 200 gravid A. sagrei females
were transported from Miami, FL to Loyola University Chicago, IL in May 2019 and again
in 2020. | housed four to six gravid females per cage. Over the summer months, | checked
the cages daily for eggs, ranging from 2-36 eggs per day. In short, cages were maintained in
climate controlled walk-in chambers kept at 28.5°C with misting regularly occurring every
two hours to maintain humidity and provide drinking water for the lizards. A small pot was

stationed in every cage which was filled with moist soil for females to lay their eggs. |
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checked these pots between the hours of 8:00 am — 10:00 am daily for egg collections, as
well as the surrounding areas around the pot. The collected eggs were incubated with moist
vermiculites, and placed in sealed petri dishes which were kept in a humidified incubator at
27°C.
Specimen Collection

There are a total of nineteen described stages for A. sagrei (Sanger et al., 2008).
Early cleavage or gastrulation stage embryos were not described in Sanger et. al. (2008)
because these stages occur within the oviduct of the gravid female. Therefore, the earliest
stage that | collected were, Sanger Stage 4, the time of oviposition. Stage 4 corresponds to
the stage at the “early limb- bud" stage of development and Stage 19 corresponds to the

stage that precedes hatching from the egg.
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| acquired multiple embryos at different developmental stages, ranging from stages 5 to

19. I then dissected the eggs using #5 watchmaker’s forceps and 3mm iris scissors under a
dissection microscope. During the dissection process | immersed the eggs in cell-neutral 1%
phosphate buffered saline solution to keep the embryos from becoming deformed. |
identified the developmental stages of A. sagrei using the developmental staging series for
the lizard genus Anolis as a guide (Sanger et al., 2008). Key morphological characteristics
such as limb morphology and growth, scale development, facial prominence and
development, and body pigmentation were used to identify the various stages.

| fixed embryos in 4% phosphate-buffered paraformaldehyde, dehydrated in graded
methanol, and stored in a 4°C freezer until future use. Embryos stored in methanol

underwent a rehydration phase to PBS. Following rehydration, | post-fixed samples in 1%
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glutaraldehyde at 4°C for 24 hours. Following fixation, I then washed the samples with PBS

and dehydrate them to 70% ethanol. Some embryos were immediately prepared for scanning
and were fixed directly in 1% glutaraldehyde at 4°C following dissection. Samples would
then follow the same dehydration steps as mentioned above.
CT Scanning: Hard Tissue Preparation Protocols

| acquired high-resolution uCT scans of embryonic skull bone development at
Loyola University Chicago in the Department of Biology imagining facility using the
Perkin EImer Quantum GX2 puCT scanner. To visualize skull bone development, I first
scanned unstained specimens. Because | did not yet know when the first skeletal elements
form, | began with embryos at Stage 9. Any movement during scanning, including
shrinkage associated with desiccation, would create blurring and a misalignment of the
center of rotation, which would result in poor or unusable data (e.g. blurry edges, or cut out
limbs within two-dimensional (2D) tomography slices). Therefore, after dehydration
(above) | embedded all specimens in 0.5% low gelling temperature agarose for scanning
within a 1ml pipette tip with its tip flame sealed. Embedding in agarose, allowed me to
suspend the embryo and prevent embryo deformation (Metscher, 2009b). Specimen were

left for a minimum of 57 minutes for both hard and soft tissue CT scans.
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| performed full body and head scans separately where | would melt and resubmerge
specimens in agarose over the course of scans. To remove the specimen from agarose, |
suspended the agarose filled micropipette in the holes of a heating block that was filled with
water till the agarose returned to a liquid state. Once the agarose was melted, | cut the tip of
the micropipette and poured the embryo and the liquid agarose into a beaker filled with
PBS. | then washed the embryo of any remaining agarose and dehydrated from 50% to 70%
ethanol for future use. I did not embed late embryos (i.e., after scale formation) in agarose
because they were too big to fit in the micropipette and at those stages scale formation has
begun which allows them to be scanned before drying out or desiccation can occur. Due to
that, late-stage embryos were placed in in small zip lock bags for scanning.

CT Scanning: Staining Protocols

After skeletal scans were completed, | prepared the same specimens for contrast-
enhanced scanning. To prepare anole embryos for contrast scans I first fixed and dehydrated
them to 70% ethanol. I found that certain staining protocols were more favorable based on size
and age of specimen and density of tissue. | stained embryos at different concentrations of
iodine and PTA to properly identify the best contrast-enhanced data, stain durations. All
staining lasted 24 hours. | discovered that using Lugol’s iodine as a contrast agent for early-
stage specimens (5-14) embryos did not provide adequate staining (including higher
concentrations of iodine). Instead, | used phosphotungstic acid (PTA; Metscher, 2009b, 2009a)
to stain early-stage specimens overnight in 2% PTA in 70% ethanol. Conversely, | stained late-
stage embryos (15-19) with Lugol’s iodine (I2KI) overnight using 3.75% Lugol’s iodine in 70%

ethanol for 24-48 hours, till the skin of adequately stained specimens was a dark amber color.
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Figure 4. Effects of PTA stain concentration on specimens. Course of the concentration of
PTA staining solution and kilovolt/microamp CT scanning intensity varies with the degree
of image quality. Three hatchling stage anoles were stained with varying PTA
concentrations and scanned by micro-CT with different scanning intensities. Representative
sagittal MPR images from the three hatchlings are shown. (A-C) Saturated 1% PTA and (D-
F) 1.5% PTA fails to penetrate specimens fully but does show progressive diffusion of PTA
into the tissue. (G-1) 2% PTA solution shows good penetration and scanning intensity,
especially for (1) and (G).
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Scanning Parameters
I conducted hard and soft tissue scans at 50 kilovolts (kV), 160 microamperes (UA),
18 um voxel size, with a 0.05 mm Aluminum (Al) filter. | reconstructed raw tomography
projections using the Quantum GX2 uCT imaging system which generated approximately
500 cross-sectional images in digital imagining and communication in medicine file format
(DICOM) per data set. For visualization of these data sets, | imported them into 3D Slicer
version 4.11.0 (2019, 3D Slicer, Seattle, Washington State) where | compiled them into 3D

