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Abstract 

The zebra finch, an Australian songbird, is a uniquely powerful model 

organism for the study of vocal production learning, and its song system shares 

behavioral, anatomical, and genetic properties with the human spoken language 

circuit. However, research in zebra finches are disadvantaged by the lack of 

proper tools and techniques for tractable investigation of the molecular 

underpinnings of vocal learning. Here, I worked to close the gap in three areas. 

First, I induced a continuous zebra finch cell line capable of monoclonal cell line 

generation for in vitro characterization and testing in zebra finch cells. Second, I 

utilized advanced methods to improve the descriptive cellular resolution of 

several genes with specialized expression in the song system that are convergent 

with humans and I tested genome editing tools in vivo to demonstrate the 

potential for their gene ablation in the zebra finch. Third, I modified transgenic 

techniques used in poultry toward the more efficient and versatile generation of 

transgenic songbirds. Finally, I used an in situ hybridization method I modified 

on the NR4A2 gene to validate avian brain organization hypothesis of Jarvis et 

al., 2013. This work provides new avenues for exploring avian biology and 

progress towards a more genetically tractable model system for songbird 

neuroscience. 
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1 Introduction 

1.1 Avian species as model organisms 

Avian species have served as model systems for a number of research 

questions. Darwin’s initial observations of natural selection were in part 

informed by the variable beak morphologies of endemic finch species on the 

Galápagos Islands. Barn owls were prominently used in understanding the 

brain’s ability to engage in auditory mapping in space, utilizing their superb 

auditory system for prey capture (Knudsen & Konishi, 1978). Chickens were 

foundational to the fields of virology and cancer biology, as the Rous sarcoma 

virus (RSV) characteristically induced tumor formation in infected chickens, 

leading to the discovery of src oncogene, acquired from a previous host and 

capable of inducing malignant transformation in animal cells (Brugge & Erikson, 

1977; Rous, 1910).  

A distinct class of the animal kingdom, Aves are made up of three smaller 

superorders: Neoaves, Galloanserae, and Paleognathae (Figure 1.1) (Jarvis et al., 

2014). Birds provide insight into a number of research questions they are 

uniquely positioned to help answer, including flight, feather biology, and the 

evolutionary trajectories of dinosaurs (Brusatte, O’Connor, & Jarvis, 2015). Here, 
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I highlight two particular properties of all avian species that have benefitted 

researchers: oviparous development and specialized neural traits. 

 

Figure 1.1 Avian supraordinal phylogenetic tree. Illustrated are three exemplary species, 

the zebra finch (Taeniopygia guttata of Neoaves), chicken (Gallus gallus of Galloanserae), 

and emu (Dromaius novaehollandiae of Paleognathae). The vast majority of avian species are 

contained within the Neoaves clade (Jarvis et al., 2014). 

1.1.1 Oviparous development: The avian egg in developmental biology 
and biotechnology 

Study of eggs as a means of understanding development has existed for 

thousands of years, from Aristotle providing an initial chronology of embryonic 

development, William Harvey’s identification of the blastoderm as the epigenic 

origin, through to Viktor Hamburger and Rita Levi-Montalcini’s discovery of 

Aves

Neognathae

Galloanserae

Paleognathae

Neoaves

~60 species

~500 species

~9,500 species
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Neural Growth Factor’s role in the survival of developing neurons (Cowan, 

2001). This extends to present work utilizing chicken eggs to study diverse 

questions ranging from the evolutionary origin of the beak (Bhullar et al., 2015) 

to the mechanical process of hair follicle formation (Shyer et al., 2017). The avian 

egg is an ideal model for development because of its discrete nature and 

protective exterior, requiring only the addition of oxygen, humidity, and heat. 

Study of the mammalian embryo is encumbered by the interrelationship of 

mother and embryo in viviparous development, while the tenets of evolutionary 

development support the generalization of findings across broad phylogenetic 

branches. 

The chicken egg has become a powerful resource beyond the field of 

development as well, as it also acts as a potent, self-contained bioreactor. With 

the discovery of infection in the chicken embryo by human pathogens 

(Goodpasture, 1939), this system is now utilized to produce the majority of the 

world’s annual flu vaccines. More recent advances have further utilized the 

chicken egg as a robust producer of peptide pharmaceuticals (Herron et al., 

2018).  
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1.1.2 Specialized neural trait: Vocal learning 

Vocal learning is the rare ability to imitate and voluntarily modulate 

vocalizations based on an auditory model. This trait is shared by three distantly 

related lineages of birds (parrots, hummingbirds, and songbirds) and five 

mammalian lineages (pinnepeds, cetaceans, bats, elephants, and humans) 

(Brainard & Doupe, 2013; Kojima & Doupe, 2007; Petkov & Jarvis, 2012). In each 

group where the development of vocal learning has been studied, juveniles begin 

to learn vocalizations from adult tutors through a sensory phase, followed by 

sensorimotor “babbling” that eventually develops into a fully matured 

repertoire.  

The zebra finch, a songbird, is the most commonly studied vocal learner. 

Dubbed “the ‘mouse’ of birdsong neuroethology” (Lipkind & Tchernichovski, 

2011), its ability to thrive and breed in captivity makes the zebra finch an ideal 

model organism. It is a sexually dimorphic species, with only males 

demonstrating vocal production learning of a single, highly stereotyped song. 

The males learn courtship song from one or more male tutors, acquiring the tutor 

template during an early sensory learning stage, later producing subsong during 

the sensorimotor stage to progress toward a single, stereotyped song around 90 

post-hatch days (PHD), at which point the learned song crystallizes and is stably 

maintained throughout life (Brainard & Doupe, 2013) (Figure 1.2). 
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Zebra finch song development, along with that of other songbirds, parallels 

the development of human spoken language, as we acquire syllabic templates 

from our adults as infants and children, and develop language through to 

adolescence, at which point certain aspects of language acquisition become fixed. 

Like humans, juvenile songbirds are unable to produce an normal learned song 

for without conspecific song input (Price, 1979) - mirroring rare cases of children 

raised in the absence of language experience through childhood and facing 

severe speech deficits into adulthood (Fromkin, Krashen, Curtiss, Rigler, & 

Rigler, 1974).  

 

Figure 1.2 Developmental trajectory of zebra finch vocal learning. Shortly after 

hatching, zebra finches begin sensory learning of a tutor’s courtship song. Around post-

hatch day (PHD) 30, birds begin mimicking the tutor song, which crystallizes around 

PHD90. 
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This complex behavioral capacity is controlled by brain circuits unique to 

vocal learners (Figure 1.3, left). This circuit is made up of anterior (AFP) and 

posterior forebrain pathways (PFP). The AFP is defined by a cortico-striatal-

thalamic loop, namely, Area X in the striatum projecting to the dorsolateral 

nucleus of the medial thalamus (DLM), which then projects to the lateral 

magnocellular song nucleus of the anterior nidopallium (LMAN) before 

connecting back to Area X. LMAN induces variability into the posterior pathway 

by innervating the robust nucleus of the arcopallium (RA), and is necessary for 

error-correction during learning and the homeostatic maintenance of adult song, 

but not the vocal production of crystallized song (Bottjer, Miesner, & Arnold, 

1984). The PFP is a motor production pathway, in which the HVC (proper name) 

generates motor sequences to project down into RA to form acoustic syllable 

structures. RA then sends a finalized commands to the tracheosyringeal portion 

of the hypoglossal nerve (XIIts), which innervates the syrinx, an analogous vocal 

production organ to the human larynx (Suthers, 1990). This robust, direct 

projection between vocal motor brain regions and brainstem vocal motor 

neurons has only been found in vocal learners (Petkov & Jarvis, 2012; Simonyan 

& Horwitz, 2011). The PFP and AFP connect between HVC to Area X, and back 

from LMAN into RA, and medial MAN (MMAN) into HVC. The song system 
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motor pathway receives input from auditory cortical centers, which are not 

unique to vocal learners. Together, these pathways work together to learn, 

produce, and maintain a highly stereotyped song based on a tutor song. A 

similar system for speech exists in the human brain (Figure 1.3, right). Here, an 

AFP circuit connecting the anterior striatum (aSt), anterior thalamus (aT) and 

Broca’s area, as well as PFP circuit connecting the laryngeal motor cortex (LMC) 

to the Nucleus Ambiguus (Amb), which innervates the larynx. These 

anatomically specialized regions are not present in closely related vocal non-

learner primate and suboscine species.  

 

Figure 1.3 Vocal learning brain regions in songbirds and humans. (A) The songbird and 

(B) human brain, with the AFP shown with blue arrows, forming a corticostriatothalamic 

loop, and the PFP shown in red arrows which denotes a direct projection between the 

cortex and brainstem. Additional connections are highlighted with black arrows, 

connecting the AFP and PDP (dotted), as well as respiratory, auditory, and volitional 

regions. Convergent gene expression between songbird and human speech regions are 

identified by yellow dotted lines. Magenta, pallial song/speech regions. Green, striatal 

song/speech regions. Dark green, thalamic song/speech region. Yellow, midbrain vocal 

region. Red, brainstem vocal motor nucleus. 
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A major difference between the avian brain and mammalian brain is the 

architecture of the cortex. It is organized into a nuclear morphology in birds and 

a layered morphology in mammals (Jarvis et al., 2005). The avian structure 

separates the nodes of brain circuits over pallial layers on the millimeter scale, 

allowing for more discrete manipulation to assess the functional role of one brain 

region while reducing the risk of disturbing another. In mammals, this is less 

feasible in the adjacent, tightly packed cortical layers. This property makes the 

zebra finch an ideal candidate to understand the neural substrates of complex 

behavior, such as vocal learning. 

One hypothesis on the origin of similar vocal learning circuits in song 

learning birds and humans is the motor theory of vocal learning origin. This 

theory suggests that these circuits arose by duplication of adjacent motor-

learning pathways to create a parallel pathway that connects to nerves 

controlling the vocal organ (Feenders et al., 2008; Chakraborty & Jarvis, 2015). 

Thereafter, convergent evolution of specialized differential gene expression 

levels from the motor pathways subsequently helped drive specialized 

connectivity and function for production of learned vocalizations (Feenders et 

al., 2008; Fitch, Huber, & Bugnyar, 2010; Pfenning et al., 2014). In this view, the 

surrounding motor learning pathway represents a deep homology of the 
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convergent vocal learning pathways, providing a basis to search for similar 

molecular profiles across independent gains of traits (Chakraborty & Jarvis, 

2015).  

1.1.3 Specialized genes and expression: Vocal learning 

One early example of convergent gene roles in vocal learning was the 

forkhead box transcription factor, FoxP2, which evolved a similar function for 

speech and song learning in humans and song learning birds. Heterozygous 

mutation of FoxP2 at amino acid R552H – dubbed the KE family mutation, after 

the British family described in Belton et al., 2003 – causes developmental verbal 

dyspraxia in humans, a condition that compromises verbal fluency and 

comprehension (Lai et al., 2001). FoxP2 in the zebra finch was found to have 

similar gene expression pattern to analogous human brain regions and is 

developmentally- and singing-regulated in the striatal song nucleus, Area X 

(Haesler et al., 2004; Teramitsu & White, 2006). RNAi-mediated knockdown of 

FoxP2 in Area X causes vocal learning deficits in juvenile males, which persisted 

into adulthood (Haesler et al., 2007). In adults, reduced FoxP2 levels disrupted 

dopaminergic modulation in Area X, to impeding the AFP’s role in generating 

song variability after song crystallization (Murugan et al., 2013). Mice 

heterozygous for the KE family mutation in Foxp2 were further demonstrated to 
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show a limited vocal deficit, altering the sequencing of syllables, but not their 

acoustic structures (Castellucci, McGinley, & McCormick, 2016; Chabout et al., 

2016).  

The vocal learning circuits of humans and songbirds are not just limited to 

one gene. Microarray analyses of song and speech brain regions in song learning 

birds (songbird, parrot, hummingbird) and humans relative to other brain 

regions, as well as comparable regions in vocal non-learning birds (dove, quail) 

and non-human primates, have revealed convergent shared specialized gene 

expression of 50-70 genes per brain region between the song-learning birds and 

humans (Figure 1.3, yellow dotted lines). In particular, the RA song nucleus 

shared 55 highly correlated genes with the human LMC, while the songbird Area 

X and human aSt active in speech production and learning shared 78 genes 

(Pfenning et al., 2014). RNA sequencing (RNA-seq) from laser-capture 

microdissected vocal learning and adjacent brain regions further resolved 

molecular convergence between humans and songbirds to a list of hundreds of 

shared gene specializations, and determined convergent gene expression 

between the zebra finch HVC and a different set of genes in human LMC 

(Gedman, in preparation).  
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Among these highly correlated genes were a few notable candidates. One 

gene with the most highly correlated specialized expression was Slit1, an axon 

guidance molecule downregulated in these regions. This ligand binds to the 

Robo1 receptor and causes repulsion of axons from cell bodies, leading to one 

hypothesis that Slit1 down-regulation allows a direct connection between vocal 

motor cortical areas and brainstem vocal motor neurons (R. Wang et al., 2014). 

Other genes with particular specialization within the song system include 

SAP30L, Parvalbumin and Zeb2. These genes are discussed in more detail in 

section 3.1.  

1.1.3 Further applications and resources of the songbird model  

The zebra finch has been used as a model organism in other fields of research, 

providing insights into sexually dimorphic neuroendocrinology (Arnold & 

Gorski, 1984), avian reproduction and sperm competition (Birkhead, Pellatt, & 

Hunter, 1988), comparative embryology (Mak et al., 2015; Murray et al., 2013), 

and toxicology (Buck et al., 2016). A further research area of particular note was 

the use of canaries and zebra finches for the definitive demonstration of adult 

neurogenesis in the vertebrate brain (Alvarez-Buylla, Theelen, & Nottebohm, 

1988; K. W. Nordeen & Nordeen, 1988; Barnea & Pravosudov, 2011). These 

studies demonstrated conclusively the birth of neurons in post-hatch animals 
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using in vivo thymidine incorporation assays, which was seen to be particularly 

robust in the HVC song nucleus.  

The breadth and depth of study in the zebra finch has motivated the 

generation of a number of resources for the species. The zebra finch was the 

second avian species to have its genome sequenced (Warren et al., 2010), which 

was recently updated from samples of the same animal using improved 

sequencing techniques (Korlach et al., 2017) as part of the Bird10K project (G. 

Zhang, Jarvis, & Gilbert, 2014) and the Vertebrate Genomes Project (VGP). The 

cytoarchitecture of the brain has been well studied in the zebra finch (C.-C. Chen 

et al., 2013; Jarvis et al., 2005; 2013; Karten et al., 2013; Wada et al., 2006) and is 

bolstered by the Zebra Finch Expression Brain Atlas (ZEBrA) (Lovell et al., 2020), 

makng the zebra finch the only avian species with an adult brain atlas showing 

gene expression by in situ hybridization. This particular atlas is supplemented by 

the extensive brain and embryonic cDNA libraries available for the songbird 

(Replogle et al., 2008; Wada et al., 2006). Other resources include an 

embryological staging atlas using the Hamburger-Hamilton (HH) system 

(Hamburger & Hamilton, 1992; Murray et al., 2013) and rudimentary 

characterization of viral vectors (Heston & White, 2017). This variety of resources 

available provides many benefits for utilizing the songbird. 
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1.2 Shortcomings and advancements in avian biotechnology 

One obstacle that prevents adequate understanding of genes in the zebra 

finch is its evolutionary distance from animals in which gene manipulation tools 

were optimized. Mouse models represent the dominant vertebrate model 

organism, due to the ease of colony maintenance and relatively close phylogeny 

with humans. This has motivated financial and labor resources toward 

transgenic line development, viral vectors capable of highly efficient cellular 

transduction, and well-characterized cell-type specific promoters, and multiple 

omics resources. In the next section, I review the foundational gene manipulation 

tools that have been developed in other species, and then highlight which ones to 

date have worked and not worked in songbirds. 

 

1.3 Genetic manipulation as a means of studying biology 

Gene manipulation is a foundational technology, historically driving the 

progress of civilization. From the first agricultural feats of plant and animal 

domestication and their refinement through cultivation and husbandry, humans 

have selected preferred organismal traits for their benefit, developing species 

and subspecies otherwise alien to natural selection. Gregor Mendel’s work 

highlighting the patterns of phenotypic inheritance over multiple generations of 
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pea plants provided an early insight into the mechanisms unknowingly utilized. 

This mechanism, regulated by long stretches of nucleic acid sequences, was later 

borne out through the pioneering work of Rosalind Franklin in elucidating the 

structure of DNA (Klug, 1968). In the modern age, gene manipulation has 

enabled humankind’s strategies for the deliberate and precise design and 

execution of trait modifications, understood from genotype to phenotype.  