renders for segmentation and anatomical analysis.
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Data Processing

| processed segmentations in 3D Slicer (www.slicer.com), an open-source magnetic
resonance imaging/computed tomography analysis program (Fedorov et al., 2012). | uploaded
DICOM files into 3D Slicer as a volume, | then adjusted the range of the x-ray spectrum the
files to capture the desired structures, used a combination of filters to obtain a smooth image
that maintained anatomical detail. 3D Slicer has a variety of packages to conduct image
segmentation (Fedorov et al., 2012). Once the file has been uploaded to 3D Slicer and adjusted
the range of the x-ray spectrum to the desired anatomical structure voxel intensity, | used
embedded filters of 3D Slicer to render volumes and visualize bone, reduce volume noise and
static shown in the 3D renders, and to smooth out static on the surface mesh of scanned
volumes. | applied different filters based on the type of scan data, skeletal or soft tissue uCT.
The filters | applied to skeletal scans are shown in Figure 4: Medianimagefilter, used as a
robust approach for noise reduction and then Absimagefilter to compute the absolute value of
each pixel. Soft tissue uCT scans tended to have more noise and artifacts, which resulted in
images shown above in Figure 6. By applying the Gaussian Blur Image filter, 1 was able to

create models with smooth surfaces.
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Figure 5. 3D Slicer filters applied to CT scanned samples. A course of filters applied to
samples that were scanned at various kilovolt/microamp CT scanning intensity to study the
degree of image quality. Three hatchling stage anoles were scanned by micro-CT with
different scanning intensities. Representative sagittal MPR images and 3D renders from the
three hatchlings are shown. (A-C) Scanned at 90kV and 80pA, and (D-F) 70kV and 100pA
fail to capture bones fully from initial scans and even after filters were applied to the raw
data, the bone fragments either disappear entirely or do not produce the same quality as the
raw data produced from G-I1. (G-1) 50kV and 160pA shows good penetration and scanning
intensity; filter were applied: Medianimagefilter, used as a robust approach for noise
reduction and Absimagefilter to compute the absolute value of each pixel. These filters
further distinguish bones in the two-dimensional (2D) computed tomography images.
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Figure 6. 3D render of scanned embryo before and after applied filters. A 3D volume render
of a CT scanned embryo (Stage 7). (a) Original volume render using 3D Slicer and (b) after
the Gaussian Blur Image Filter has been applied to the volume render.



3D Slicer possesses, Segment Editor, a module which offers a wide range of
segmentation methods. Once the appropriate filters were applied, | used the Segmentation
editor’s mixture of tools: “threshold”, “scissors”, “eraser” and “paint” to make 3D arrays of
voxels, for both segmenting out bones in skeletal scans and the soft tissue in uCT scans. This
was done by applying a tight grayscale thresholding to all image slices around the desired
structures and avoid capturing undesired structures. However, due to these structures having
thin bone densities or dense tissue stains, the grayscale threshold would still register
undesired structures or not capture desired structures completely, which made it necessary to
also “paint” by hand through all the slices. A 3D model was then generated, which could be
freely moved on the screen and viewed from all perspectives.

To create a virtual interactive 3D model that could easily be manipulated and shared, |
exported an OBJ file from 3D Slicer. I then uploaded this model to the website Sketchfab

(www.sketchfab.com) so that the 3D models created could be viewed and manipulated on the

web.
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CHAPTER 3
RESULTS

| described cranial and brain morphology of A. sagrei embryos from oviposition to
hatching using microCT to produce 3D models. There are nineteen post-oviposition
developmental stages described for Anolis sagrei (Sanger et al. 2008), for which | describe
18. Early development, including cleavage, gastrulation, and early organogenesis (including
Sanger stages 1- 3), occur in the oviduct of the females and were not assessed in my study.
Later stages are defined based on the progression of pigmentation and scale development.
However, these structures could not be visualized in my CT data. Therefore, | staged these
embryos under a light microscope before scanning. Herein, | describe the staging body,

head, brain, and skull using uCT and staining with PTA (Figure 8-13).
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Whole Embryo

Stage 5: Late Limb-Bud

Limbs: Both fore and hindlimbs are wider than they are long. The hindlimb buds are slightly
larger than the forelimbs.

Upper Jaw: Fronto-nasal prominence (the area of where the face will form anterior to the
telencephalon) is prominent. Maxillary processes are small not extending beyond the
anterior eye.

Lower Jaw: Mandibular process extends rostrally.

Eye: Differentiation of Lens.

Stage 6: Paddle-shaped Bud

Limbs: Distal limbs are both paddle shaped.

Upper Jaw: Maxillary process extends rostrally, extending beneath the telencephalon.
Fronto- nasal process is now present, appearing bifurcated into two large projections.
Lower Jaw: Mandibular processes roughly at level with center of eye.

Eye: Continued differentiation of lens. No eyelid visible.

Stage 7: Digital Plate

Limbs: Paddles are wider than in previous stage. Medial digits have begun to condense. This
is most obvious on the hindlimb. There is now a notable 90-degree flexion at the elbow and
knee. Upper Jaw: Maxillary processes nearly reach the underside of fronto-nasal process.
The bifurcation of the fronto-nasal processes appears reduced.

Lower Jaw: Extension of mandibular process to anterior margin of eye.

Eye: Optic cup ovoid in shape.



Stage 8: Digital Condensations

Limbs: Condensation of digit cartilages are visible with slight thinning of internal webbing,
but no regression. Proximal limb joints have become more distinct.

Upper Jaw: Maxillary process is in contact and may begin to fuse with fronto-nasal process.
Lower Jaw: Mandibular process extends rostrally to anterior edge of eye.

Eye: Optic cup still ovoid in shape. The earliest signs that the ectoderm is growing over the

eye to become an eyelid is apparent.

Stage 9: Early Digital Web Reduction

Limbs: Reduction of interdigital webbing is beginning, freeing the digit tips. Fourth digit
now noticeably longer than other digits.

Upper Jaw: Fronto-nasal process and maxillary processes now fused creating first evidence
of a forward-facing snout anterior to eye.

Lower Jaw: Mandible still not level with the snout.

Eye: Upper and lower eyelids now distinct covering 10% of the eye.

Stage 10 Digital Webbing Partially Reduced

Limbs: Interdigital webbing has reduced by half its length on digits but remains clearly
visible between the medial digits. Differential elongation of the medial digits continues.
Upper Jaw: Upper jaw is of equal length to lower jaw.

Lower Jaw: Lower jaw is of equal length to upper jaw.

Eye: Eyelids cover 25% of the eye.



31
Stage 11: Digital Webbing Completely Reduced

Limbs: Digital webbing has fully regressed. Pinching at distal tips provides first evidence of
claw formation.

Eye: Eyelids cover 75% of the eye.

Stage 12: Digital Pads
Limbs: Further pinching at distal tips.

Eye: Half of eye covered by eyelids.

Stage 13-19:
These stages are defined based on characteristics of scale and pigmentation development,
which are not visible in the CT scans. | have included the body and head images in Figure 7

as reference for later descriptions of brain and skull development.
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Staging Series

Figure 7. There-dimensional developmental staging series of Anolis sagrei. Developmental
staging series for Anolis sagrei. Stage numbers are located to the left-hand column, aligning
consecutively with each stage. See text for a full description of each stage. Stages later than
Stage 15 cannot fit in the CT scanner as full embryos. H, hindlimb; F, forelimb.
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Figure 7. continued.
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Figure 7. continued.
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Stage 12

Figure 8. Volume renderings of prominent facial features. uCT volume renderings of
prominent facial developments from different stages of development in Anolis sagrei. BfM,
bifurcated midline; FnP, frontonasal mass; LAT, lateral; Mn, mandibular.
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Brain

| performed a detailed study of brain development in A. sagrei. As a reference, I first
describe the general shape and tissue composition of the adult A. sagrei brain, based on 3D
rendering and segmentation of high resolution uCT scan data (Figure 9). Often, the five
secondary vesicles of the embryonic neural tube are used to define the stages of brain
development (Arey, 1974; Bellairs & Osmond, 2014; Senn, 1979; Griffing et al., 2019;
Noro et al., 2009; Sanger et al., 2008; Wise et al., 2009). The five vesicles are the
telencephalon, diencephalon, mesencephalon, metencephalon, and myelencephalon.
Respectively, these give rise to the cerebral hemisphere, and olfactory region
(telencephalon); epithalamus, thalamus, and hypothalamus (diencephalon); optic tectum and
tegmentum (mesencephalon); tegmentum and cerebellum (metencephalon); and finally,
medulla oblongata (myelencephalon) (Arey, 1974; Bellairs & Osmond, 2014; Senn, 1979;

Griffing et al., 2019).
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Figure 9. Three-dimensional rendering of adult brain. (a) Lateral, (b) dorsal and (c) ventral
views of an Adult Anolis sagrei brain visualized through soft tissue uCT. Pictures are based
on 3D volume renderings and segmentation of brains using 3D Slicer. Cb, cerebellum; Cr,
cerebrum; Hb, Hindbrain; OB, olfactory bulbs; OT, optic tectum.
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Stage 5: Developing cephalic bulges are distinct enough to distinguish into the cerebrum, optic

tectum, and hindbrain.

Stage 6: The dorsal bulge that makes up the optic tectum is more exaggerated than in previous

stage.
Stage 7: The cerebellum begins to form a more distinctive bulge caudo-ventrally.
Stage 8: Continued growth of the cerebrum and cerebellum.

Stage 9: The beginning of the olfactory bulb starts forming at the dorso-frontal position.

Continued growth of the cerebrum and cerebellum.

Stage 10: Olfactory bulb has grown. The areas around the cerebrum and optic tectum are

noticeably larger. Cerebellum and hindbrain have grown.

Stage 11: Regions of the brain, especially around the cerebellum and optic tectum, have

increased in size compared to previous stage.

Stage 12: Cerebellum and optic tectum have increased in size again compared to previous stage.
Stage 13: Cerebellum and optic tectum are less distinct.

Stage 14: Optic tectum and cerebellum are less distinct.

Stage 15: Olfactory bulb has frown longer than in previous stage. Hindbrain has increased in

size. Optic tectum and cerebellum are less distinct.
Stage 16: Optic tectum and cerebellum are less distinct.

Stages 17-19: No change from previous stage
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Figure 10. Three-dimensional rendering of embryonic brains. Lateral view of embryonic
development of the Anolis sagrei brain visualized through soft tissue uCT. Pictures are
based on 3D volume renderings and segmentation of brains using 3D Slicer. Ch, cerebellum;
Cr, cerebrum; Hb, Hindbrain; OB, olfactory bulbs; OT, optic tectum.
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Skull

| performed a detailed study of the skeletogenesis in A. sagrei, from onset of
ossification to hatching. As a reference, | first describe the general shape and bone
composition of the entire skull of the adult A. sagrei, based on 3D rendering and
segmentation of high resolution uCT scan data (Figure 12). Based on the bone composition
of the adult A. sagrei skull, I then mapped the skull ossification pattern and sequence of
appearance of individual bones (Figure 13) of the entire skull, using high resolution uCT-
scan data of developing skulls corresponding to different embryonic stages. Below |
describe the ossification of the entire skull at each stage of embryonic development. Stages
1-11 did not have any visible ossification. Therefore, description of cranial ossification starts
at stage 12 (Figure 7).