The catalyst of modern DNA manipulation is the mastery of bacterial 

transformation and DNA amplification. From early inductions of antibiotic 

resistance between strains to the enzymatic digestion, ligation, and propagation 

of novel recombinant DNA constructs, bacteria such as Escherichia coli form the 

backbone of genetic biotechnology by providing the means and initial 

understanding of the mechanisms of gene modification. Indeed, the 

transformation of bacteria itself is a form of directed organismal transgenesis, the 

integration of foreign DNA into an organism’s genome. The use of functional 

genetic techniques in simple model organisms such as Saccharomyces cerevisiae 

and Drosophila melanogaster provide the input for much of our current 

understanding of genes, proteins, and their interaction. The use of larger, 

complex vertebrates has been more limited, with the mouse (Mus musculus) 

serving as a dominant model organism. Mice, however, do not have all the 
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specialized traits found in humans, though other species likes songbirds and 

parrots do (Jarvis, 2019). Thus, we need to develop tools that can work across 

various species. Below I outline strategies for gene manipulation in vertebrates, 

particularly mammals, and how they have and may be further applied to birds. 

1.3.1 Strategies for gene delivery and integration 

1.3.1.1 Viral strategies 

A key component of genetic manipulation is the requisite delivery of reagents 

into the host cell. One strategy performs this through modification of viral 

genomes to incorporate a desired DNA payload to be expressed in animal cells. 

Typically engineered to be replication-deficient, the replicative machinery is 

expressed via separate, non-integrated plasmid constructs from the payload 

vector during viral production in cell lines. Of the possible viral methods 

available, two viral delivery systems have been popularly used in mice and other 

vertebrates: adeno-associated viruses (AAV) and lentiviruses.  

AAVs are a group of small, single-stranded DNA viruses in the order 

Parvoviridae. These viruses are themselves replication-deficient, requiring the 

presence of a “helper virus,” such as adenovirus, with replicative properties that 

allow for AAV reproduction. Several AAVs have been shown to integrate into 

the human genome (Kotin, Linden, & Berns, 1992), though typically these viruses 

are considered non-integrating when a recombinant payload is used to replace 
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the wildtype (WT) 4.7 kilobasepair (kb) genome, though it is still utilized for 

AAV production through separate, non-packaged plasmids. These viruses have 

multiple advantages, including consistent episomal DNA expression with 

minimal pathogenicity, multiple characterized serotypes that function in a 

variety of specific cell types and organisms, and the ability to produce high-titer 

batches in vitro (1013 genomic copies (GC)/mL). However, AAV payload 

expression is generally transient, especially in mitotic cells, and these constructs 

are not able to reliably carry DNA payloads above 5.2kb (Z. Wu, Yang, & Colosi, 

2010). 

Lentiviruses – of which HIV is a notable example – are members of order 

Retroviridae and represent an efficient method of gene delivery, with a larger 

genome size packaging capacity than AAVs (up to 9.2kb), and stably integrates 

into the host genome using components of the virion. When HIV is produced, or 

pseudotyped, with the vesicular stomatitis virus glycoprotein (VSVg), it provides 

enhanced infectivity across multiple cell types and species (Cockrell & Kafri, 

2007). To transduce the cell, VSVg-encapsulated virions predominantly bind to 

the low-density lipoprotein receptor (LDLR) on the cell membrane for viral 

endocytosis (Finkelshtein et al., 2013). From there, the RNA package is reverse-

transcribed and integrated through proteins within the gag-pol polyprotein 
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complex. The LDLR protein is part of a family of lipid signaling receptors, many 

of which are also susceptible to VSVg ligand binding (Nikolic et al., 2018) and are 

expressed across many tissue types and species, resulting in the broad tropism of 

the glycoprotein (Willnow, 1999).  

Together, these two viral systems allow for efficient delivery across many 

cell types and in many species. However, some applications require or benefit 

from non-viral delivery strategies. 

1.3.1.2 Non-viral strategies 

Viral transduction often utilizes host receptors and intracellular molecules in 

its delivery method, the former not always being present in a given cell type, and 

the latter potentially causing unwanted effects or cytotoxicity. For livestock 

agriculture, regulations often prohibit viral manipulation of consumer products. 

Coupled with size constraints for packing, there is a need for non-viral 

approaches to gene delivery.  

Two commonly used methods for non-viral nucleic acid delivery into cells or 

tissue are electroporation and lipofection. Electroporation is the application of a 

voltage pulse to induce pore formation in the cell membrane and allowing 

charged particles to move along the electrical gradient into the cell (Potter, 2003). 

Lipofection employs cationic liposomes for the encapsulation of negatively 
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charged DNA particles into micelles, which is then endocytosed by the cell 

membrane (Simões et al., 2005). These techniques each have application-specific 

benefits relating to cell survival, transfection rate, cost and convenience.  

Once in the cell, the infiltrated DNA must then migrate to the nucleus for 

transcription. At that point, the DNA may be expressed episomally, potentially 

being lost through multiple divisions in mitotic cell types. Otherwise, it may be 

integrated into the genome for stable expression in that cell and subsequent 

daughter cells through a number of methods, described below.  

One plasmid-based method of genome integration utilizes autonomous DNA 

transposons. First described by Barbara McClintock (McClintock, 1950), 

transposable elements are found across eukaryotes, which allow for DNA 

sequences flanked by inverted terminal repeats (ITR) to move around the 

genome via a transposase protein, which recognizes, excises, and inserts the 

element into another suitable region. Many divergent transposon systems have 

been developed for transgene integration, such as the Tol2 from the medaka fish 

(Kawakami, 2007) and the vestigial Sleeping Beauty system found in many fish 

species. The PiggyBac transposon system (derived from the cabbage looper moth) 

has been engineered to be a particularly efficient system for a number of 

applications (Balciunas et al., 2006; Cadiñanos & Bradley, 2007; Lacoste, 
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Berenshteyn, & Brivanlou, 2009; T. S. Park & Han, 2012), inserting DNA 

sequences into the host genome at TTAA sequences, approximately 1 in every 

256 regions of the genome. This semi-random system allows for simple and 

efficient methods for stable transgene expression in the genome.  

Gene targeting through homologous recombination represents another 

method of integrating transgenes into the genome using plasmids or bacterial 

artificial chromosomes (Heintz, 2001). With the help of DNA repair 

infrastructure of the host cell, this method functions through large 

complementary flanking sequences (homology arms) of a specific region of the 

genome for targeted integration of an internal cassette, which opportunistically 

integrate into the genome following a double stranded break proximal to the 

targeted region. Compared to other methods of viral, non-targeted integration, 

gene targeting by unaided homologous recombination has typically been much 

less efficient. However, this method allows for targeted insertion of a gene, 

allowing for precise changes to endogenous genes or the addition of exogenous 

genes to aid in their study. Homologous recombination was the key driving 

technique of the GENSAT project (Heintz, 2004) to generate GFP, LacZ, and Cre 

(section 1.3.2.1) fully transgenic mice, with the gene inserts yoked to the 

endogenous expression profile of a proximate gene and allowing for the 
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visualization of cell-type specificity of mouse gene expression and conditional 

expression of additional constructs in specific populations.  

1.3.2 Transgenic animals 

By targeting early embryonic cells or germ cells of multicellular eukaryotic 

organisms, modifications made to the genome may be transmitted through the 

germline for stable expression in novel organismal lines. Here, I briefly describe 

a few of these techniques for the development and propagation of animal lines, 

including with conditional expression in particular cell types. I first focus on 

mammals.  

For several transgenic strategies in mammals, the collection of oocytes or 

fertilized zygotes is an essential component. In mice, the superovulation of 

females with a cocktail of gonadotropins allows for the collection of 20 to 50 

naturally fertilized embryos per animal (Behringer, Gertsenstein, Nagy, & Nagy, 

2013), and typically a few hundred zygotes may be processed and re-implanted 

into host mothers in a single batch. This technique can also harvest unfertilized 

oocytes for later in vitro fertilization (IVF) with sperm co-cultures or by 

intracytoplasmic sperm injection (ICSI) (Uehara & Yanagimachi, 1976). Oocyte 

nuclei may also be replaced through somatic cell nuclear transfer (SCNT) to 

clone adult cells into new animals, both transgenic and wildtype, the latter being 
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demonstrated in the well-known case of Dolly the sheep (Campbell, McWhir, 

Ritchie, & Wilmut, 1996). In each of these cases, these procedures may be used in 

tandem with a mix of the DNA delivery strategies described in this section, or for 

the propagation of transgenic lines when serious infertility issues arise. 

Furthermore, oocytes, spermatozoa, and embryos may each be stored long term 

using cryopreservation techniques (Leibo, De Mayo, & O'Malley, 1991; Penfold & 

Moore, 1993; Shaw & Jones, 2003), allowing for the resurrection of transgenic 

animal lines in the absence of living members. 

One the earliest and most efficient strategies for transgenic development has 

been use of retroviral transduction, particularly lentivirus. Through the targeting 

of early stage embryos, this system has been employed to randomly integrate 

transgenes into the genomes of mice and rats (Lois, Hong, Pease, Brown, & 

Baltimore, 2002) as well as livestock (Pfeifer & Hofmann, 2009). This initial 

injection typically results in mosaic individuals, in which some but usually not 

all of the cells derived from the initial zygote contain the transgene. At that point, 

these initially mutagenized animals (G0) are bred to produce transgene-

containing offspring (G1), founding a transgenic animal line. This approach is 

feasible across a wide range of species, provided an efficient tropism of 

lentivirus. However, the packaging size and random integration into the 
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genome, potentially disrupting endogenous genes, limits this strategy’s 

application.  

Transgenesis through DNA microinjection into the pronucleus is another 

common method of generating transgenic animals. Germline transmission was 

first employed through the microinjection of viral DNA into preimplantation 

mouse embryos (Jaenisch & Mintz, 1974). However, other forms of DNA may be 

injected for transient expression or homologous recombination (Gordon, 

Scangos, Plotkin, Barbosa, & Ruddle, 1980), often with low efficiencies. 

Embryonic blastocysts can also be injected with germline-competent 

embryonic stem cells (ES cells) derived from other embryos, or induced from 

somatic cells (Okita, Ichisaka, & Yamanaka, 2007; Takahashi & Yamanaka, 2006), 

also known as induced pluripotent stem cells (iPSCs). The isolation and culture 

of these cells make them more amenable to genetic manipulation, using methods 

including those described in section 1.3.1. After implantation, these cells develop 

alongside the host embryos to form an animal chimera, which are individuals 

containing cells derived from different zygotes. If the manipulated donor cells 

are able to differentiate and form part of the germline, these G0 animals may 

found transgenic animal lines through their G1 offspring. 
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Other transgenic techniques available include the manipulation of male 

gametes through stem cell implantation into the testes (Nagano et al., 2001), 

testicular electroporation (Usmani et al., 2013), or the direct manipulation of 

sperm cells prior to artificial insemination (Celebi et al., 2003). These methods in 

part bypass the need for the extensive animal resources and expertise for 

embryonic manipulation, though are not as widely utilized compared to 

embryonic strategies for a number of reasons (Behringer et al., 2013). 

1.3.2.1 Conditional transgenic animals 

The modification of animal genomes may introduce deleterious effects that 

jeopardize the survival and thus stable propagation of the animal line, 

particularly in specific cell types (Hall, Limaye, & Kulkarni, 2009). Site-specific 

recombinases provide strategies that irreversibly enable the conditional 

expression of transgenes, such as the Cre/loxP and Flp/FRT technologies (Turan 

& Bode, 2011). The Cre protein, derived from bacteriophage (Araki et al., 1997; 

Sternberg & Hamilton, 1981), allows for the recombination of DNA sequences 

inserted between loxP recognition sequences, which may invert or excise the 

enclosed DNA cassette depending on loxP site orientation. It may also engage in 

recombinase-mediated cassette exchange (RMCE) when Cre and multiple 

aligning loxP cassettes are present, allowing for targeted insertion or exchange at 
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the site of a loxP sequence. Slight modifications to parts of the loxP motif can 

allow for multiple, non-compatible recognition sites for multiplexed 

manipulation, such as concurrent flipping and excision (FLEx) of a gene insert 

(Langer, 2002; Schnütgen et al., 2003). The yeast-derived Flp/FRT (Sadowski, 

1995) works in a similar manner, allowing for the tandem use of recombinases 

expressed under different conditions without cross-interference.  

The Cre and Flp proteins may both be driven under cell-type specific 

promoters (CTSPs), restricting the conditional expression to a particular 

population of cells, such as neurons under the human Synapsin 1 (hSyn1) 

promoter (Kügler, Kilic, & Bähr, 2003) or germ cells under the vasa promoter 

(Gallardo et al., 2007). As well, these can be combined with inducible systems 

such as the Tet systems, derived from E.coli, which can repress (Gossen & Bujard, 

1992) or activate (Gossen et al., 1995) genes driven by Tet response elements in 

the presence of tetracycline or its analogs. 

1.3.3 Genome Editing by CRISPR-Cas9 

The advent of genome editing technologies, spurred by the identification of 

sequence-specific DNA binding protein domains and their fusion with 

endonucleases, potentiates the modification nearly any part of the genome by 

cutting one or both strands of DNA at a targeted sequence (Gaj, Gersbach, & 
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Barbas, 2013). Changes may be introduced by two means: (1) through sequence 

insertions and/or deletions (indels) of imperfect non-homologous end joining 

(NHEJ), allowing for missense mutations in protein coding sequences; or (2) 

through homology directed repair guided by a repair template during mitosis. 

The latter method has the ability to enhance the efficiency of homologous 

recombination and targeted knock-in of gene constructs at precise genomic 

locations. These constructs include Zinc Finger Nucleases (ZFNs), and later 

Transcription Activator-like effector nucleases (TALENs), to cut targeted regions 

of the genome in a number cell types and species (Auer & Del Bene, 2014; Chu et 

al., 2019; Foley et al., 2009; Wefers et al., 2013; Young et al., 2011). However, the 

arduous design and cloning requirements for generating these particular tools 

make these methods non-trivial. 

Another strategy to induce similar NHEJ- and HDR-mediated changes was 

found in an obscure region of the bacterial genome, characterized by clustered, 

regularly interspaced palindromic repeat (CRISPR) sequences of DNA (Hsu, 

Lander, & Zhang, 2014). These sequences were found to be part of a powerful 

bacterial adaptive immune system against viral infection, as recognition 

sequences adjoined to complementary sequences of “remembered” viral DNA, 

downstream a short recognition sequence called the protospacer adjacent motif 
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(PAM) for viral genome targeting (Doudna & Charpentier, 2014; Hsu et al., 2014). 

Several types of CRISPR systems have been identified widely across bacterial 

clades, though here I will only focus on the type II CRISPR systems, particularly 

one CRISPR-associated protein, Cas9, for ribonucleoprotein (RNP)-mediated 

cutting. In the bacteria S.pyogenes, the titular CRISPR sequences are transcribed to 

form CRISPR RNAs (crRNAs) capable of binding to target DNA of invading 

viral genomes. A trans-activating small RNA (tracrRNA) molecule forms an 

RNA duplex with crRNA to allow for recognition by a CRISPR-associated 

protein, Cas9. The S.pyogenes Cas9 protein recognizes a protospacer-adjacent 

motif (PAM), composed of 3 basepairs, NRG (Doudna et al., 2012), with ‘R’ 

denoting A or G nucleic acids. The RuvC and HNH cleavage domains contained 

within Cas9 cut the viral genome 3 to 4 basepairs from the 5’ end of the PAM 

sequence (Nishimasu et al., 2014) (Figure 1.4) , inducing a double-stranded break 

(DSB) and disabling the pathogenic quality of the viral genome.  

This system has been adapted for targeting eukaryotic genomes under the use 

of a chimeric blend of crRNA and tracrRNA molecules called the guide RNA 

(gRNA) (Doudna et al., 2012), allowing for manipulation in a similar fashion to 

ZFN and TALEN protein constructs. However, while these systems are made up 

of long and repetitive sequences of DNA binding protein domains that can be 
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time consuming and difficult to design and produce, CRISPR-mediated targeting 

simply requires the identification of a protospacer for ligation into a gRNA 

expression cassette prior to co-delivery with Cas9 to cut the genome (Figure 1.4).  

 

 

Figure 1.4 Mechanism of Cas9-mediated DNA cutting. Genomic DNA targeted by a 

complementary gRNA sequence and the protospacer adjacent motif (PAM) is recognized 

by Cas9. The genome is cut with the RuvC and HNH cleavage domains. 