The general inspection of the adult skull of A. sagrei notes a slightly longer than
wide skull. The snout is also relatively longer in comparison to other parts of the skull. The
tooth bearing anterior tip of the snout, which includes the maxilla and premaxilla, stretched
from there to the posterior end of the orbit. The orbital skull bones: the prefrontal, frontal,
jugal and postorbital lie in the anterior half of the skull. The braincase in anoles does not
include ossified elements at its anterior end and is surrounded by the jaw muscles laterally. The

palate lies anterior-ventrally and laterally to the braincase.
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Pa = Palatine

Pro = Prootic An = Angular

Sa'tmp = Supratemporal Mx = Maxilla Po = Postorbital

urangular F = Frontal Prf = Prefrontal Sp = Sphenoid

Os = Orbitosphenoid

Figure 11. Three-dimensional rendering of mature, adult skull. Adult anatomy of the Anolis
sagrei skull. Lateral, dorsal, and ventral views of the skull of Anolis sagrei. The hyoid
apparatus has been removed in the ventral view (b) to allow for better visualization of the
palate. The hyoid can be seen illustrated to the far right (c). Pictures are based on 3D
renderings and segmentation in 3D Slicer of individual bones with different colors (see color
coding in table). Ep, entoglossal process; Hh, hypohyal; Ch, ceratohyal; C,, ceratobrachial I;
Cu, ceratobrachial I1; Eh, epihyal; Eby, epibranchial.
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Stage 12: The palatine, pterygoid and prootic are first visible ossification centers to form. The
palatine is located anteriorly to the pterygoid. The pterygoid forms the posterior-most part of the

palate. The prootic, an irregularly shaped bone, forms the lateral sides of the braincase.

Stage 13: Ossification of many bones associated with the circumorbital, temporal, and braincase
begins. First visible as a triangularly shaped bone right above the dentary, the premaxilla,
located at the anterior front of the snout, and posteriorly to the nasal bone. The maxilla is a large
surface bone that makes up the lateral-anterior walls of the orbit of the eye. Framed anteriorly
by the maxilla and posteriorly by the postorbital, the jugal begins to ossify, as a large, curved
bone that contributes to the lateral part of the orbit. The parietal, seen as two slender angled
slivers of bones at this stage, has begun to cover the dorsal posterior portion of the skull. Frontal
ossification is seen as a narrow midline that is located dorsally above the palate bones and is
coming in contact with posteriorly with the parietal. An irregularly oval shaped bone at this
stage, the supratemporal, is located posteriorly at the end of the braincase. It is located to the
parietal dorsal laterally. The dentary, a large boomerang shaped bone that starts ossifying at the
anterior portion near the snout, and laterally underneath the maxilla and jugal bones, is also
coming into contact with the surangular posteriorly and the coronoid dorsal-laterally. The

surangular and angular have begun to connect and are located posterior-laterally.

Stage 14: Ossification of circumorbital, skull roof, temporal, braincase, and mandible continues.
The nasal bones are irregularly shaped bones that are located anteriorly to the premaxilla, and
posteriorly to the prefrontal and frontal circumorbital regions. The maxilla has begun to connect

to the jugal. The prefrontal connects posteriorly to the frontal. Another orbital bone, the
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postorbital bone is a triangular bone that is situated dorsally right above the jugal and anterior-

laterally from the squamosum. It also ventrally located under the frontal and parietal. Following
the postorbital, the squamosal bone is a curved bone that has begun to connect to the jugal and
postorbital anterior- laterally and is connected to the paraoccipital posteriorly. Inside the skull,
the palatine has started to connect with the pterygoid and the epipterygoid has appeared as a
long and slender bone that is situated ventrally to the pterygoid. The quadrate, a laterally
winged shaped bone is positioned ventral-dorsally to the articular, and laterally to the
paroccipital. The dentary has begun to fuse with the coronoid and angular. Making up part of
the posterior part of the braincase, the paraoccipital has begun to ossify and is located anteriorly

to the prootic and the parietal dorsally.

Stage 15: Ossification of the vomer begins here. It is a thin triangular bone, located anterior-
ventrally under the premaxilla, laterally to the maxilla, and posteriorly to the palatine.
Continued fusion and ossification of jugal, maxilla and prefrontal bones observed. Frontal and
parietal bones have connected. Moving to the orbital bones, the lacrimal makes its appearance
as part of the orbital surface, connecting anteriorly to the maxilla and prefrontal and posterior-
laterally to the jugal. The squamosal and supratemporal have connected. The sphenoid and
basioccipital ventrally attached to one another, marks the beginning of ossification of the

braincase floor. Continued ossification and fusion of bones observed.
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Figure 12. Three-dimensional rendering illustrating progression of skull formation.
Embryonic development of skull bones in Anolis sagrei. Stage numbers are located to the
left-hand column, aligning consecutively with each stage. Views of different developing
skull stages in Anolis sagrei have been split into three different columns: Lateral, dorsal and
ventral. Pictures are based on 3D volume renderings and segmentation of individual bones
using 3D Slicer with different colors (see color coding in Figure 11).
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Stage 16-18: The orbitosphenoid, a boomerang shaped bone, hovers vertically in the middle of
the skull, underneath the frontal and parietal, anteriorly to the paraoccipital and prootic. It does
not come in contact with any bones. Palatine and vomer have connected. In addition, the
ectopterygoid begins to ossify, an irregularly shaped bone which connects laterally to the

pterygoid and medially to the dentary and coronoid. Paraoccipital and prootic have connected.

Stage 19: Appearance of stapes observed, short horn shaped bones that lie on the posterior-
laterally sides of the braincase. Eventually disappears during maturity. All bones have
connected, and ossification complete in most bones. The parietal bone eventually ossifies to

cover hole after hatching and before maturity.
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Figure 12. continued.
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Palatine
Pterygoid
Prootic
Supratemporal
Surangular
Dentary
Jugal
Parietal
Angular
Maxilla
Frontal
Premaxilla
Coronoid
Articular
Nasal
Postorbital
Prefrontal
Paroccipital
Epipterygoid
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Quadrate
Basioccipital
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Vomer
Lachrimal

Ectopterygoid
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Al
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Figure 13. Ossification sequence of skull bones. Ossification sequence of skull bones in
Anolis sagrei. The presence of individual skull bones at different developmental stages
indicated in stage # on the horizontal X axis. Bones are in order according to when they first
appear at each stage, indicated on the vertical Y axis. Color coding on horizontal bars is
based on color coding seen in Figure 11.



CHAPTER 4
EDUCATIONAL EXERCISE
Anolis Embryo and Skull Development

Knowledge of embryonic development is essential to understanding the
morphological diversity and the evolution of development among vertebrates. Biology
students often struggle to interpret three-dimensionality of an embryo from textbooks that
rely on static, 2-dimensional (2D) schematics (Chekrouni et al., 2020). This is particularly
true for the dynamic progression of morphogenesis, as each organ system differentiates and
grows along multiple dimensions. To overcome these challenges, 3D digital models can be
used along with the traditional 2D schematics. 3D models can be manipulated by students to
see developing structures with regards to age, developmental age, and impact of disease or
injury (Backhouse et al., 2017; Fredieu et al., 2015). Previous studies to facilitate
embryology education on an understandable level using 3D models has shown to add
educational value and improve student learning experience (Chekrouni et al., 2020; Garas et
al., 2018; Kazoka et al., 2021; Prange-Kiel et al., 2016). This assignment will incorporate
interactive 3D visualization technology with the more classical educational methods of 2D
schematics to provide students with an opportunity to use 3D models in their education,
synthesizing an understanding of vertebrate embryogenesis.

For that, a 3D atlas of Anolis sagrei embryology was created, encompassing over 60

interactive 3D-models encompassing the range of embryonic development. The learning
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activity to go along with these interactive 3D models aims to enhance embryology education
at a level appropriate for early undergraduate students. The exercise will review development
of the body, limb, head and skull development. Although the assignment was developed with
undergraduate students in mind, it may also be used in high school classrooms for juniors and
seniors. Following this exercise, students should be able to apply what they have learned to
the development of other animals, particularly developmental model systems (l.e., chickens
and mice) and human development.
Learning outcomes (objectives)

e Become familiar with the embryonic stages of development.

e Become familiar with vocabulary of embryological and skeletal anatomy

e Recognize key morphological aspects of different stages of development

(e.g., craniofacial, fore and hind limb)

e Applying this knowledge to other species (i.e. human development).

Anticipated time

1.5 hours.

Materials

www.anolisevodevo.space — website that will host the assignments and embedded Sketchfab
3D models of embryological and skeletal development. 3d prints of full body, and heads of
embryos: 25 in total- accompanies the embryological portion of the assignment, used for

studying the different stages of development.
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http://www.anolisevodevo.space/

Full Embryo

Learning strategy

Embryo models will be posted online at www.anolisevodevo.space. 3D printed
models will be provided to the classroom, allowing students to not only see a 3D embryo,
but also to touch it without the fear of damage or the need to purchase expensive
microscopes. 3D models are also expanded 10X their original size, providing greater
opportunity to observe fine details. In the first assignment the goal is to align the 3D models
in chronological order. Students will be asked to provide the characters used to generate the
order. In addition to this, students will have to draw out the stages and label key structures.
Once completed, the correct answers can be reviewed on www.anolisevodevo.space via a

password protected page.
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http://www.anolisevodevo.space/

Embryonic Stages

Both front and hind limb buds wider than they are long. Hindlimb more distinct than forelimb. Distal limb buds
Hindlimb buds are slightly bigger than forelimb. are paddle shaped.

Stage 7 Stage 8 Stage 9

Paddles wider than in previous stage. Medial Condensation of digit cartilages are visible Distal tips of digits freed of internal webbing.
digit condensation beginning to be visible. with slight thinning of internal webbing but 4th digit noticeably larger.
no regression.

Figure 14. 3D embryo models on www.anolisevodevo.space. The anolisevodevo.space
webspace (above) holds the embryonic full body stage 3D models which can be fully
manipulated.
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Example:

Look at the digital models and draw out stage 6. Stage 6 is described as having distal limbs that are both
paddle shaped. Its maxillary process extends rostrally, extending beneath the telencephalon and the
fronto-nasal process is now present, appearing bifurcated into two large projections. The mandibular
processes are roughly at level with center of eye. You can see early differentiation of iris but no eyelid
visible.

Label the following morphological features in your drawings for the body: Hindlimb and forelimb. For
the head: bifurcated midline: BfM, lateral: LAT, and mandibular: Mn.

Figure 15. Body and face example question. Body and Face example question and the
answer to the assignment the students will work on.
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Questions:

In this exercise you are looking at 3D prints of whole, intact lizard embryos at different

stages of development. The embryonic period of development is divided into specific stages
based on changes that occur during development. The embryonic period of Anolis sagrei is
divided into 19 stages of development. You will be looking at 14 of those stages, starting

with stage 5. Look at the 3D models, observe key morphological traits from one stage to

another and align them in order of chronological development. Provide a rationale on the

order you choose. What characters are changing?

1. Draw out changes in limb and head development in their appropriate chronological order.
Label forelimb, hindlimb, fore-, mid- and hindbrain. Also label the major body axes: the
anterior, posterior, ventral and dorsal axis. Write 1-2 sentences of what embryological
changes you observe along stages 5-12.

2. Once you’ve completed drawing, labeling, and aligning the stages in their chronological
order, go to www.anolisevodevo.space to check your answers. Make corrections where
necessary.

Face
The ability to look at the facial morphogenesis of embryos without bodily
obstructions allows for a close-up inspection of the eye, and snout formation. The main goal
for this second part of the assignment, much like above, is to align the 3D models in
chronological order and provide descriptions of the characters used to determine that order.