 

By specifically manipulating early-stage embryos or germ cells, Cas9 has been 

successfully used to improve the efficiency of generating transgenic organisms 

by assisting DSB-mediated homologous recombination and realizing “cisgenic” 

approaches through indel-mediated knockout, with non-integrating plasmid or 

direct RNP delivery (Sticklen, 2015). Transgenic lines that may have once taken 

several years and several generations of breeding and backcrossing now is 

feasible through a single step. Indeed, CRISPR-Cas9 has been successfully 
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utilized in the modification of several animal species, including ants (Trible et al., 

2017), zebrafish (N. Chang et al., 2013), chickens (Oishi et al., 2016), mice 

(Mashiko et al., 2013), pigs (D. Niu et al., 2017), and non-human primates (Y. Niu 

et al., 2014).  Indeed, transgenic mice conditionally expressing Cas9 have been 

generated for potential use with gRNA and Cre containing gRNAs (Platt et al., 

2014).  

However, Cas9 may be used to ablate genes at the local tissue level as well. 

One study utilized CRISPR in mice to locally knockout the MECP2 gene, 

encoding a pan-neuronal transcription factor which is the primary cause of Rett 

syndrome when mutated in humans. Co-injected AAVs containing SpCas9 or an 

MECP2-targeting gRNA into the mouse dentate gyrus, modify the genome of 

over 2/3rds of transduced cells, reducing the presence of the MeCP2 protein by 

70% (Swiech et al., 2015). This MeCP2 loss in the dentate gyrus resulted in 

behavioral changes in fear conditioning and memory in injected mice, compared 

to animals injected with a gRNA targeting the exogenous LacZ gene. This study 

was one of the earliest uses of CRISPR to modify the adult brain in vivo, 

establishing the use of virally mediated CRISPR gene knockout in post-mitotic 

neurons to alter mouse behavior.  
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The gene encoding SpCas9 is large (4.2kb), nearing the limit of the AAV 

genome and limiting which promoters may be utilized for expression. Cas9 size 

varies across bacterial species, and the smaller S.aureus Cas9 (SaCas9) at 3.1kb 

allows for the addition of a gRNA cassette on a single viral construct within the 

size constraints of the virus (Ran et al., 2015). This Cas9 recognizes an NNGRRT 

PAM sequence. Tail-vein injections into mice with SaCas9-packaged AAV and a 

gRNA targeting the Apob and Pcsk9 genes showed indel formation in the liver, 

ranging from 5-40%.  

All of these systems for gene manipulation have been develop for and 

optimized in common model systems, but do not always translate well into non-

mammalian or non-model species, particularly methods for the cellular 

infiltration of recombinant DNA. Yet, these tools are crucial for many scientific 

questions that span the phylogenetic tree. Below I review the status of these tools 

in birds, separate from my own work. 

1.3.4 Reproductive obstacles hinder avian transgenic development 

The ability to harvest and re-implant large numbers of single-celled gametes 

and embryos in mammalian systems provides an accessible substrate for 

manipulation through chemical and genetic means. The single cell avian zygote, 

however, is more difficult to manipulate. While the egg is a self-contained 
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system, it requires significant investment in the form of the yolk follicle as well as 

the exterior calcium shell. These stages of formation occur within the mother. In 

the chicken (Figure 1.5), the ovary ovulates the follicle-bound oocyte into the 

oviduct. There it is fertilized, and then travels toward the cloaca, provisioning 

the chalazae, albumen layers, and exterior shell around the yolk over 

approximately 24 hours. Thereafter, it is oviposited (laid) by the mother for 

further incubation (Sah & Mishra, 2019; Sturkie & Mueller, 1976). By the time of 

oviposition, the developing avian embryo has already reached Eyal-Giladi and 

Kochav (EG-K) stage X, composed of 50,000 cells (Eyal-Giladi & Kochav, 1976; 

Kochav, Ginsburg, & Eyal-Giladi, 1980; H. J. Park et al., 2006).  
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Figure 1.5 Egg production in the avian oviduct. The ovary stores and matures yolk 

follicles with adherent oocytes to a mature state before releasing them into the 

infundibulum, where mature follicles enter the oviduct and are fertilized with sperm from 

the sperm storage tubules stored in the uterus. The follicle then enters the magnum, where 

the chalazae and albumen layers are synthesized and deposited around the yolk. Upon 

reaching the isthmus, the yolk and albumen layers are encapsulated in shell membranes 

before moving into the uterus, where the exterior calcium shell is formed. Following shell 

deposition, the egg which coats the shell with an antibiotic cuticle before passing through 

the vagina and oviposited from the cloaca. At this stage in chickens, the laid egg has been 

developing for 24 hours, reaching EG-K Stage X and will continue developing upon 

incubation. 

 

From this process, the avian embryo is tethered to a yolk and shell that are 

orders of magnitude larger than the developing zygote. Despite success by some 
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in excising the chicken oocyte for in vitro fertilization (Batellier et al., 2003), the 

manipulation or excision of the early follicle– without prohibitive levels of hen 

and embryo mortality – is exceedingly difficult, and would be particularly 

exacerbated for smaller or less well characterized avian species. This intensive 

process of building the egg is also rate limiting, generally yielding only one egg 

per hen daily, as opposed to dozens from superovulated mammals. As a result, 

this makes the introduction of gene constructs for germline transmission more 

cumbersome, resource-intensive, and time-consuming than for mammals.  

To circumvent this obstacle, methods have been developed to focus on 

manipulation of the developing germ cells, particularly the primordial germ cells 

(PGCs). In avian and reptile species, PGCs differentiate from the epiblast at HH4 

(in chickens), after which they travel to the anterior edge of the hypoblast, the 

germinal crescent (H. C. Lee et al., 2015). At around HH13, the developing 

vasculature links to the germinal crest, and the PGCs migrate through the 

bloodstream before settling at the gonadal ridges of the mesonephros (De Melo 

Bernardo et al., 2012). In mammals, expression of CXCR4 guides PGCs from the 

mesoderm and through the developing hindgut to settle in the gonadal ridges, 

which express the complementary ligand, SDF-1 (Molyneaux, 2003). While it is 

unknown what specific mechanisms bring PGCs to the gonadal ridge migration 
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in birds (Stebler et al., 2004), it is known that CXCR4 absence can disrupt the 

vascular PGC migration in chicken (J. H. Lee et al., 2017).  

VSVg-pseudotyped lentiviral transduction works very well in poultry to 

target PGCs as in other species, with germline-competent chicken (McGrew et 

al., 2004) and quail (Scott & Lois, 2006) mosaics being produced from lentiviral 

injection at EG-K stage X, when the PGCs represent a larger percent of the whole 

embryo cell count. As well, injection of lentivirus (Z. Zhang et al., 2012) and 

cationic liposome-encapsulated DNA (Tyack et al., 2013) into the bloodstream of 

HH14 embryos has also generated mosaic animals capable of germline 

transmission. 

Lentiviral transgenic zebra finches have also been generated through “EG-K 

stage X” blastodisc injections (Agate et al., 2009). I have noted, however, that the 

eggs were injected shortly after oviposition, which has more recently been 

characterized in the zebra finch to correspond to EG-K Stage VI-VIII (Mak et al., 

2015). Regardless, the required viral titer is much higher than for poultry for 

adequate germline transmission to G1, which also occurs at lower rates than in 

poultry. The small zebra finch egg size also means it is more fragile, and subject 

to higher mortality from manipulation.  
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This technique has been applied for two studies in the vocal learning field. In 

one study, enhanced and dominant-negative forms of the cAMP response 

element-binding protein (CREB) transcription factor was inserted into the zebra 

finch genome, with 20 germline competent animals arising out of over 1,400 eggs 

injected (Abe, Matsui, & Watanabe, 2015). The transgenes successfully 

demonstrated that, while the disruption of normal CREB gene regulation does 

not alter hearing or gross vocal learning capacity, animals with the dominant 

negative form of CREB showed auditory memory deficits and displayed reduced 

tutor song mimicry compared to wild-type (WT) animals. Another study inserted 

human huntingtin (HTT) proteins with abnormally long sequences of glutamine 

(23Q and 145Q) into the zebra finch genome under the HTT promoter (W.-C. Liu 

et al., 2015). In humans, these glutamine strings are implicated in Huntington’s 

disease. Compared to WT animals, progressive deficits in the crystallized song of 

145Q mutants occurred, causing a deficit in learning of only a few syllables 

repeated in a stutter-like fashion.  

Both of these studies highlight the value of transgenic development to 

explore vocal learning, memory, and human disease. However, these non-GFP 

zebra finch transgenic lines generated have shown poor germline transmission 

beyond the G1 generation (Wan-Chun Liu and Dai Watanabe, personal 
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communications). To date, other studies utilizing transgenic zebra finches have 

not been published, likely in part due the technical difficulty, low transmission 

rates, and limitations of lentiviral mediated transgenesis (section 1.3.2).  

Going beyond viral transduction methods of transgenesis, chicken PGCs may 

also be harvested either from the bloodstream at HH14 or from the developing 

gonads at HH28-30 for cell culture. Protocols have been developed for robust 

PGC survival and proliferation over several passages, allowing them to be 

manipulated and reintroduced into the bloodstream of host embryos for chimera 

generation. These methods have produced chickens utilizing transposon systems 

(T. S. Park & Han, 2012), Cre lines for conditional transgene expression (Leighton 

et al., 2016), and genome editing tools to mediate knockouts (Oishi et al., 2016; T. 

S. Park et al., 2014) and knock-ins (Dimitrov et al., 2016).  

Beyond chickens, transgenic quail similarly generated with PGC culture and 

manipulation has been successfully done (T. S. Park, et al., 2008). Interspecies 

chimeras with unmanipulated PGCs from the endangered Houbara bustard have 

been implanted into chicken embryos, providing for germline transmission by 

artificial insemination of bustard females with chimeric chicken sperm, albeit 

with very low efficiency (Wernery et al., 2010). With the exception of the bustard, 

PGC culture has not been successfully documented in any other Neoaves species. 
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The direct targeting of male gametes through sperm mediated gene transfer 

techniques (SMGT) (Collares et al., 2011; Harel-Markowitz et al., 2009) , which 

proved seminal to the development of sperm transfection assisted gene editing 

(STAGE), which created fully transgenic G0 chickens through the use of 

lipofected components of the CRISPR-Cas9 system (Cooper et al., 2016). Further, 

protocols for the cryopreservation of poultry sperm and other germ cells have 

been developed (Blanco et al., 2011; Samour, 2004; Váradi et al., 2013), allowing 

for transgenic animal lines to be conserved and propagated long-term. All of 

these techniques likely benefit from the milliliter volume amount of ejaculate 

from male chickens (Cooper et al., 2016), as well as optimized techniques for 

sperm washing, handling, and artificial insemination.  

The zebra finch has acted as a model of sperm competition and reproduction 

(Birkhead et al., 1988; Birkhead & Fletcher, 1995), with methods of sperm 

collection designed (E. J. Pellatt & Birkhead, 1994). Artificial insemination 

techniques have even been used among commercial and hobby songbird 

breeders (Cabibi, 2015). However, male zebra finches produce sub-microliter 

volumes of sperm-dense, viscous semen, making manipulation and subsequent 

insemination difficult. 
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The genetic tools applied in, and for, the generation of transgenic animals 

have significantly benefitted from the use of cell lines for testing and cell biology 

characterization. In chicken, the DT40 (Baba, Giroir, & Humphries, 1985) and DF-

1 (Himly et al., 1998) cell lines have been useful for study of the underlying 

molecular biology of the chicken, serve as controls for PGC migration assays 

(Choi et al., 2010; J. H. Lee et al., 2017), and act as testing grounds for a number of 

in vivo strategies, such as assessing gRNA cutting efficiency (Cooper et al., 2016). 

Cultures of primary zebra finch cells have been employed for the study of the sex 

chromosomes (Itoh & Arnold, 2005; Itoh, Kampf, & Arnold, 2006; Itoh et al., 

2011), and two cell lines from naturally occurring tumors have also been derived 

(Itoh & Arnold, 2011). However, these cells have been difficult to maintain, are 

not commercially available, and have not been widely used beyond initial 

characterizations of the lines themselves.  

1.3.5 Virus-mediated local manipulation in the avian song system 

Many in the birdsong community have opted for non-transgenic methods 

entirely, instead employing local viral manipulation. As previously discussed, 

lentiviral strategies that knocked down FoxP2 using RNAi in the Area X striatal 

song nucleus induced behavioral disruption (Haesler et al., 2007; Murugan et al., 

2013). However, RNAi techniques come with the concern of exploiting 
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endogenous RNA-mediated silencing mechanisms that alter cell metabolism 

(Boettcher & McManus, 2015; Tomari & Zamore, 2005), activate certain 

unwanted interferon pathways (Sledz et al., 2003), and show off-target effects 

(Ui-Tei, 2013), each of which may confound the effects of the intended gene 

disruption. Additionally, RNAi only provides an incomplete knockdown of 

expression, which may not be suitable for all applications. To date, there have 

been no publications on the application of genome editing tools like CRISPR-

Cas9 in the zebra finch.  

Other studies used lentivirus to identify and track HVC neuronal 

morphology (Roberts et al., 2017) and overexpress genes in the song nucleus 

LMAN (Chakraborty & Jarvis, 2015; Wada et al., 2006). The latter studies induced 

behavioral disruptions to song behavior, despite modest transduction levels and 

low viral spread from the injection site.  

AAVs have had a mixed level of success in birds, as most serotypes 

demonstrate only a fraction of the transduction efficiency seen in mammals. The 

Avian Adeno-Associated virus (A3V) (Bossis & Chiorini, 2003; Estevez & 

Villegas, 2006) was characterized in chicken to have a greater tropism compared 

to mammalian derived AAV serotypes (R. Matsui, Tanabe, & Watanabe, 2012). 

However, in the same study this enhanced infectivity was not seen in the zebra 
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finch. Locally-injected AAVs of any serotype generally do not infect a majority of 

zebra finch cells in vivo, particularly in brain, though some regions are more 

receptive to infection than others (Heston & White, 2017). Despite this, several 

studies in the zebra finch using AAVs have yielded successful gene 

manipulations that impacted electrophysiological and behavioral properties of 

brain circuits through modest levels of transduction (Roberts et al., 2012; Tanaka 

et al., 2018; Yazaki-Sugiyama et al., 2014). It is unknown whether the rates of 

transduction seen in lentiviral and AAV would be suitable toward other 

applications, such as population-level ablation of specialized genes in the pallial 

zebra finch song nuclei.  

In this dissertation, I set out to develop cell culture and gene manipulation 

tools to improve scientific exploration with the zebra finch as a model organism 

for vocal learning. I was able to develop a robust cell culture systems and 

methods for local and global manipulation of the genome. In Chapter 2, I 

describe the development of new zebra finch cell culture lines, which are 

amendable to genetic manipulation. In Chapter 3, I further assess these gene 

manipulation tools, particularly the CRISPR-Cas9 system, to work locally in the 

zebra finch brain in-vivo. In Chapter 4, I develop new strategies for transgenic 

development in finches and characterize zebra finch PGCs and our ability to 
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incorporate into them into gonads of host embryos. Finally, in Chapter 5, I utilize 

an improves, non-radioactive in situ hybridization protocol to characterize the 

expression pattern of an activity dependent gene, resolving a debate on avian 

brain organization and homologies with mammalian brain architecture. The 

generation of these improved resources and techniques in the zebra finch 

described here are not only useful for the study of the zebra finch, but tool 

development within this isolated phylogenetic branch may inform and more 

easily adapt techniques into other avian species. 

  



 

 

 41 

2 Establishment of an immortalized zebra finch cell line 

In this chapter, karyotyping (2.3.2) was performed by KaryoLogic, Inc. Sequencing 

and analysis (2.3.2) was done in collaboration with Dr. Olivier Fedrigo, Gregory 

Gedman (The Rockefeller University) and Dr. Paul Collier (Weill Cornell Medical 

College).  

2.1 Summary 

The zebra finch is a powerful model for the fields of neuroscience and 

evolution. But it lacks a robust and well-characterized cell line. Here I describe a 

cell line generated from zebra finch embryonic fibroblasts using the SV40 large 

and small T antigens. This cell line demonstrates continuous and density-

independent growth, dividing for over 60 passages without signs of senescence. 

We have characterized this line with cytogenetic, genomic, and transcriptomic 

analyses throughout its growth. Several transgenic subclonal lines were isolated 

for applications related to zebra finch protein characterization and genome 

editing. This cell line represents an improvement over previous Neoaves clade cell 

lines and will be essential for advancing research in songbird genetics and 

molecular biology. 
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2.2 Introduction and motivation 

Songbirds have been utilized extensively to study vocal learning and 

communication, neurogenesis, and evolution. In particular, the zebra finch has 

become an indispensable model organism for these diverse fields as it breeds 

easily in captivity. As a result, genomic resources (Korlach et al., 2017; Pfenning 

et al., 2014; Warren et al., 2010; O. Whitney et al., 2014) and reagent 

characterizations (Ahmadiantehrani & London, 2017; Amaya, Monroe, & 

Sweedler, 2007; Haesler et al., 2007; Heston & White, 2017) have been more 

thoroughly developed for the zebra finch than for any other songbird species 

(Mello, 2014). With additional advances in tool development for other organisms, 

such as CRISPR-Cas9, the zebra finch stands as a prominent model system for 

adapting these tools for avian-related questions. One limiting factor is having a 

stable cell culture line to introduce and improve the use of these tools and 

increase resolution of molecular and cellular understanding of a vocal learning 

species. Cell culture is a valuable tool for model organisms to evaluate reagents, 

express recombinant proteins, and characterize cellular and molecular processes 

in a controlled and quantifiable manner. 

Cell lines have been developed previously for the zebra finch using the 

induced pluripotent stem cell (iPSC) construct, STEMCCA (Rosselló et al., 2013), 

and from naturally occurring tumors in male (G266) and female (ZFTMA) zebra 
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finches (Itoh & Arnold, 2011). However, these systems have not been extensively 

used by the broader avian community due to the difficulty in procuring and 

maintaining culture stocks compared to other stable cell lines. Primary cells have 

been utilized as well, though the diversity of the zebra finch population 

(Forstmeier et al., 2007) invites issues of replicability, and primary cells are 

generally not maintainable in long-term culture conditions. 

Among non-songbirds, many lines have been generated within the 

Galloanserae clade (e.g. chickens and ducks). The DT-40 chicken cell line was 

derived from a chicken infected with Rous sarcoma virus (Baba et al., 1985) and 

has been critical in many scientific and biotechnology applications (Winding & 

Berchtold, 2001). Other avian cell lines have been derived using common 

immortalization constructs, including a duck embryonic fibroblast line 

immortalized with the Simian vacuolating virus 40 (SV40) large T antigen (Fu, 

Chen, Li, & Liu, 2012). To date, these approaches have not been reported to work 

in songbirds and other Neoaves, which constitute around 95% of all bird species 

(Figure 1.1) (Jarvis et al., 2014). 

Here, I establish provenance of an induced, continuous cell line from zebra 

finch embryonic fibroblasts with a lentivirus containing SV40 large and small T 

antigens (SV40Tt) and characterized the line. Using Next Generation Sequencing 
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(NGS) and a variety of molecular tools, I demonstrated the improved efficacy of 

this cell line for multiple applications related to songbird biology.  

2.3 Results 

2.3.1 Establishment and continuation of a cell line derived from zebra 
finch embryonic fibroblasts 

Zebra finch embryonic fibroblast cells (FEFs) were harvested from day 6 

embryos with the head, limbs, and viscera removed. Following one passage, cells 

were transduced with lentivirus carrying payloads of either GFP or SV40Tt. Over 

5 independent replicates, the GFP-transduced and non-transduced cells did not 

grow robustly beyond 3-5 passages, even splitting at a high seed density of 1:2 

(Figure 2.1, A and B), while SV40Tt transduced cells proliferated robustly beyond 

several passages. The best performing cell line were the Continental Chestnut-

flanked white Fibroblasts, SV40Tt (transduced April 14th), hereafter designated 

CFS414. To date, I have been able to passage this line over 60 times, with a 

subculturing ratio of 1:10-1:20 from full confluence at the previous passage 

(Figure 2.1, C and D). A portion of cells show good mitotic rounding behavior 

(Lancaster et al., 2013), and no signs of population-level senescence have been 

noted (i.e. increased cell size, multinucleated cells, sluggish growth etc.). Over 

several passages, these cells continue growing without contact inhibition and do 

not form collagenated cell sheets from over-confluence. This cell line contains 
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several distinct cell morphologies of varying in size, optical thickness, packing 

density, and shape (Figure 2.1C). 
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Figure 2.1 Representative cell culture images of primary FEF and CFS414 cells. The top 

row are images of FEFs at (A) passage 3 at full confluence and (B) passage 4 from a 1:2 

split, with slowing proliferation 11 days after seeding. On the bottom are CFS414 cells 

between (C) passage 59 at full confluence and (D) passage 61 from a 1:10 split, 

overconfluent at 5 days after seeding. Note the distinct cell morphologies in CFS414 cells, 

particularly the flat cells with dark nuclei (red arrow), dark cells with multiple processes 

(blue arrow). Light, rounded cells (yellow arrow) sitting over the monolayer represent 

dividing cells (Lancaster et al., 2013). Taken at 20x magnification, scale bar = 100µm.  

 

CFS414 cell proliferation doubling time occurs independently of plate seeding 

density. Wells of a 24-well plated with four groups of varying initial seed 
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densities (2.5K to 160K cells per well) were harvested on consecutive days and 

counted (Figure 2.2). When wells were seeded with 160,000 cells (approximately  

a 1:4 subculturing ratio) the cells had exited the log phase by day 5. Cells seeded 

at lower densities did not reach stationary phase by day 6, though showed robust 

and consistent growth in the log phase toward full confluence. This property 

suggests these cells are suitable for monoclonal isolation and homogeneous cell 

line derivation and maintenance, which has not been reported possible in other 

songbird cell lines. These growth curves showed an approximate log phase 

doubling time of 19.5 hours, consistent across all seeding densities between 

passages 28 (Figure 2.2A) and 55 (Figure 2.2B).  
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Figure 2.2 Growth curves of CFS414. Cell counts plotted over 7 days at passage 28 (top) 

and at passage 55 (bottom), at variable seed densities (colored lines) noted in the legend 

to the right.  

2.3.2 Assessment of chromosome and genome sequence integrity 

Cytogenetic analysis carried out by KaryoLogic, Inc. indicated that the sex 

chromosomes of the initial embryo was female, ZW (Figure 2.3). The karyotype 

also displayed trisomies in many chromosome complements, varying across cells 

within the sampled population. 
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Figure 2.3 Exemplar karyotype of passage 38 CFS414 macrochromosomes. Giemsa-

stained macrochromosomes, sorted by chromosome pair. Trisomies are present for many 

chromosomes, with variability across cells. 

 

Pacbio Sequel II sequencing was done at 115X coverage and assembly done 

with FALCON unzip, conducted with Dr. Olivier Fedrigo, co-Director of the 

Vertebrate Genome Lab with Dr. Jarvis, on passage 31 CFS414 cells. This yielded 

a high-quality contig zebra finch genome assembly that was 1.05 Mb in length, 

close to the expected 1.1 Mb, composed of 356 contigs with N50 contig length of 

~13 Mb. To locate integration sites within the genome, the lentiviral payload 

sequence containing SV40Tt was compared against the subreads using the Basic 

Alignment Search Tool (BLAST) (Altschul et al., 1990) and removed to reveal the 

flanking sequences, which were then aligned to the reference genome (Figure 2.4, 
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A). From all the large subreads (>2 kb), 115 contained the viral payload 

expressing SV40Tt, 111 of which surprisingly showed a single insertion site at 

chromosome 1, in the intergenic space between the RUNX1 gene and a FSCB-like 

gene, LOC115497191 (Figure 2.4, B). The other 4 subreads did not align to the 

genome, likely due to poor quality of those sequences or corresponding to 

regions not included in the reference genome. A roughly equivalent number of 

non-integrated reads aligning to that region were also found, demonstrating 

heterozygosity. This shows that, by passage 31, CFS414 cells originate from a 

single, heterozygous insertion of SV40Tt in one cell at transduction. 

The reads were assembled and aligned to the zebra finch reference genome, 

showing relatively uniform coverage for all chromosomes (Figure 2.5A, first 

row). Structural variation analysis on the CFS414 genome found structural 

alterations using three different methods (Figure 2.5A, second through fourth 

rows), which are described in more detail in section 2.5.5. Variation was 

particularly identified near the ends of chromosomes, though the telomeres of 

the reference genome are not yet well characterized or assembled, and some 

variability may be endemic within the species. This observation could also be an 

artifact of the analysis and, as some of the algorithms use the more error-prone 

reads compared to the assembled sequence. However, all three methods picked 



51 

up a structural alteration in the Z chromosome relative to the reference, 

corresponding to a roughly 150kb region with significant variation (Figure 2.5, 

red square in A and B). In mammalian cells, SV40Tt expression inhibits key 

tumor suppressor genes, including PP2A, p53 and pRb (Ray, Meyne, & Kraemer, 

1992). Future studies will investigate whether these mechanisms are also true in 

the zebra finch. 

Figure 2.4 Genomic insertion site of SV40Tt vector. (A) Schematic of the method for 

determining the insertion site of transgene inserts, where a BLAST search of the viral 

sequence identifies long-reads containing the insert. When the insert sequence is removed 

from the fasta file, the remaining flanking regions (blue) are aligned to the reference 

genome (grey) to determine the insertion site. (B) Flanked sequences of SV40Tt-containing 

reads (blue and pink) taken from CFS414 cells aligned to the reference genome (grey), 

showing SV40Tt insertion in the intergenic space between RUNX1 and LOC115497191 on 

chromosome 1. 

Insertion site:  chr 1: 112,354,819

RUNX1LOC115497191

A B



Figure 2.5 Structural variants within the CFS414 genome assembly. (A) Whole genome alignment of CFS414 cells, showing 
structural variants compared to the zebra finch reference genome, bTaegut1_v1. Blue peaks represent areas of difference with 
the reference genome over multiple reads using both Pacbio (pbsv), Sniffles, and Assemblytics structural variant callers, with the 
telomeric edges of the chromosome generally showing high differences. (B) The region of the Z chromosome highlighted in red 
is magnified, showing a significant decrease in coverage (blue peaks), with the pbsv and Sniffles methods highlighting variability 
between the bTaeGut1 reference genome and aligned sequence reads of CFS414 cells (grey), while the Assemblytics method 
called two close regions a structural repeat expansion. (blue boxes). 
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2.3.3 Generation of transgenic CFS414 cell lines 

Cell lines are useful tools for creating stable transgenic expression, removing 

issues of genetic and expression variability over time. As CFS414 cells were 

immortalized through lentiviral transduction, secondary transduction by 

lentivirus is one viable method for transgene integration into these cells. 

Lentivirus containing GFP fused to the full-length zebra finch SAP30L protein 

coding sequence (pMB204) was transduced into passage 18 cells, demonstrating 

nearly 100% transduction efficiency (Figure 2.6). This transgenic line 

demonstrated nuclear localization of GFP from the nuclear localization 

sequences contained within the SAP30L gene, except when the nuclear envelope 

has been compromised during cell division (Figure 2.6C, white arrow). This cell 

line’s property also demonstrates SAP30L’s cytoplasmic migration following 

oxidative stress, further explored in Section 3.2.2. 
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Figure 2.6 pMB204-transduced CFS414 cells. (A) DAPI-stained cells of the cells. (B) GFP 
detection fused to zebra finch SAP30L. (C) Merged image, where GFP can mostly be seen 
localized to the nucleus at baseline conditions, with the exception the one cell (white 
arrow, right), which is undergoing metaphase, when the nuclear envelope is broken apart. 
Imaged at 40x magnification on a confocal microscope.  

 

To test the efficacy of transfection with selection and transposase vectors, 

CFS414 cells were co-transfected with a plasmid containing GFP and a 

puromycin resistance gene (PAC), for antibiotic selection, under the 

cytomegalovirus (CMV) promoter (Figure 2.8A), and a plasmid containing the 

PiggyBac transposase gene. Cells were also co-transfected with a Flip-excision 

(FLEx) conditional template that I generated, named pMB950 (Figure 2.8B). This 

vector constitutively expresses nuclear GFP and the puromycin-resistance gene, 

PAC, under the CMV early enhancer/chicken beta actin (CAG) synthetic 

promoter. The payload may be conditionally excised in the presence of Cre, 

flipping it from anti-sense into a sense reading frame, suitable for expression 

DAPI GFP-SAP30L Merge
A B C
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(Figure 2.8). Cells at passage 46 lipofected with pMB951, containing S. pyogenes 

Cas9 (SpCas9) and mCherry, or pMB952, containing S. aureus Cas9 (SaCas9) and 

mCherry, while cells at passage 25 electroporated with pMB953, containing 

mCherry fused to the KASH nuclear membrane protein, showed robust 

expression. Transfected cells were selected with an optimal dose of 0.5µg/mL 

puromycin, determined through previous inspection of wildtype CFS414 cells at 

different concentrations (not shown). The pMB954 construct conditionally 

expressed the zebra finch NeuroD6 transcription factor, which is differentially 

expressed in the vocal learning song system of males (Pfenning et al., 2014). The 

underlying biology of this gene has not been studied extensively in birds, and the 

use of this line may provide insight into its effects on the zebra finch genome, 

including where it binds and what characteristics it regulates.  

To assess the correct functioning of the FLEx cassette with Cre, the pMB952 

cells were transfected with the pMB1052 plasmid (Figure 2.7). After several days, 

cells began showing red signal in the absence of green nuclei, demonstrating the 

proper function of the FLEx cassette in the presence of Cre in zebra finch cells.  
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Figure 2.7 Cre-conditional expression of SaCas9-mCherry using the pMB952 and 
pMB1052 constructs. (A) Nuclear green (nGFP) signal from the pMB952 plasmid, overlaid 
with Hoescht33342 nuclear stain (blue). (B) Cre expression through pMB1052 transfection 
into some cells conditionally excised nGFP signal and expressed SaCas9-P2A-mCherry. 
(C) Merged image shows no overlap of the green and red cells. Imaged at 40x 
magnification. Scale bar = 20µm. 

 

 

Figure 2.8 Diagram of PiggyBac vectors used in CFS414 cells. These vectors are for 
PiggyBac-mediated integration t with co-transfection of a PiggyBac transposase plasmid. 
(A) PiggyBac transposase vector pCyL43. (B) Vector containing GFP and the Puromycin 
resistance gene, Puromycin N-acetyltransferase (PAC), both under CMV promoters. (C) 
The pMB950 and pMB951-54 plasmids are FLEx-cassette vectors for Cre-conditional 
expression. Under constitutive expression, the CAG promoter expresses PAC, with a P2A 
cleavage peptide sequence and nuclear GFP (nGFP). After the expression of Cre, the PAC-
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nGFP sequence will be excised and a sequence cloned into the multiple cloning site (MCS) 
will be flipped for sense expression under the CAG promoter. pMB951-954 inserts have 
been cloned anti-sense, with the constructs as listed. (D) pMB1052 vector for conditionally 
expressing S. aureus Cas9 (SaCas9), after the initial pMB952 transfection and selection. 
Abbreviations: PB 5’ and 3’, PiggyBac transposon site; bGH pA, bovine growth hormone 
polyadenylation site; Syn pA, synthetic polyadenylation site; MCS, multiple cloning site; 
FRT, Flippase recognition target; WPRE, woodchuck hepatitis virus posttranslational 
responsive element.  

To test if these transgenic cells could be used to enrich for clonal lines, the 

lipofected CMV-GFP-PAC, pMB951 and pMB952 cells were sorted by 

fluorescence-activated cell sorting (FACS) at passage 50 (4 passages after 

transfection), and the electroporated pMB953 cells at passage 39 (14 passages 

after). A subpopulation of cells showing strong fluorescent signal characteristic 

of GFP were either collected and plated as a purified, polyclonal sample (Table 

2.1), or as single cells into individual wells of a 96-well plate for monoclonal line 

generation.  

Colony formation occurred in 22-53% of wells in the 96-well plates, with later 

passages, transfected more proximal to sorting, showing higher colony formation 

rates (Figure 2.9). Viable expanded colonies were stored based on fluorescent 

intensity, consistency, and proper FLEx cassette function in the case of cell lines 

with the pMB950 vector backbone (Table 2.1). Compared to the other lines, all of 

the characterized monoclonal pMB953 cells showed inconsistent GFP expression 

and cell viability after a few passages and were discarded. 
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Figure 2.9 CFS414 transgenic colony formation. Cells were sorted into individual wells 
of a 96-well plate by FACS. Cell survival and proliferation was measured by colony 
formation in wells. For the CMV-GFP cells, 5 plates were assessed, while 3 plates were 
assessed for the pMB950 template samples. Across all samples well viability ranged 
between 22% and 53%, though were lowest in pMB953 plates. * denotes significance 
through a single-factor ANOVA, determining a significant increase in colony viability 
between passages 39 and 50, p = 0.014. 