Virtual models of the head will be posted online via www.anolisevodevo.space and 3D
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printed models of heads will be provided to the classroom. The goal of this assignment is to

gain a better understanding of key facial processes that develop during embryogenesis and to
become familiar with facial morphology (such as the bifurcated midline, mandible, etc.).
Questions
In this exercise you are looking at 3D prints of the embryonic heads at different stages of
development. Much like in the previous exercise, look at the 3D models, observe key
morphological traits from one stage to another. Notice the morphological development of
the frontonasal mass, the mandible, the maxillary process etc., and align the heads in
chronological order of development starting with stage 5.
1. Draw out the stages in their appropriate chronological order. For stages 6-8
prominent facial morphogenesis occurs along the bifurcated midline (BfM), lateral
(LAT), mandibular (Mn); label them appropriately. Also label the anterior,
posterior, ventral and dorsal axis; and write 1-2 sentences of what ontogenetic
changes you are observing in each stage.
2. Once you’ve completed drawing, labeling, and aligning the stages in their

chronological order, go to www.anolisevodevo.space to check your answers.
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Skull

The skull develops as a disconnected series of ossification centers. Therefore, the
developing skull cannot be 3D printed. Instead, this exercise will rely on interactive 3D
models maintained on www.anolisevodevo.space. This activity provides digital models of
the developing skull morphology of A. sagrei. Because many people have some familiarity
with the skull, this portion of the assignment will use the adult skull as a reference. On the
www.anolisevodevo.space website the adult skull will be provided with a key to the bones

that can be used to identify the bones in earlier stages.


http://www.anolisevodevo.space/
http://www.anolisevodevo.space/

Figure 16. Ossification sequence on www. anolisevodevo.space. Early, middle, and late

stages of ossification in A. sagrei embryos. These models are posted on www.
anolisevodevo.space.
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Figure 17. Adult skull on www.anolisevodevo.space. Adult A. sagrei skull model posted on www.
anolisevodevo.space.
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Starting with the adult skull: draw the skull and label the bones appropriately while
using the 3D models and list of abbreviations as a reference. Pay attention to the placement
of ossification centers (i.e., between two bones, at the very anterior portion, making up some
bigger part of the orbital, snout, dentary, or braincase region, etc.). Make sure to label the
anterior, posterior, ventral and dorsal axis of each stage. At the end of the assignment,
another link on the www.anolisevodevo.space page will provide the correct chronological
order of the skull staging series. The main goal with this lesson is to learn bone vocabulary,

bone placement, and symmetry.
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Example:

Look at the digital models and draw out stage 13. Label the following bones in your drawing: frontal,

jugal, maxilla, dentary, premaxilla, prootic, supratemporal, palatine, parietal, surangular, angular,
coronoid. Also label the anterior, posterior, dorsal and ventral axis.

Figure 18. Body and face example question. Skull assignment example question and answer that
the students will work on.
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Questions

1.

2.

What are the first bones that form?
What bones appear at stage 14 that are not in stage 13?
What bones make up the snout? Surround the orbit? The lower jaw? The snout?
Compare the adult skull to the hatchling skull. What bones are not fully
formed at hatching?
At what stage does the frontal connect to the prefrontal bone? The prootic
to the paroccipital? The maxilla to the premaxilla? The pterygoid to the
palatine?
List of Abbreviation

Embryo:

o BfM: bifurcated midline
o FnP: fronto-nasal mass
o LAT: Lateral
o Mn: mandibular
o F:forelimb
o H: hindlimb
Skeleton:
o Pa: Palatine
o J:Jugal
o Co: Coronoid

o Ep: Epipterygoid



Pt: Pterygoid
P: Parietal

Art: Articular
Bo: Basioccipital
Pro: Prootic

An: Angular

Na: Nasal

Qd: Quadrate

Sa’tmp: Supratemporal

Mx: Maxilla

Po: Postorbital
Sq: Squamosal
San: Surangular
F: Frontal

Prf: Prefrontal
Sp: Sphenoid

D: Dentiary

Px: Premaxilla
Pa’occ: Paroccipital
Vo: Vomer

Lch: Lachrimal
Ec: Ectopterygoid

Os: Orbitosphenoid
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Glossary

Stage - sequence of ontogenetic changes during embryonic development

Anterior - front

Posterior - back

Medial - midline

Lateral - side

Dorsal - top

Ventra - bottom

Rostral — toward the front (head)

Caudal - toward the end (bottom)

Alternative learning strategy for Bodies and
Heads
If 3D prints are not available to the class, the second option is to access the 3D

models online via www.anolisevodevo.space to complete the assignment. On the
www.anolisevodevo.space page the models will be randomly assorted. In the document
mentioned in previous assignments for Body and Face, students will draw out and label the
stages of development and use their drawings to place the models in their correct
chronological development. Students will also be adding 1-2 sentence descriptions of what

morphological development they observe in the 3D models. Once finished drawing the
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models and completed the staging, a second link will be provided with the correct staging

series.

Assessment method

An in-class activity that is meant to be used to have a hands-on learning experience in a
group where students can discuss and think off each other to complete the assignment. The

assignment will be graded based off of completion of questions.