Cell line name Line type Method of 
generation 

Vector 
backbone 

Description of transgenic payload 

CFS414P18-pMB204 Unpurified Lentivirus FUGW FUGW-GFP-TgSAP30L 
CFSP46-GFP2D4 Monoclonal Lipofection PiggyBac CMV-GFP-PAC
CFSP46-GFP2D5 Monoclonal Lipofection PiggyBac CMV-GFP-PAC
CFSP46-G10 Monoclonal Lipofection None Negative for transgene insert 
CFS414P46-pMB951 Polyclonal Lipofection pMB950 PB-PAC-nGFP-FLEx-SpCas9-mCherry 
CFSP46-pMB951-2F5 Monoclonal Lipofection pMB950 PB-PAC-nGFP-FLEx-SpCas9-mCherry 
CFSP46-pMB952 Polyclonal Lipofection pMB950 PB-PAC-nGFP-FLEx-SaCas9-mCherry 
CFSP46-pMB952-1C10 Monoclonal Lipofection pMB950 PB-PAC-nGFP-FLEx-SaCas9-mCherry 
CFSP25-pMB953 Polyclonal Electroporation pMB950 PB-PAC-nGFP-FLEx-mCherry-KASH 
CFSP56-pMB953 Puromycin 

selection 
Lipofection pMB950 PB-PAC-nGFP-FLEx-mCherry-KASH 

CFSP56-pMB954 Puromycin 
selection 

Lipofection pMB950 PB-PAC-nGFP-FLEx-TgNeuroD6-mCherry-
KASH 

Table 2.1 Collection of transgenic cell lines derived from CFS414. Cell line name is based on the plasmid transfected. The 
vector diagrams can be found in Figure 2.8. 
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Altogether, the transfection of these cells through multiple methods, followed 

by the efficient generation of monoclonal lines provides a much-needed 

technique in making the zebra finch more tractable for cell and molecular biology 

applications. The development of a robust cell line capable of proliferating at low 

seed densities provides an ability to create homogeneous cell populations to 

reduce experimental variability and may also be used to establish transgenic cell 

lines for a wide variety of applications. 

2.3.4 Cas9-mediated ablation within zebra finch cells 

A robust cell line can also be useful for assessing genetic tools in the zebra 

finch like CRISPR-Cas9 genome editing systems, the use of which has previously 

been unpublished in songbirds. I used the pMB952 system together with one of 

the monoclonal GFP lines (Table 2.1, CFSP46-GFP2D4) to determine conditional 

cutting in zebra finch cells. I transfected three vectors into the CFSP46-GFP2D4 

monoclonal cell line. From the PiggyBac transposase vector, the pMB952 FLEx-

SaCas9-P2A-mCherry vector integrates into the genome as does a Cre-P2A-

Neomycin resistance gene (Cre-NeoR) vector with a gRNA cassette (Figure 2.8, 

pMB1052). Cre expression from pMB1052 vector causes the FLEx cassette on 

pMB952 to express Cas9 and mCherry proteins, and a GFP-targeting gRNA 
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(GFPg1) targets the CMV-GFP-PAC vector integrated into the CFSP46-GFP2D4 

genome (Figure 2.10). A few days after transfection, 1.5µg/mL Geneticin 

(previously determined as an optimal concentration CFS414 cells, data not 

shown) was applied to the culture wells to purify for cells integrated with the 

pMB1052 vectors. 

 

Figure 2.10 Strategy for Cas9-mediated knockout in CFSP46-GFP2D4 cells. The pMB952 
and pMB1052 plasmids (Figure 2.8) are transfected into GFP expressing cells for 
conditional GFP ablation, expecting mCherry+ cells to be negative for GFP signal.  

 

Several days later, GFP signal was consistent throughout CFSP46-GFP2D4 

cells co-transfected with pMB952 and pMB1052 with a LacZ gRNA, while the 

GFPg1 transfected cells showed a mixed population of red cells, green cells, and 

non-fluorescing cells (Figure 2.11, B), the latter likely due to inefficient 

integration of the pMB952 vector. Overall, this initial test demonstrates the 

proper targeting of SaCas9 in the zebra finch genome with the pMB952 and 

pMB1052 vectors.  

PACPB 5’ CMV bGH pA PB 3’

CMV-GFP-PAC:

GFPCMVbGH pA

PB 5’ WPRE PB 3’
pMB952:

FLEx

SaCas9mCherry P2A

nGFPPAC P2ACAG

NeoRCrePB 5’ P2ACAGgRNAhU6 WPRE PB 3’
pMB1052:

CFSP46-GFP2D4 
genome
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Figure 2.11 Cas9-mediated ablation of GFP signal in CFSP46-GFP2D4. The monoclonal 
GFP+ cell line CFS-GFP2D4 transfected with the PiggyBac transposase, pMB952, and 
pMB1051 with (A) LacZ or (B) GFP gRNAs. (C) Percent cells in LacZ and GFPg1 groups 
expressing GFP post-selection. * denotes significance from a two-tailed t-test, p = 0.0003. 
Images taken at 20x magnification, scale bar = 50µm. 

2.4 Discussion 

CFS414 cells are the first instance of a stable cell line of any Neoaves species 

that I am aware of. The establishment of this line provides greatly improved 

culturing methods over other existing lines and provides a proof of concept for 

controlled, high-efficiency avian line generation beyond poultry. These cells may 

further provide a substrate for a number of research applications, including 

novel avian gene characterization and avian pathogen production. 

For other Neoaves, naturally derived cell lines from the budgerigar 

(Melopsittacus undulatus, ATCC® CRL-6477:6487TM, CRL-6490 TM, CRL-6492 TM), 

generated by the Naval Biosciences Laboratory, have been discontinued by the 
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American Type Culture Collection (ATCC). The previously described ZFTMA 

and G266 zebra finch lines are currently not offered by any cell culture collection. 

Since their publication, the G266 and particularly the ZFTMA line have been 

instrumental in the study of mRNA expression (Balakrishnan, Lin, London, & 

Clayton, 2012), antibody validation (Condro & White, 2014), microRNA 

characterization (Ya-Chi Lin, Balakrishnan, & Clayton, 2014a), and DNA 

methylation (Steyaert et al., 2016), highlighting the unmet need of a readily 

available zebra finch cell line. However, these cell lines have been noted to 

require high seeding densities between passages (Carlos Lois, personal 

communication), preventing the development of monoclonal lines to establish 

genomic homogeneity. Without this, cell lines may form divergent populations 

within the culture and confound the replication of published results (Hughes et 

al., 2007). CFS414 cells abrogate this obstacle, demonstrating an ability for single 

cell proliferation for the establishment of monoclonal cell lines. The adoption of a 

homogeneous female zebra finch cell line may meet and supersede the 

applications of the ZFTMA and G266 lines, while enabling strategies to preserve 

replicability between labs and over time. Since it is a female line, it has both Z 

and W sex chromosomes, allow sex determining genetic mechanisms to be 

studied. At present, the CFS414 cell line meets all the requirements for cell line 
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distribution via the Antibody and Bioresource Core Facility at The Rockefeller 

University, and will be submitted there. 

The identification of a single SV40Tt integration point supports the origin of 

CFS414 cells from a single cell, likely representing the most proliferative of a 

number of transduced cells, which were outcompeted or not representative 

enough across passage dilutions. However, the genome assembly did show 

abnormal structural variants, while cytogenetic analysis demonstrated variable 

aneuploidy, suggesting aberrant mutations due to immortalization and culture 

over several passages. An observed deletion in the Z chromosome, which 

naturally represents a haploid chromosomal group, may imply an early 

mutation. The clear presence of this mutation could point to additional 

mutations to diploid chromosome pairs not resolved by this analysis. SV40Tt has 

been shown to inhibit P53, a tumor suppressor whose dysfunction is implicated 

in several human cancers and cause chromosomal instability (Ray et al., 1992), 

though some SV40Tt mutants may mitigate chromosomal damage through 

weakened P53 binding ability (Ray et al., 1998). Continuous cell lines, including 

those generated with SV40Tt, are common tools in biological research despite 

concerns over cytogenetic integrity. Indeed, significant chromosomal 

abnormalities are present among the most popular cell lines used, such as 
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HEK293T (Yao-Cheng Lin et al., 2014b), HeLa (Macville et al., 1999), and DT40 

cells (H. Chang & Delany, 2004). For this reason, general cell culture techniques 

recommend limiting passage number below twenty passages before restarting 

with initial frozen stocks (Masters & Stacey, 2007; Vunjak-Novakovic & 

Freshney, 2006). While the dynamics of SV40Tt expressed in CFS414 cells have 

not been precisely characterized, the cytogenetic and genomic data suggest that 

proper cell culture practices regarding their maintenance will be important to 

reduce population genetic divergence.  

The monoclonal transgenic lines establish homogeneous cytogenetic and 

genomic standards for those particular lines which may be characterized and 

later tested for quality control. Transgenic cells isolated by FACS had a high rate 

of colony formation, demonstrating the robust nature of these cells for aggressive 

reagent protocols, like lipofection and electroporation, and clonal propagation. 

This viability rate was also dependent on the method of line generation, with 

younger cells electroporated and subcultured for 14 passages showing reduced 

monoclonal colony formation levels compared to older cells lipofected and 

subcultured for 4 passages. Future work to isolate general use CFS414 cells can 

be done to establish a broadly applicable and consistent cell line.  
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The pMB954 line conditionally expressing NeuroD6 transcription factor 

represents the first step toward understanding this differentially expressed gene 

within zebra finch song nuclei (Pfenning et al., 2014). A pilot study attempting to 

transfect CFS414 cells with constitutive GFP-P2A-NeuroD6 plasmid failed, as 

GFP+ cells failed to proliferate. As this protein is expressed in post-mitotic 

neurons and paralogous NeuroD proteins have been implicated in mitotic arrest 

(D'Amico, Boujard, & Coumailleau, 2013). Creating a stable line for conditionally 

expressing this gene under the presence of Cre will allow for characterizing 

morphological and transcriptomic changes to the cell line in a replicable manner, 

as well as provide a controlled experiment for NeuroD6 transcription factor 

ChIP-Seq experiments to determine the binding motif, currently undetermined in 

any species. As NeuroD6 is downregulated in all of the zebra finch telencephalic 

song nuclei and human LMC compared to surrounding regions, we can utilize 

this cell line to identify genes with upstream NeuroD6 binding motifs and, based 

on their expression level, predict which genes are affected by the specialized 

absence of NeuroD6 in the vocal learning circuit. 

As of submission of this thesis, single-cell RNA sequencing has been 

performed on this cell line and is currently undergoing pre-processing. The 

analysis of this data can be used to help determine the initial the line was 
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developed from, as well as identify certain cell clusters that have better or worse 

representation of the natural zebra finch genome (e.g. show expression in regions 

seen as deleted in the structural variant analysis). Furthermore, from this 

forthcoming data, different subpopulations of cells may be identified and 

selected for monoclonal expansion based on specific characteristics, such as 

pluripotent marker expression or expression profiles overlapping with gonadal, 

neuronal, or vocal learning song system ontologies.  

The identification of several distinct morphological cell populations suggests 

that some cells remain in a pluripotent state. Future work can be done to 

determine and adapt protocols for controlled differentiation of clonal 

populations into multiple cell types, including neural cell types. For example, 

mouse and human fibroblasts were induced to become neural stem cells by 

transient expression of the Ptf1a transcription factor (Xiao et al., 2018), which 

could then differentiate into functional neural and glial populations.  

The use of the pMB952 and pMB1052 constructs to disrupt GFP signal in 

CFSP46-GFP2D4 cells is one of the first demonstrations of successful use of a 

CRISPR-Cas9 system, especially through a conditional expression system, in a 

songbird species in vitro. While CRISPR-Cas9 systems have been used along the 

phylogenetic tree surrounding the Neoaves branch (Auer & Del Bene, 2014; 
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Doudna & Charpentier, 2014; Véron et al., 2015), this proof of concept GFP 

ablation substantiates the efficacy of Cas9-mediated gene knockout in zebra finch 

cells. Further use of these constructs, as well as the CFSP46-pMB952-1C10 line for 

conditional SaCas9 expression (Table 2.1), can be used to test gRNAs against the 

zebra finch genome for particular genes prior to in vivo studies. 

The SV40Tt virus is known to cause chromosomal aberrations (Ray et al., 

1992). Future cell line derivation could employ other cell immortalization 

strategies that provide more genomic stability. One alternate strategy would be 

to overexpress telomerase reverse transcriptase (TERT) genes in finch cells. The 

human variant of this gene has been extensively used to generate mammalian 

cell lines from a number of tissues (Bodnar et al., 1998; K. M. Lee, Nguyen, 

Ulrich, Pour, & Ouellette, 2003; Venetsanakos et al., 2002) without interrupting 

the P53 or other key tumor suppressor genes disrupted by SV40Tt and 

correspondingly show less chromosomal abnormalities. As well, the chicken 

TERT gene was transduced into chicken preadipocyte cultures and resulted in a 

continuous cell line that did not show signs of senescence through 100 passages 

(W. Wang et al., 2017).  

Overall, this proof of concept study in generating a stable zebra finch cell 

line, indicates that an immortalization strategy could be employed across many 
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tissue types and potentially other species within the passerine family and 

broader avian phylogeny.  

2.5 Methods & Materials 

2.5.1 Cell collection and culture 

Eggs were collected from single-pair zebra finch nests, with parent coat color 

noted, then incubated at 38°C for 6 days. At that time embryos were removed 

from the eggs and checked for gross anatomical abnormalities. The limbs, head, 

spine and organs were removed from the embryo, pipetted vigorously in 0.25% 

Trypsin-EDTA (Gibco, Cat. #25200114) and left to incubate at 37°C for five 

minutes. The tubes were centrifuged at 200xg for three minutes and resuspended 

in complete media (DMEM high-glucose, no glutamine (Cat. #11960044) with 

10% (v/v) fetal bovine serum (Cat. #21640079), 1x GlutaMAX (Cat. #35050061), 1x 

Antibiotic-Antimycotic (Cat. #15240062), 1x NEAA (Cat. #1140050), and 1x 

Sodium pyruvate (Cat. #11360070), each purchased from GibcoTM). Undissociated 

particulates were allowed to sink to the bottom of the tube and the supernatant 

was plated onto 10cm dishes. Cells were incubated in air-jacketed incubators set 

to 37°C and 5% CO2.  

To passage both primary fibroblasts and the CFS414 cells, media was 

removed at 100% confluence, the monolayer washed with 1xHBSS (Gibco, Cat. 
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#14170112) and incubated in 0.25% Trypsin for 3-5 minutes. Trypsin was 

neutralized 3:1 with complete media, and the cells were centrifuged 200xg for 

five minutes, after which the supernatant was aspirated and the cell pellet 

resuspended in complete media. Primary fibroblasts were passaged at a split of 

1:2 to 1:4 and CFS414 cells were generally passaged at a 1:10 to 1:20 split every 4 

to 6 days.  

For growth curve calculation, cells were seeded between 1,250 and 80,000 

cells/cm2 in complete medium in 6 duplicate wells of a 24-well plate (1.9 cm2 

plating surface). Cell number measurements were performed every 24 hours for 

at least 6 days after seeding. For cell counting, cells were trypsinized and 

resuspended in a total volume of 200-1000µL complete media, then counted on a 

Countess II FL (Applied Biosystems). The cell number from the 5,000 cells/cm2 

seed on day 1 and the 1,250 cell/cm2 seed on day 2 were too low for accurate 

counting and were discounted. Doubling time, g, between days was calculated 

as: 

("# − "%) ∗ log(2)
log(,#) − log(,%)

= . 

where T2 and T1 are the time at collection and the previous collection, and N2 

and N1 are the averaged cell counts at collection and the previous collection time.  
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2.5.2 Generation of lentivirus and cell transduction 

pLenti CMV/TO SV40 small + Large T (w612-1) was a gift from Eric Campeau 

(Addgene plasmid #22298 ; http://n2t.net/addgene:22298; RRID:Addgene_22298) 

and the pTK608 plasmid was a gift from Tal Kafri, described previously (Kantor, 

Ma, Webster-Cyriaque, Monahan, & Kafri, 2009). The pMB204 plasmid was 

constructed by digesting FUGW (a gift from David Baltimore (Addgene plasmid 

#14883 ; http://n2t.net/addgene:14883; RRID:Addgene_14883)) with BsrGI and 

EcoRI and inserting a gBlock (Integrated DNA Technologies) coding for the zebra 

finch SAP30L gene. The pMD2.G and PsPax2 plasmids were gifts from Didier 

Trono (Addgene plasmid #12259; http://n2t.net/addgene:12259; 

RRID:Addgene_12259; and #12260; http://n2t.net/addgene:12260; 

RRID:Addgene_12260). HEK293T cells split 1:2 into T75 flasks and were 

immediately transfected with molar equivalents of pMD2.G, PsPax2 and either 

pTK608, w612-1, or pMB204 using Lipofectamine 2000 (Invitrogen, Cat. 

#11668027). After three days, media was collected and passed through a 0.22µm 

PVDE filter. For pTK608 and w612-1 viral particles, Lenti-X Concentrator 

(Takara, Cat. #631231) was used to concentrate the virus and resuspended in 

HBSS. pMB204 and pMB011 viral particles were spun down at 26,000 rpm for 2 

hours and resuspended in HBSS. Viral titers were calculated to approximately 
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1.0E7 IFU/mL for pTK608 and w612-1, and 1.0E9 IFU/mL for pMB204, using 

Lenti-X Go Stix Plus (Takara, Cat. #631280).  

Primary FEFs or CFS414 cells in 24-well plates were transduced with 10-30µL 

of virus in 300µL of complete media for 6 hours, and then an additional 200µL 

added to the wells 6 hours later. Media was changed after three days.  

2.5.3 Cell Transfection 

The pMB950 and pMB1052 PiggyBac FLEx templates were constructed by 

inserting gBlocks into PBCAG-eGFP backbone (a gift from Joseph Loturco; 

Addgene plasmid #40973 ; http://n2t.net/addgene:40973), digested with BspDI, 

SpeI, EcoRI, AgeI, and/or NotI, using NEBuilder Hi-Fi Assembly (New England 

Biolabs, Cat. #E2621). For pMB952, S. aureus Cas9 was amplified with 

homologous adaptors from pMB160 (described in section 3.4.1) by PCR for 

ligation into the pMB950 digested with NheI and XhoI. PiggyBac transposon 

vectors were co-transfected with the pCyL43 PiggyBac transposase vector. 

CFS414 cells were lipofected with Lipofectamine 3000 (Invitrogen, Cat. 

#L3000015) in 12-well or 6-well plates, using manufacturer’s instructions. Using 

vectors with antibiotic selection, cells were washed after 48-72 hours after 

transfection with complete media containing 0.5µg/mL Puromycin (Gibco, Cat. 

#A1113802) or 1.5mg/mL Geneticin (Gibco, Cat. #10131035), with antibiotic media 
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replaced every three days until the desired selection level was reached. For 

electroporation, 2.0 x 106 cells in 200µL cold Opti-MEM and 20µg plasmid DNA 

were aliquoted into a 4mm electroporation cuvette (BTX, Cat. #45-0136) and 

placed on ice for 5 minutes. Then, one square-wave pulse (120V, 10ms) was 

applied using a BTX 830 electroporator (BTX, Holliston, MA). Cells were then 

plated after 5 minutes on ice. 

2.5.4  Karyotyping 

Briefly, cells were seeded in T-25 flasks and shipped to KaryoLogic, Inc. 

overnight, where Giemsa-banded karyotyping was performed (Case #19R0966), 

as previously described in Rosselló et al., 2013.  

2.5.5 Pacbio gDNA sequencing and structural variant analysis 

CFS414 cells were trypsinized, washed three times with 1x DPBS (Gibco, Cat. 

#10010023), and pelleted into 4.0E6 cell aliquots, before storing the supernatant-

free pellet at -80°C prior to use. Ultra-high molecular weight (uHMW) DNA was 

extracted using the Nanobind CBB Big DNA Kit (Cells, Bacteria, Blood) 

(Circulomics, Cat #NB-900-001-01). uHMW DNA quality was assessed by a 

Pulsed Field Gel assay and quantified with a Qubit 2 Fluorometer, and 5µg of 

uHMW DNA was sheared using a 26G blunt end needle (Pacbio protocol PN 

101-181-000, Version 05). A large-insert Pacbio library was prepared using the 
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Express Template Prep Kit v1.0 (Pacific Biosciences, Cat #101-357-000) following 

the manufacturer’s instructions. Library size selection using the Sage Science 

BluePippin Size-Selection System was made for inserts larger than 20kb. This 

library was sequenced with a Pacific Biosciences 8M (Cat #101-820-200) SMRT 

cell on the Sequel II instrument with the Sequencing Kit 2.0 (Cat #101-820-200) 

and Binding Kit 2.0 (Cat #101-842-900), recording a 15-hour movie of sequence 

reads.  

A total of 139,28,268,101 bp of sequence was generated with a subread N50 of 

33,751bp. The genome was assembled using Falcon-unzip 2.2.4 (Chin et al., 2016), 

with primary contigs filtering for artifacts (haplotypic duplications) using Purge-

dups (https://github.com/dfguan/purge_dups). The final assembly length was 

1,047,588,919bp, composed of 356 contigs (N50 contig= 12,971,239bp). This 

assembly was then aligned to the latest bTaeGut1_v1 assembly downloaded 

from Ensembl (NCBI accession# GCA_003957565.2) using Mashmap (Jain et al., 

2017; Jain et al., 2018). 

Structural variants (SV) of the CFS414 cell line were analyzed with three 

different methods: 

1. We aligned the Pacbio subreads to the reference genome using Minimap2 

(Li, 2018) and used the Sniffles SV caller (Sedlazeck et al., 2018). 
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2. We aligned our assembly to the reference genome using MUMmer 3.23 

(Kurtz et al., 2004) and the assessed for SVs using Assemblytics (Nattestad 

& Schatz, 2016). 

3. We also used the Pacbio Structural Variant calling and analysis tools 

(PBSV, https://github.com/PacificBiosciences/pbsv) to analyze structural 

variants using the Pacbio subreads aligned to a reference genome. 

2.5.6 Fluorescence-activated cell sorting and clone propagation 

Cells were lightly trypsinized, pelleted at 200xg for 3 minutes, and 

resuspended in Cell sorting buffer (1x DPBS (Ca/Mg++, pH 7.0-7.4), 10mM 

HEPES (Gibco, Cat. #15630080), pH 7.0, 0.1% Bovine Serum Albumin, 

(Invitrogen, Cat. #AM2616), and 2.0 ng/mL DAPI (4′,6-diamidino-2-phenylindole, 

used as a vital stain)), passed through a 40µm filter and diluted to 1.0-3.0E6 

cells/mL. Cells were taken to the Rockefeller Flow Cytometry Resource Center 

and loaded into a FACS AriaII (BD Biosciences). Live (DAPI-free) cells were 

sorted by desired fluorescent intensity. Samples were either sorted in bulk 

(purified) or single (clonal) cells, index-sorted into a 96-well plate containing 

100µL conditioned, filtered complete media from CFS414 cells. 

For purified samples, the sorted cells were washed twice with complete 

media with 5x antibiotic-antimycotic and plated onto a 10cm dish. For clonal 



 

 

  76 

samples, plates were incubated at 37°C, 5% CO2. An additional aliquot of 

complete media (50µL) was added 72 and 168 hours after sorting. After 11 days, 

colony formation was assessed on an inverted microscope. Suitable clones were 

harvested for expansion after reaching an adequate colony size for passaging (at 

least 1/4th of the well surface).  

2.5.7 gRNA cutting assays 

The LacZ and GFPg1 gRNAs were selected for minimal zebra finch genome 

sites for potential off-target cutting using GT-Scan (O'Brien & Bailey, 2014). For 

gRNA sequences, see Table 3.4. Oligonucleotides (Integrated DNA Technologies) 

of the gRNA sequence were then annealed and ligated into the Cas9 AAV 

vectors using protocols from the MIT Zhang lab website (genome-

engineering.com). Cells were lipofected with pMB952, pMB1052, and pCyL43 

and purified with Geneticin 48 hours later (Gibco, Cat. #10131027). Prior to 

imaging, cells were washed with complete media containing 100ng/mL Hoescht 

33342 (Invitrogen, Cat. #H3570). To assess GFP signal, cell nuclei were counted in 

ImageJ (version 2.0.0-rc-69/1.52p), then co-localized with GFP signal to determine 

percentage of total cells. Significance was determined by a Student’s two-tailed t-

test. 
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3 Strategies to investigate specialized gene expression 
and function in a songbird song nucleus, HVC 

Gregory Gedman (The Rockefeller University) assisted in sequence determination 

and transcriptomic profiling of the SAP30 and SAP30L genes (section 3.2.1) 

3.1 Introduction and Motivation 

The acquisition and maintenance of birdsong is analogous to human speech 

on the behavior, circuit, and even the molecular levels (Jarvis, 2019). 

Comparative analysis of the transcriptomes of avian and mammalian vocal 

learning brain regions demonstrated a convergent suite of differentially 

expressed genes (DEGs) in song and speech regions compared to surrounding 

areas, a property that was not seen in closely related vocal non-learners 

(Pfenning et al., 2014). The convergent DEGs are 50-90 per brain region, and 

species specific DEGs can number in the hundreds (Gedman, in preparation; 

Lovell et al., 2008).  

The wealth of transcriptomic characterization within the zebra finch song 

system provides a first step toward understanding the neural substrates of the 

complex behavior. However, a working understanding the spatial and cell type 

expression, as well as elucidating the specific role these genes play in the song 

system is still needed.  
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As mentioned in the introduction, recent advances in genome editing 

techniques using clustered regularly interspaced short palindromic repeats 

(CRISPR) Cas9 proteins have had promising results in efficiently developing 

targeted genome manipulations across a broad phylogenetic span. The careful 

design of gRNA and Cas9 constructs for use in virus as a mediator of local 

manipulation in vivo (Ran et al., 2013; Swiech et al., 2015) represents a powerful 

tool for manipulating the genome. This system has yet to be investigated in the 

songbird, though the technology has been applied in insects (Trible et al., 2017), 

primates (Y. Niu et al., 2014), and Galloanserae species (Oishi et al., 2016), 

providing strong support for the conservation of its activity in songbirds. 

One region to begin assessing the role of these DEGs through genome editing 

technology is the HVC song nucleus, as it is a large and easily accessible region 

near the dorsal surface of the brain. More importantly, it also acts as the nexus of 

the song circuit, receiving auditory inputs and vocal motor feedback (Figure 1.3). 

Cells in HVC cooperate to generate the precise sequence and timing of song 

(Hahnloser, Kozhevnikov, & Fee, 2002), sending sparse, high-frequency spike 

bursts through projections to the RA song nucleus, which correlate to particular 

parts of the zebra finch’s song in a time-locked manner (Figure 1.3) (M. A. Long 

& Fee, 2008). These reasons make HVC an attractive initial target for the 
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establishment of protocols to manipulate song system DEGs and study their role 

on expression, connectivity, and behavior. In this chapter, I further characterized 

three song circuit DEGs for their cell-type specificity and explored methods for 

knocking down these genes in vivo. Background on these genes is described 

below. 

3.1.1 SAP30 and SAP30L 

The Sin3-associated protein, 30kDa (SAP30) gene forms part of the histone 

deacetylation complex (HDAC), interchangeably with its paralog SAP30-like 

(SAP30L) (Laherty et al., 1998; Viiri et al., 2006; Y. Zhang et al., 1998). Both of 

these genes are known to engage in non-specific binding to DNA, bending it to 

increase adjacent histone proximity to the protein complex (Viiri, Jänis, et al., 

2009a). This function enhances HDAC-mediated deacetylation of larger genomic 

areas, repressing gene transcription. These proteins also contain a binding 

domain for phosphatidylinositol monophosphates (PIPs), overlapping the 

nuclear localization signal (NLS). The binding of this domain inhibits the NLS 

signal, causing SAP30 and SAP30L to be expelled from the nucleus and 

preventing its role in epigenetic regulation. PIP levels are known to increase in 

the nucleus following oxidative stress, making SAP30 and SAP30L redox-

dependent de-repression proteins (Viiri, Mäki, & Lohi, 2012).  
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The divergence of SAP30 and SAP30L occurred after the emergence of 

amniotes, with yeast and fish clades only containing the SAP30L gene (Viiri, 

Viiri, et al., 2009b). SAP30L-null yeast strains are viable, though morpholino-

mediated SAP30L knockdown in zebrafish demonstrate significant 

developmental abnormalities, particularly cardiac deficits and erythropoiesis 

(Teittinen et al., 2012). The knockdown of this gene also altered the expression of 

key genes in the TGF-b, Wnt, and BMP signaling pathways, highlighting its role 

as an upstream regulator of several key biological processes. While these genes 

have been studied extensively in the context of molecular biology, little is known 

about the roles played by SAP30 and SAP30L in the nervous system beyond their 

expression profiles. 

SAP30 was one of the only upregulated genes coding for a nuclear protein 

upregulated in the RA song nucleus and human laryngeal motor cortex (LMC) in 

microarray analyses (Pfenning et al., 2014). The expression of SAP30L is also 

shown to be dynamically upregulated in several song nuclei across development 

(Olson, Hodges, & Mello, 2015). Many DEGs in the song system are down-

regulated relative to the surrounding area, implying specialized repression 

somewhere upstream. As well, activity-dependent gene expression in the song 

system is also specialized (Horita et al., 2012). Altogether, these findings present 
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SAP30 and SAP30L as strong candidates for further characterization in the zebra 

finch. 

3.1.2 Zeb2 

The zinc-finger E box binding homeobox 2 (Zeb2), also known as SMAD 

associated protein 1 (SIP1), is a transcription factor shown to be expressed in the 

HVC song nucleus (Lovell et al., 2020; Lovell et al., 2008) and human laryngeal 

motor cortex (Gedman, in preparation). In humans, mutant Zeb2 represents one 

of two alleles causing Mowat-Wilson Syndrome (MWS), which is identified by 

profound verbal dysfunction, as well as other severe developmental and 

neurological abnormalities including microcephaly and an absence of adrenergic 

innervation of the bowel (Hirschsprung’s disease) (M. P. Adam et al., 2006; 

Hegarty, Sullivan, & O’Keeffe, 2015). It has multiple known roles in the nervous 

system based on its cell-type expression, such as fate determination in cortical 

interneurons (McKinsey et al., 2013), and axon growth and intracortical 

connectivity in mouse excitatory projection neurons (Srivatsa et al., 2015). ZEB2’s 

role or cell-type specific expression in the songbird HVC is unknown. 

3.1.3 Parvalbumin 

Another highly upregulated protein seen in vocal learning brain regions 

across multiple independently evolved vocal learning species was Parvalbumin 
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(PV) (Hara et al., 2012; Pfenning et al., 2014; Chakraborty et al., 2015). PV is a 

small protein containing 3 calcium-binding EF hand domains, whose expression 

is characteristic of mature, high-activity cells such as fast-spiking interneurons 

(Schwaller, 2010). As a calcium buffer, PV acts as a neuroprotectant binding 

excess free calcium in the cytoplasm that would induce excitotoxicity (Van Den 

Bosch et al., 2002). Compared to other calcium buffers, PV has slow-onset 

binding of calcium, which does not affect the initial rise in intracellular calcium 

following an action potential but instead accelerates the initial phase of 

intracellular calcium decay. A slow calcium unbinding rate of PV further extends 

the rate of the late phase, creating a characteristic biexponential rate of 

intracellular calcium decay in PV+ cells. As a result, this altered regulation of 

intracellular modifies calcium dependent neuronal processes. The knockout of 

PV in mice saw altered demographic burst firing patterns in thalamic neurons 

(Albéri et al., 2013) and the prevention paired-pulse facilitation in Purkinje cells 

(Caillard et al., 2000) and hippocampal interneurons (Vreugdenhil et al., 2003) 

following certain spike train frequencies. PV knockout was also shown to alter 

short term plasticity in Purkinje cells (Collin et al., 2005). PV has also been shown 

to be expressed in certain populations of projection neurons, which have been 
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shown to play important roles in locomotion, vocalization, and pain sensation 

(Roccaro-Waldmeyer et al., 2018).  