CHAPTER 5
DISCUSSION
| present here a staging series for the post-ovipositional development of Anolis sagrei.
My study advances a previous 2D staging series based on light microscopy (Sanger, Losos,
et al., 2008). Prior to this study, several developmental staging series have been published
for squamates (Boback et al., 2012; Boughner et al., 2007; Griffing et al., 2019). To date,
few staging series have implemented non- destructive uCT techniques and contrast
enhanced PCT. Following from Sanger et al. (2008), my study describes coarse features of the
entire body that may help an investigator stage an embryo of A. sagrei, embryos from
experimental treatments, or those from closely related species. However, | report the details of
craniofacial development, including the face, skeleton, and brain, using CT-scanning and
3D segmentation to provide detailed models.
Anolis as a Developmental Model
There still is not a single taxon of lizard that has been adopted among as the
developmental model to study, but many have been proposed (Griffing et al., 2019; Ollonen
et al., 2018; Sanger, et al., 2008; Wise et al., 2009). Anolis lizards are a long-used model is
studies of ecology, evolution, and behavior with over 27,000 articles currently published on
anole research since 1980 (Losos, 1994; Losos & Schneider, 2009a; Sanger, 2012). More
recently, studies in dimorphism both across species and between sexes looking into limb

length variation based on habitat specific capabilities or sexual divergence in craniofacial
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growth has expanded those fields (Sanger et al., 2012, 2013; Sanger & Kircher, 2017). With
the breadth of work on anoles just continuing to expand, anoles are becoming one of the
most widely studied model systems in various fields, including those examining
developmental and molecular processes underlying lineage diversification and extreme
morphologies (Alfoldi et al., 2011; Rasys et al., 2019; Sanger et al., 2018; Sanger & Kircher,
2017). Following the publication of the A. carolinensis, green anole, genome, anoles can be
argued to have been the first squamate species with the ability for being developed for
experimental embryological studies and development, and functional genomics (Alfoldi et
al., 2011; Sanger & Kircher, 2017). This includes studies within species, among closely
related anole species, and serving as a representative squamate for comparisons among
distantly related amniotes.

Anolis is a well-established example of adaptive radiation, specifically the anoles
occupying the islands of the Greater Antilles (Losos et al., 1998; Losos & Schneider,
2009b; Williams, 1983). Their repeated evolution has offered the opportunity to test many
generalizations about evolutionary processes. Because of this, anoles have become one of
the most widely studied models for the relationship between ecology and morphological
diversification (Losos & Schneider, 2009a; Mufioz et al., 2014; Sanger et al., 2018). With
this in mind, anoles has expanded into more recent areas of interest, such as obtaining an
understanding of how anole development factors into adaptive radiation. Anoles have been
previously studied in terms of adaptive radiation, for their rapid accumulation of lineages
and different phenotypic evolutions (Losos & Ricklefs, 2009; Stroud & Losos, 2016). This

has more recently expanded into more specific research in terms of development, such as
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the research into adaptive radiation between species possessing similar limb morphologies

that have converged to have similar alternations to their growth trajectories (Sanger, Revell,
et al., 2012). It has also reached to include studies of development of toe-pads among
genus’s using developmental data to derive a potential developmental constraint in the
evolution of digits and tails (Griffing et al., 2021).

Researchers interested in the evolution of amniotes drawn from comparisons among
the amniote clades, especially birds and mammals have been integrating the
morphologically diverse anoles, which follow unique patterns of ecomorphological
convergence (Sanger et al., 2012). As the utility of anoles has grown, they have been used
for comparisons among distantly related amniote lineages in studies including studies of
heart development (Jensen et al., 2013; Koshiba-Takeuchi et al., 2009), tail regeneration
(Hutchins et al., 2014, 2016; Ritzman et al., 2012), longitudinal body axis formation
(Eckalbar et al., 2012; Kusumi et al., 2013), external genital (i.e., phallus) development
(Gredler et al., 2014, 2015; Infante et al., 2015; Tschopp et al., 2014) and new tissue and
ex-ovo embryo culturing techniques (Diaz & Trainor, 2015; Park et al., 2014; Sanger &
Kircher, 2017; Tschopp et al., 2014). Incorporation of anoles in studies will elucidate more
developmental peculiarities of amniote development with greater resolution than previous
comparisons among classic model species alone (Sanger, 2012, 2021; Sanger et al., 2012,
2013b).

Anoles have provided a benchmark for researchers interested in craniofacial
development (Sanger et al., 2012, 2013, 2021), which is why | have invested in detailed

descriptions of the anole head herein. Anoles are a highly diversified species that have



converged on similar craniofacial morphologies with both intra- and inter- specific patterns
of divergence reflecting their adaptations to different portions of their habitats (Sanger et
al., 2012, 2013). Because of this, many studies have come forth regarding their craniofacial
development, such as studies in relation to their craniofacial sexual dimorphism regarding
sex-specific variation wherein males are typically larger in most morphological aspects.
Other studies include developmental experiments, especially regarding the formation of the
craniofacial morphology of embryos during development. These embryos are especially
susceptible to increasing temperatures during development, specifically in craniofacial
development which can cause morphological abnormalities in the facial structure during
development (Sanger et al., 2018, 2021). With this in mind, my work indicates the
developmental shifts that occur during both early development and ossification of
craniofacial tissue. Furthermore, these changes transfer to the conserved adult skull shapes
and the common bone features observed among anole lizards, further heterochronic studies
comparing anole species can be done.
CT Scanning

| integrated micro-CT-scanning and tissue segmentation to create inteactive3D
models complimentary to the staging series to Sanger et. al. 2008 (Sanger, et al., 2008). The
CT- scanning process was done separately for both soft tissue and mineralized tissue. These
tissue- stained specimen were then scanned to capture DICOM stacks of the body and face.
Once completed, the DICOM stacks were pulled into 3D Slicer, a free CT scan
segmentation program, used for rendering 3D models out of CT scans and segmenting out

certain parts of anatomy, such as the brain in this case. Brains were segmented from
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different stages and the scans were rendered into 3D models. These models would then be
uploaded onto Sketchfab, a free 3D model uploading website.

CT-scanning has recently become an attractive option for analyzing morphological
phenotypes of preserved and live specimens. This is because it allows for 3D visualization
of biological structures, which can be done with tissue anatomy of living, preserved and
fossilized material. The CT scan process can provide scans of varying resolution (e.g.,
standard CT, micro-CT, and nano CT volumetric data), for specimens as large as an elephant
or as small as an embryo for both mineralized hard and soft tissue anatomy. The previous
destructive procedures can be avoided, such as dissecting the specimen, preserving
specimens for later examination (Gignac et al., 2016; Metscher, 2009a, 2009b; Neu &
Genin, 2014). This is particularly valuable for historical material, delicate specimens, and
specimens that may be one-of-a-kind.