In vocal learning birds, the specialized PV expression is seen in the pallial 

neurons (zebra finch RA, HVC, and LMAN) (Hara et al., 2012). In RA, the 

specialization is in the projection neurons that synapse onto the syringeal motor 

neurons (Figure 1.3) (Wild, Williams, & Suthers, 2001), likely due to the cell’s 

characteristically high-frequency tonic firing activity and higher phasic firing 

levels (Spiro, Dalva, & Mooney, 1999). In HVC, PV expression is known to 

increase in HVC cells with the formation of perineuronal nets and song template 

maturity (Balmer et al., 2009). In the adult HVC, PV expression is high, as are 

other calcium binding proteins (Wild et al., 2005). Particularly, HVC is marked 

by a few large PV+ interneuron perikarya (cell bodies) and a strong “haze” of 

neuropil expression not seen outside of the song nucleus (Braun et al., 1985; Wild 

et al., 2005; Zuschratter, Scheich, & Heizmann, 1985). In these studies, PV could 

not be conclusively identified in the cell bodies of HVCRA or HVCX neurons that 

project to RA and Area X, respectively; though differential levels of PV antibody 

signal can be noted at high magnification in Zuschratter et al., 1985, and PV 

signal seen in the descending nerve fibers to RA (Wild et al., 2005). PV mRNA 

labeling by in situ hybridization suggests higher levels of mRNA expression in 
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many cell bodies in the pallial song nuclei (Hara et al., 2012). The exact role of PV 

in the song system is unknown, though the precise and high-frequency firing 

character and specialized connectivity would suggest particular roles of PV in 

neuroprotection and altered cell firing dynamics. 

3.2 Results 

3.2.1 Determination of the complete zebra finch SAP30 and SAP30L 
protein coding sequences 

The goal of this project was to refine the expression profile of DEGs in the 

song system, explore the function of the genes in the context of the zebra finch 

cell, and generate gRNAs to target the gene for ablation in the in vivo song 

system. However, the quality of the zebra finch sequence from the animal 

Black17 (Warren et al., 2010) left many gene annotations incomplete due to contig 

gaps from poor coverage, including the SAP30 and SAP30L genes. A re-sequence 

of the Black17 genome using Pacbio long-read sequencing technology (Korlach et 

al., 2017) demonstrated a 150-fold improvement in read coverage, allowing my 

colleague, Greg Gedman, and I to predict and extract the complete sequences of 

SAP30 and SAP30L based on the known, orthologous human sequence (Figure 

3.1).  



Figure 3.1 Sequence alignment of zebra finch SAP30 and SAP30L from Sanger and Pacbio assemblies. The original Sanger-
based sequence of the zebra finch contained incomplete annotations of a large portion of the N-terminal end of SAP30, and 
smaller portions of the C- and N-terminal ends of SAP30L, due to contig gaps in the assembly. The full sequence was extracted 
from Pacbio-based sequence and predicted exon sequences were aligned to the human exon 1 and exon 2 sequences. These new 
zebra Pacbio sequences align well to the human SAP30 and SAP30L protein sequences. Alignments were prepared using the 
Multalin tool (Corpet, 1988). 
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Utilizing these corrected annotations, RNA sequencing (RNA-seq) data taken 

from laser-capture microdissected tissue showed that actually SAP30 is not a 

DEG in the song system, while SAP30L does show differential expression in all 

telencephalic song nuclei, including Area X (Figure 3.2), aligning with mRNA 

expression patterns determined by in situ hybridization (Olson et al., 2015). This 

finding exposed an error in the initial microarray dataset (Pfenning et al., 2014), 

with one oligonucleotide sequence aligning near the SAP30L gene locus being 

misannotated as SAP30. With these findings in mind, only SAP30L was 

considered for characterization in the zebra finch song system. 
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Figure 3.2 SAP30L, but not SAP30, is differentially expressed in the song system. RNA-
seq data from the laser-capture microdissected tissue demonstrates low expression of 
SAP30 (left) in song nuclei and the surrounding brain tissue, while SAP30L (right) is 
differentially expressed across all song nuclei compared to surrounding regions. FPKM, 
fragments per kilobase of transcript per million mapped reads. * denotes significance, p 
<0.005 (Area X, HVC, RA n=5; LMAN n=4). 

3.2.2 Conditional cytoplasmic shuttling of zebra finch SAP30L 

Determining the complete cDNA sequence of zebra finch SAP30L allowed for 

the generation of a lentiviral constructs to test the shuttling of the protein from 

the nucleus into the cytoplasm (Viiri, et al., 2009a). This GFP-SAP30L 2fusion 

construct (pMB204) was transduced into CFS414 cells (See section 2.3.3).  

To assess cytoplasmic migration, cells were challenged with 1mM H2O2 for 15 

minutes, washed with normal media, and after four hours of recovery fixed with 

4% PFA in 1xPBS. The H2O2-treated CFS414-pMB204 cells showed a nearly 3-fold 

increase in cytoplasmic SAP30L localization compared to control cells (Figure 
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3.3B,C), demonstrating a conservation of this gene’s behavior between human 

and finch orthologs. Cells with strongly cytoplasmic label in the control group 

had DAPI signal characteristic of metaphase and anaphase cell cycling, when the 

nuclear envelope is not present and the chromosomes are highly condensed 

(Figure 2.6). Similar numbers of metaphase and anaphase cells were observed in 

the H2O2 condition, with increased cytoplasmic signal as well.  

Figure 3.3 SAP30L localization in zebra finch cells is affected by oxidative stress. (A) 
The pMB204 GFP-SAP30L construct is illustrated. (B) DAPI labeled CFS414-pMB204 cells 
under control (left) or H2O2-mediated oxidative stress (right) conditions. Arrows denote 
cytoplasmic localization. (C) Percent of CFS414-pMB204 cells showing in H2O2 and no 
condition. * denotes significance, p < 0.006. Cells imaged at 40x magnification, scale bar = 
20µm. 

To see whether this shuttling behavior also occurred in the brain, the pMB204 

GFP-SAP30L fusion plasmid was transfected into primary zebra finch cortical 
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neurons from PHD 0 hatchlings, cultured 6 days in vitro (DIV6). As neurons are 

post-mitotic, the introduction of episomal plasmid DNA provided consistent 

expression across transfected cells without construct dilution by cell division. By 

DIV8, neurons showed a higher baseline variation in cell localization compared 

to CFS414 cells (Figure 3.4), and challenging them with 1mM H2O2 or NMDA ion 

channel glutamate receptor agonist for 15 minutes increased the percent of 

cytoplasmic expression in neurons compared to unconditioned neurons, where 

no change occurred with blockers of neuronal activity (for a list of inhibitors, see 

Table 3.1) 
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Figure 3.4 NMDA-mediated cytoplasmic SAP30L shuttling in songbird neurons. (A) 
MAP2 and DAPI labeled primary cultured neurons transfected with pMB204 plasmid 
showing nuclear (top left) or process (bottom left) localization of GFP-SAP30L. (B) 
Assessment of GFP localization for no condition, ion channel inhibition (†, for inhibitors, 
see Table 3.1), challenge with 1mM H2O2 or 50µM NMDA (‡, Table 3.1). * denotes p < 0.05 
and ** p < 0.005 on a two-tailed Student’s t-test. Cells imaged at 40x magnification, scale 
bar = 20µm.  

 

 

Table 3.1 Treatment schedule for GFP-SAP30L cytoplasmic shuttling assay.  
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This concentration of NMDA has been shown to induce excitotoxicity in 

primary rat neuron cultures (Zhou et al., 2013), as NMDA activates glutamate ion 

channels, inducing neuronal firing. These results demonstrate that SAP30L is 

responsive to sources of neuronal stress, both oxidative and excitotoxic, implying 

a potential role for neuroprotection through localization-dependent gene 

expression in the highly active zebra finch song system. 

3.2.3 Specialized gene expression in excitatory projection neurons of 
the HVC song nucleus 

The transcriptomic analyses previous employed the song system identify 

gene specialization across an entire region, though it does not identify the 

specific cell types, as particular genes may occupy different specializations in 

different cell types. In knowing what cells in the song nucleus are expressing 

these genes can inform which known roles they may be performing.  

 To resolve possible cell type specializations, I labeled zebra finch male brain 

sections with 3 DEG genes, SAP30L, ZEB2, and PV in a few pilot animals. These 

sections were also co-labeled either for inhibitory interneurons that synthesize 

the g-amino butyric acid (GABA) with glutamic acid decarboxylase, 67kDa 

(GAD1) and 65kDa (GAD2) genes, or excitatory neurons the synthesize vesicular 

glutamate transporter 2 (VGLUT2) (Takamori et al., 2000). I used both the GAD1 



 

 

 

  92 

and GAD2 markers in tandem, as their expression patterns do not fully overlap 

in mammalian brain (Pinal & Tobin, 1998) as well as the zebra finch brain (Lovell 

et al., 2020), risking incomplete identification of GABAergic cells with only one of 

these genes. 

In HVC and the surrounding nidopallium, the GAD1/GAD2 interneuron 

populations were characterized by large, distributed cells with high levels of 

expression, as well as smaller cells with lower levels of expression (Figure 

3.5,Figure 3.6, Figure 3.7, top halves). The high-expressing interneurons appear 

larger in HVC compared to the surrounding region. VGLUT2 was also expressed 

in a semi-distributed fashion in the nidopallium with some clustering (Figure 3.5, 

Figure 3.6, Figure 3.7, bottom halves). This clustering is more apparent in HVC.  
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Figure 3.5 SAP30L has specialized upregulation in HVC excitatory cells. SAP30L mRNA 
overlap with GAD1 and GAD2 GABAergic markers, and VGLUT2 glutamatergic markers 
in HVC and the surrounding Nidopallium. Arrows denote exemplary signal overlap. 
Imaged at 40x magnification, scale bar = 20µm. 
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Figure 3.6 ZEB2 upregulation in HVC is limited to excitatory cells. ZEB2 mRNA overlap 
with GAD1 and GAD2 GABAergic markers, and VGLUT2 glutamatergic markers in HVC 
and surrounding Nidopallium. Yellow arrows denote exemplary signal overlap. Imaged 
at 40x magnification, scale bar = 20µm. 
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Figure 3.7 PV has specialized upregulation in HVC excitatory cells. PV mRNA overlap 
with GAD1 and GAD2 GABAergic markers, and VGLUT2 glutamatergic markers in HVC 
and surrounding Nidopallium. Arrows denote exemplary signal overlap. Imaged at 40x 
magnification, scale bar = 20µm. 
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SAP30L in the surrounding nidopallium overlapped with GABAergic and 

glutamatergic cells (Figure 3.5). In HVC, SAP30L was also present in GABAergic 

cells, but is elevated in the glutamatergic neurons, showing specialization. ZEB2 

was expressed at very low levels in some inhibitory and excitatory cells in the 

surrounding nidopallium, but is almost exclusively and robustly expressed in 

excitatory cells of HVC (Figure 3.6). Provided the known role of ZEB2 in axonal 

growth of excitatory neurons (Srivatsa et al., 2015), and the regeneration of 

neuronal projections in the adult song nuclei of songbirds (Alvarez-Buylla et al., 

1988; Tokarev et al., 2016), this expression pattern may indicate a role in forming 

and maintaining the descending projections of HVC. PV expression, which is 

typically associated with expression in GABAergic interneurons (Schwaller, 

2010), appeared to have high expression levels in GAD1/GAD2 labeled cells in 

both the nidopallium and HVC (Figure 3.7). However, these cells are a minority 

of the total PV+ population in HVC, with the majority of smaller PV cells 

showing lower expression in excitatory VGLUT2 cells, which were also identified 

in the surrounding nidopallium, though at lower levels. These glutamatergic PV+ 

cells in HVC formed similar clusters to those seen in SAP30L and ZEB2. Further 

work to quantify and increase the number of animals assessed will be pursued in 

the future. 
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To determine whether PV was expressed in HVCRA or HVCX excitatory 

projection neurons, I injected a fluorescein-conjugated dextran (FITC-Dextran) 

retrograde tracer into the Area X or RA song nuclei of adult male zebra finches 

for uptake by the axon terminals of projecting HVC neurons and then co-labeled 

with mRNA riboprobes. Little PV mRNA expression was seen in labeled HVCX 

neurons, while all of the labeled HVCRA neurons observed showed overlapping 

PV expression (Table 3.2). While this represents only a small pilot study of 

animals, this finding is in conjunction with antibody-labeling data in the HVC 

song nucleus, which noted PV protein signal in the descending nerve fibers from 

HVC to RA (Wild et al., 2005).  
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Figure 3.8 Parvalbumin mRNA is present in HVCRA projecting neurons. Animals were 
injected with 10% fluorescein conjugated dextran (FITC-Dextran, green) in either (A) the 
Area X  or (B) RA song nuclei. Imaged at 40x magnification, scale bar = 20µm. 

 

 
Projection 

neurons labeled 
PV-positive projection 

neurons ± SD 
HVCRA 121 100 ± 0.0 % 
HVCX 94 5.4 ± 1.2% 

 
Table 3.2 Percent of PV expression in HVC projection neurons 

3.2.4 Testing DEG antibodies for immunohistochemistry 

While specialized mRNA expression levels have been well characterized 

within the zebra finch song system through transcriptomics, many of the 

corresponding proteins have not been characterized for their expression. This is 

largely a result of many commercial antibodies targeting amino acid sequences 

not conserved in the zebra finch ortholog, with many of them failing to provide 
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accurate signal. Even so, mRNA signal is not exactly correlative of protein levels 

in cells, confounded by RNA silencing and other cellular mechanisms (Y. Liu, 

Beyer, & Aebersold, 2016). 

I tested several SAP30L antibodies by overexpressing GFP-SAP30L and 

control GFP vectors in HEK293T cells, then ran cell protein lysates on a Western 

Blot. Antibodies targeting SAP30L and GFP overlapped on an expected 49 kDa 

band (GFP is 27 kDa and the zebra finch SAP30L is 22 kDa) (Figure 3.9A). 

However, several other bands were labeled in the cell lysate, showing non-

specific reactivity.  
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Figure 3.9 Assessment of commercial antibodies raised against SAP30L and ZEB2. (A) 
Western blot of chicken anti-GFP (green) goat anti-SAP30L (red) labeling whole protein 
lysates of HEK293T cells expressing either GFP or GFP-SAP30L. The antibodies overlap 
in the GFP-SAP30L lane, though several non-specific bands are noted in red. (B) 
Immunohistochemistry of zebra finch RA song nucleus with rabbit anti-SAP30L, showing 
the opposite signal of in situ hybridization signal. (C) Image of goat anti-ZEB2 antibody 
in the HVC song nucleus and surrounding nidopallium. Scale bars = 200µm. 

 

Despite attempts at antigen retrieval with sodium citrate buffer (Jiao et al., 

1999) and varying of antibody concentration, the same SAP30L antibody raised 

in goat did not show signal by immunolabeling of brain tissue (data not shown). 

Another commercially available anti-SAP30L antibody, raised in rabbit, 

appeared to label the inverse expression pattern of the mRNA signal in the RA 

song nucleus (Figure 3.9B). This may be due to shared residue identities with 

other genes, such as Copine-2 (CPNE2), which is differentially downregulated in 
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the RA song nucleus (Lovell et al., 2020). Correspondence with commercial 

antibody firms determined that many of the ideal zebra finch SAP30L candidate 

sequences for generating custom antibodies shared high identity with other 

zebra finch protein sequences. Further investigation was not continued to 

procure a viable antibody for SAP30L immunohistochemistry in the zebra finch.  

Antigen retrieval techniques (described in section 3.4.3.3), however, did work 

for a pilot test of ZEB2 immunolabeling, as an antibody against ZEB2 raised in 

goat, showed higher label in HVC relative the surrounding nidopallium (Figure 

3.9C). 

For the zebra finch PV protein, a monoclonal anti-PV antibody raised in 

mouse has been shown to work by immunohistochemistry (Balmer et al., 2009; 

Celio et al., 1988; Wild et al., 2001, Wild et al., 2005), with the antibody exhibiting 

strong labeling of the HVC, both in cell bodies and the neuropil of the song 

nucleus.  As described in Wild et al., 2005, and further documented in Figure 

3.10, HVCRA nerve fiber bundles also express PV, indicative of PV protein 

translation in excitatory HVC neurons. PV signal was not observed in the nerve 

fiber bundles projecting to Area X. By co-labelling zebra finch brain sections with 

PV riboprobes (mRNA) and antibody (protein), it is apparent that many of the 

mRNA labeled nuclei are not overlaid with distinct PV protein signal in the 
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perikarya (Figure 3.11). Given the high PV signal in the HVC neuropil, lower 

signal levels are difficult to resolve, though some cells do appear to have very 

low levels of protein signal outlining neuronal structures under high 

magnification and at certain focal planes. However, in Figure 2 of Zuschratter et 

al., 1985, thin (1µm) sections of HVC show multiple apparent populations of PV+ 

cells, with different expression levels. While the results here support excitatory 

PV specialization initially hypothesized by noting the PV antibody signal in 

bundled HVCRA axons (Wild et al., 2005), it is not clear that these excitatory cells 

have significant levels of PV protein in the perikarya. The source of PV 

expression in the HVC neuropil expression is still unresolved.  
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Figure 3.10 PV antibody signal in the posterior zebra finch brain. White boxes highlight 
HVCRA and HVCX nerve fiber bundles. Imaged at 4x magnification on an inverted 
microscope, scale bar = 1mm.  
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Figure 3.11 Co-label of PV mRNA and protein expression in HVC. (A) 10x confocal 
microscope image of PV mRNA labeling riboprobe (green) and mouse anti-PV 
immunolabeling (purple) on HVC brain sections. The yellow square corresponds to the 
higher 40x magnification images in (B). Yellow arrows in the right image denote low 
intensity PV antibody signal overlaying the DAPI nuclear stain in PV mRNA-positive 
cells, in a higher scaled up image. Imaged through the focal plane on a confocal 
microscope and flattened by maximum intensity z-projection. Scale bars = 50µm. 
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3.2.5 in vitro testing of gRNAs against zebra finch DEG sequences 

A critical experiment in understanding the role of genes with specialized 

expression in the song system is to determine the deficit characteristics resulting 

from the gene’s absence. One unexplored method that would allow for this in the 

zebra finch is the CRISPR-Cas9 genome editing system. In the remainder of this 

chapter, I detail my use of CRISPR genome editing system in zebra finch brain, 

specifically using the S.aureus bacterial Cas9 gene (SaCas9) (Ran et al., 2015) 

transduced through AAV constructs.  