Much of our understanding of embryonic development depends on visualization of
key morphological traits in different experimental conditions or among species. Effective
methods for visualizing these embryonic phenotypes have historically come from
visualization techniques such as serial histological sectioning and light microscopy. These
methods are known to be time consuming, may destroy the embryonic sample, may only
comprise 2-dimensional images, and cannot visualize the inner tissues of the embryo.
Because of this, a need for 3D imaging for visualizing embryonic phenotypes is
fundamental to future studies. As a process based on producing uCT imaging data sets as
3D volume renderings that depict a full range of 3D phenotypic information and can be

easily segmented to for visualization of inner tissues, CT scanning has come to the forefront
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for further enhancing the analysis of embryological phenotypes (Ding et al., 2019; Wong et

al., 2012).

Digital renderings of desired bone or soft tissue can then be shared with the
community using 3D specimen repositories such as Morphosource (Boyer et al., 2016; D.M.
et al., 2014) and Sketchfab. Several web-accessible digital libraries for morphological data
from X-ray imaging techniques now exist and several methods are now available for
visualizing prepared 3D models through web-based interfaces such as Sketchfab (Hagmann,
2018; Nesbit et al., 2020b; Tiznado-Matzner et al., 2019). Furthermore, freely available
open-source image reconstruction applications such as 3D Slicer are also available for
custom segmentation of data or reconstruction. The 3D models have also been uploaded onto
www.anolisevodevo.space along with an interactive learning assignment about the embryonic
stages and skull ossification of Anolis that will serve as an exercise during in class activities.

3D Models in Education

Many embryology and developmental courses have relied on either precious, but
fragile embryos or 2D images on worksheets or textbooks. Replacing damaged specimens
can be cost prohibitive for many institutions and instructors, minimizing the learning
experience of students. Therefore, traditional teaching methods have included lectures, a
text, and 2D images that the students passively label. Approaches that involve such a static
style of learning, where opportunities to manipulate actual embryos are limited, particularly
in undergraduate classes. With today’s technological and pedological innovations, many
newer processes have become possible to advance the quality of biological education.

Recently, following from the necessity of the COVID pandemic, digital educational



resources have become central in the teaching and learning process (Almarzooq et al.,
2020).

Embryonic development is seen by many biology students as difficult and puzzling.
As multiple organ systems develop simultaneously is three dimensions, students struggle to
conceptualize the dynamic changes that are unfolding. A lack of interactive 3D visualization
of embryonic growth processes is one potential explanation. Recent studies have
demonstrated significant education value to this inclusion of interactive three-dimensional
models in biological education (Chekrouni et al., 2020; Garas et al., 2018; Kazoka et al.,
2021). The use of interactive 3D atlas in embryology in classes was proven to improve
learning experiences of students (Chekrouni et al., 2020; Garas et al., 2018; Kazoka et al.,
2021; Prange-Kiel et al., 2016). Not only this but as a freely available digital model become
more available, the more expensive commercially available models, may no longer be
needed, increasing the accessibility of these enhanced exercises to a broader audience
providing students will access to 3D models can be accomplished in two ways: via
interactive virtual models or through 3D printing. Commercial 3D printing companies also
provide the opportunity for individuals to upload models and print them for a nominal fee.

| designed an assignment to help students learn embryology which can take
advantage of either of these options. The assignment is split into three parts: the body, face,
and skull development. Students interact with 3D printed models of the body and head the
embryonic A. sagrei. To further increase accessibility, my assignment is integrated with the
website www.anolisevodevo.space for additional support in using the 3D models. For the

skull portion of the assignment, the student will use the www.anolisevodevo.space website
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interact with 3D models of different stages of the skull. In all three parts, students would

then draw out and label key morphological traits that the students would be able to observe,
not in a 2D static picture, but in a 3-dimensional view of the embryo. In addition to the
models, the learning objectives are also reached through drawing, another proven method
that increases student learning (Garas et al., 2018; Kazoka et al., 2021). This 3-part
assignment would go be used in practical classes, so that students could learn embryology

using 3D models.



CHAPTER 6
CONCLUSION
In this thesis | report the post-ovipositional development of the A. sagrei based on

external morphological characters and ossification patterns. This work compliments and

expands to the previous A. sagrei staging series which used only 2D images (Sanger et al.,

2008). I have implemented non-destructive uCT scanning techniques for embryological

characterization. | tracked limb, craniofacial, and brain development. I also described

cranial ossification sequence since a complete morphological description of the embryonic

skull is still lacking for most lizard families, including anoles. Furthermore, | have

described the developmental stage where early ossification of craniofacial tissues begins.

The data generated, such as images and 3D mesh files has been uploaded for global

exploration, download, and 3D printing on websites such as: www.anolisevodevo.space,

Morphosource, and Sketchfab. Additionally, the data generated is another great resource for

future evolutionary and developmental investigations in squamates and the continued study

of A. sagrei as a model for evo-devo.

| have also created a learning activity that builds upon the interactive 3D models | created

for the scientific community. These 3D models aim to enhance the embryology education for
levels appropriate for early undergraduate students. For that, | created 60 interactive 3D models
encompassing the body, face, and skull of the embryonic staging series. Because the interactive

models encompass three parts, the assignment is also split into those respective parts. Students
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interact with 3D printed models of the body and head the embryonic A. sagrei and use a web-

based interface to interact with the 3D rendered models of the skull. My assignment is integrated
with the website www.anolisevodevo.space for additional support in using the 3D models.
Following this, students will be able to apply what they have learned to the development of other

amniotes, in particular with development model systems and human development.
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