DEG-targeting gRNAs were designed, in vitro transcribed, and bound to 

recombinant SaCas9 protein to form a ribonucleoprotein (RNP) complex. 

Linearized plasmid DNA constructs coding for GFP-SAP30L (pMB204) or GFP-

PV (named pMB512) were incubated with the RNP complex. I found that gRNAs 

against SAP30L exons 1 or 2 cut the those exons in vitro, but not PV DNA (Figure 

3.12A). Conversely, 2 of 3 gRNAs against PV exons 1 and 2 cut the PV-coding 

sequence, but not the SAP30L-coding sequence. Further analysis of gRNA 

PVg2.2 showed that this sequence contained a long string of thymidine base 

pairs (Figure 3.12B), potentially acting like a polyA termination signal and 

preventing proper transcription. The GFPg1 gRNA (described in section 2.3.4) 

showed cutting of both plasmids in the GFP sequence, while a LacZ control 
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gRNA did not cut the plasmids, as they both lacked the target sequence (Figure 

3.12A). Future efforts will further assess these gRNAs on the CFS414 cell line 

(Chapter 2). 

 

Figure 3.12 in vitro cutting by SaCas9 of zebra finch SAP30L and PV protein coding 
DNA sequences. (A) Agarose gel of NotI-linearized plasmid DNA containing GFP fused 
to the zebra finch SAP30L or PV genes following incubation with SaCas9 protein and in 
vitro transcribed gRNAs. All gRNAs induced cleavage of the relevant target DNA, except 
for PV exon 2, gRNA 2 (PVg2.2, in grey). LacZ-gRNA 1 (LacZg1.1), whose target sequence 
was not present in the plasmids, was used as a negative control. (B) Illustration of PV-
targeting gRNAs (PAM region in red) relative to the equivalent amino acid residue of the 
PV protein. White arrows show direction of gRNA, and red bars represent exon divisions. 
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I decided to proceed with PV for in vivo animal investigations, due to the lack 

of a good SAP30L antibody to measure in situ protein loss, and PV’s extensive 

characterization in the zebra finch (Balmer et al., 2009; Braun et al., 1985; Hara et 

al., 2012; Wild et al., 2005; Zuschratter et al., 1985) made it suitable for a proof of 

concept experimental subject. PVg2.1 was selected for in vivo injection into HVC 

as it targeted the middle of the calcium binding EF hand domain on exon 2 

(Figure 3.12B).  

3.2.6 CRISPR-Cas9 mediated ablation of PV in HVC song nucleus 

The PVg2.1 and LacZg1 gRNAs were ligated into one of two Cas9 AAV 

serotype 2 backbones, one driven by the ubiquitous cytomegalovirus promoter 

(CMV), and the other driven by the pan-neuronal human Synapsin 1 promoter 

(hSyn1), and packaged with Adeno-associated virus serotype 9 (AAV2/9) (Figure 

3.13). Based on the relative efficiency shown in previous publications (Heston & 

White, 2015; Tanaka et al., 2018; Yazaki-Sugiyama et al., 2014), the AAV2/9 

serotype was chosen for pseudotyping these constructs, with the viruses being 

produced by the Viral Vector Core at Janelia Farms. The titers of these viruses 

ranged from 1-5 x1013 gc/mL. 
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Figure 3.13 Viral constructs injected into HVC. AAV2 constructs containing SaCas9 
under the CMV or hSyn1 promoters, with gRNA cassettes 3’ of SaCas9 for targeting PV 
or LacZ. Abbreviations: ITR, inverted terminal repeat; 3xHA, human influenza 
hemagglutinin epitope tag; bGH-pA, bovine growth hormone polyadenylation signal; 
hU6, human U6 promoter. 

 

One of the four viral constructs were injected into the left hemisphere of 24 

animals (6 per construct), after which they were divided up into groups and 

sacrificed at 1 or 2 months. Animals injected with the PVg2.1 constructs were 

genotyped using blood collected during the surgical injection, to assess for single 

nucleotide polymorphisms (SNP) over the PV-gRNA target. A rare, synonymous 

SNP occurring near the 3’ end of the gRNA was found in 3 animals, which were 

noted or excluded in subsequent analyses. 

The quality of injections and the subsequent histological signal obtained were 

subject to a number of factors, including the construct used and its viral titer, 

accurate targeting of the HVC song nucleus, perfusion quality, and batch effects 

of the histological preparation – particularly fluorescent in situ hybridization. 
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Both time points were able to be assessed in a minimum of two animals for each 

construct. Potential methods for sample loss mitigation are further explored in 

the discussion.  

To assess the efficacy of the AAV constructs to deliver Cas9 into PV 

expressing cells, sections were co-labeled with anti-sense SaCas9 and PV 

riboprobes. One month and two months following injection, SaCas9 mRNA was 

visible in isolated cells in all animals injected, though some animals showed 

poorer transduction rates or apparent off-target injections, with low transduction 

occurring in the HVC song nucleus compared to the surrounding regions. 

Exemplary images of each construct for one month and two months are shown in 

Figure 3.14 and Figure 3.15, respectively. This SaCas9 signal was not apparent in 

the HVC of uninjected control animals (Figure 3.14, right column). 
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Figure 3.14 AAV2/9 injections into HVC after 1 month. Brain sections of HVC, co-
labeling SaCas9 (green) and PV (red). An uninjected control is shown in the right column, 
absent of any green SaCas9 signal. Images taken at 10x magnification through the z-plane 
and flattened by maximum intensity z-projection. Scale bar = 100µm.  
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Figure 3.15 AAV2/9 injections into HVC after 2 months. Brain sections of HVC, co-
labeling SaCas9 (green) and PV (red). Images taken at 10x magnification through the z-
plane and flattened by maximum intensity z-projection. Higher magnification images 
(right column) show overlap between PV and SaCas9 expressing cells, marked with white 
arrows. Scale bar = 100µm. 
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The rate of transduction in the 2-month timepoint animals were quantified 

over multiple sections. Between the two promoters, the difference in the average 

number of transduced cells per section varied across individual animals and was 

not significant between constructs (Figure 3.16A), owing in part to variability in 

the quality of the viral injection. It was noted, however, that the animals injected 

with the hSyn1-Cas9 constructs trended toward higher and more widespread 

expression levels compared to the CMV construct injection animals. While both 

constructs had overlapping SaCas9 and PV mRNA signal, the percentage of PV+ 

cells among those transduced by the hSyn1-Cas9 constructs were significantly 

higher (~37%) than those transduced by CMV-Cas9 (~21%) (Figure 3.16B). 

Heightened expression of SaCas9 in PV+ cells, coupled with qualitative 

observations of higher SaCas9 expression level on a cell by cell basis, suggest that 

the hSyn1 promoter is preferable for neuronal SaCas9 expression in the zebra 

finch HVC song nucleus. Colocalization difference between PVg1- and LacZg1-

containing constructs expressing Cas9 under the same promoter were not 

significant, suggesting that the PVg1 gRNA is not inducing nonsense-mediated 

RNA decay (NMD) of PV transcripts.   
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Figure 3.16 Quantification of AAV2/9 transduction in HVC at 2 months. (A) Average 
number of transduced cells per brain section, for animals injected with the 4 constructs at 
the 2-month timepoint. n is the number of sections quantified per animals. (B) Average 
percentage of transduced cells with PV mRNA expression. n is the number of transduced 
cells assessed per animal. * denotes significance, p = 0.012 and n.s. denotes not significant. 
† denotes animals with mutations in the gRNA target sequence.  
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I noted the PV and SaCas9 mRNA did not colocalize directly on top of each 

other, with PV expression in the cell body outside of the nucleus, while SaCas9 

overlaid the DAPI nuclear signal (Figure 3.15, right column). This may either be 

an artifact of the in situ hybridization protocol, or indicate a real difference in 

mRNA localization of cytoplasmic PV and nuclear SaCas9. SaCas9+ neurons 

were not identified as excitatory or inhibitory, though both small, low expression 

and large, high expression PV+ cells showed SaCas9 mRNA signal, suggesting 

expression in multiple cell types.  

From animals showing the best SaCas9 mRNA signal in the HVC song 

nucleus, adjacent sections were immunostained with PV antibody and assessed 

for regional knockout where SaCas9 signal was strongest (Figure 3.17). Some 

animals injected with the PV-targeted gRNAs, particularly those with high 

SaCas9 mRNA signal adjacent sections, showed apparent loss of the PV protein 

in cell bodies of HVC, with some dimming in the neuropil signal noted as well 

(Figure 3.17, white arrows). However, several LacZ-targeted animals also 

demonstrated deficient PV in HVC, with a loss of cell body and neuropil signal 

near the injection site, possibly indicating an effect of the surgery on PV 

expression. The uninjected RA song nucleus showed no clear loss of PV signal. 
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Figure 3.17 Protein signal following AAV-Cas9 injection. Brain sections of HVC, 
immunolabeled with PV (red) and DAPI (blue) at one month and two months. RA from 
the same animal as the 2 month HVC image is also shown as a control. Imaged at 10x 
magnification through the focal plane and flattened by maximum intensity z-projection. 
White arrows highlight apparent losses of PV in the HVC song nucleus. Scale bar = 100µm. 
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To quantify the loss of PV in the HVC song nucleus, the mean of signal 

intensity was collected from portions of HVC to measure for absolute signal and 

standard deviation to measure for the heterogeneity of the region. In this latter 

measurement, lower values correspond to less variability in PV signal, i.e. 

neuropil signal uninterrupted by higher perikaryon signal (Figure 3.18). The 

surrounding nidopallium was similarly assessed and used to normalize the 

antibody signal in HVC. Unfortunately, an accurate comparison across groups 

was hindered by a number of variable factors, including difficulties in 

normalizing antibody signal across animals with varying qualities of viral 

injection, perfusion quality, and antibody saturation. Thus, while individual 

animals appeared to show some loss of PV, PV knockout between groups could 

not be conclusively determined through immunolabeling alone. 
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Figure 3.18 Quantification of PV protein loss from SaCas9 AAV injections. Average 
mean intensity and standard deviation (mean heterogeneity) of intensity in HVC, divided 
by values of the surrounding nidopallium. LacZg1 targeted animals are outlined in green 
and PVg2.1 targeted animals are outlined in gold. 
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This uncertainty is exacerbated by individual differences in HVC 

cytoarchitecture. PV+ neuronal perikarya do not appear to follow a particular 

organization, confounding whether PV absence in a given region is natural or 

due to Cas9-mediated PV knockout. To address this, sections from a pilot study 

in a single animal – with hSyn1-PV injected in the left hemisphere and hSyn1-

LacZ in the right hemisphere and incubated for one month – were overlaid with 

Cas9 mRNA and PV antibody (Figure 3.19, A and B). Over several sections, a few 

SaCas9+ cells overlapped with PV+ perikarya in the hSyn1-LacZ injected 

hemisphere, which otherwise showed typical PV signal. In the hSyn1-PV injected 

hemisphere, certain sections showed fewer PV+ perikarya, with less overlap with 

SaCas9 mRNA signal. In over 600 transduced neurons for each hemisphere, 

colocalization with PV antibody signal in cell bodies was 4.1% in LacZ targeted 

animals (Figure 3.19C), while only 1.5% of hSyn1-PV transduced neurons only 

colocalized with antibody. This difference suggests Cas9-mediated ablation of 

PV signal in transduced neurons with PV+ perikarya. An apparent reduction of 

neuropil signal was also observed in areas with dense SaCas9 signal as well. 

Future work will overlay PV protein with SaCas9 mRNA across all experimental 

groups and quantify the reduction of PV in SaCas9+ neurons.  
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Figure 3.19 Overlay of SaCas9 mRNA and PV antibody in injected HVC. Exemplar 
images of HVC from the right (injected with hSyn1-LacZ) and left (injected with hSyn1-
PV) hemisphere HVC of a single zebra finch at (A) 10x magnification (scale bar = 100µm) 
and (B) 40x magnification (scale bar = 20µm). White arrows denote overlap of SaCas9 
mRNA and PV antibody. (C) Quantification of PV antibody colocalization in transduced 
HVC neurons. * denotes significance, p = 0.006.  
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3.3 Discussion 

In this chapter, I set out to scrutinize HVC and the differentially expressed 

genes of this song nucleus relative to the surrounding brain tissue. I succeeded in 

expanding our underlying knowledge of the SAP30L DNA binding protein’s 

functional role in the nervous system, as well as resolving the cell type specificity 

of SAP30L and two other DEGs, ZEB2 and PV. From this, I was able to test 

gRNAs against the zebra finch PV gene in vitro and assess delivery strategies of 

the CRISPR/Cas9 system in vivo.  

Before the release of the new zebra finch genome assembly, the determination 

of accurate gene sequences was a difficult process, particularly in obtaining 

accurate sequences of the N-terminus of the protein. The use of Pacbio 

sequencing technology to re-sequence Black17 animal and obtain the 5’ ends of 

the SAP30 and SAP30L genes provided a straightforward alternative (Korlach et 

al., 2017). The clarification of these genes further highlighted an error in previous 

transcriptomic analyses, showing that SAP30L, and not SAP30, was differentially 

expressed in the song system. 

The confirmation of the cell shuttling behavior of SAP30L in stimulated zebra 

finch neurons, coupled with its expression in excitatory neurons of the HVC song 

nucleus, implies a role for behaviorally driven gene expression through SAP30L 
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unbinding from the genome. This finding is supported by McCartney et al., 2014, 

which showed that PIP levels, the stimulant of SAP30L cytoplasmic shuttling, 

increase significantly following NMDA-mediated neuronal activity. SAP30L has 

been found to regulate several downstream targets, including many transcription 

factors and signaling pathways through knockdown strategies in zebrafish 

(Teittinen et al., 2012). The specialized upregulation of SAP30L in HVC 

excitatory neurons suggests SAP30L may have an activity-dependent effect on 

these pathways in the song circuit.  

Identifying the differential upregulation of PV and ZEB2 expression in 

excitatory HVC neurons narrows hypotheses related to the roles these genes play 

in the song system. In mammals, the ZEB2 is known to regulate axon growth and 

intracortical projections during development (Srivatsa et al., 2015). One 

possibility for this specialization involves the he regenerative property of the 

songbird vocal learning circuit, which may utilize ZEB2 in adulthood to maintain 

established connections formed during juvenile song development, adding to a 

list of other genes potentially involved in specialized axon guidance in the song 

system such as the Slit/Robo (R. Wang et al., 2014) and Semaphorin/Plexin 

(Lovell et al., 2008; Pfenning et al., 2014) ligand/receptor binding partners.  
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The combination of retrograde tracers with fluorescent in situ hybridization 

allows for further resolution of the projection neuron specialization, narrowing 

the focus of excitatory neurons to cells with particular anatomical projections. 

While this is the first instance, to my knowledge, of utilizing FITC-Dextran 

neural tracing in an in situ hybridization protocol, this concept has been 

previously applied using different retrograde tracers in the zebra finch. UTS2B 

mRNA was determined to mark HVCRA cells by fluorescent in situ hybridization 

in animals injected with Alexa488 conjugated cholera toxin subunit B (Z. W. Bell 

et al., 2019).  

The clustered cell formation seen in retrogradely labeled HVCRA neurons 

match the expression patterns seen in SAP30L+ and ZEB2+ HVC excitatory 

neurons. This suggests that, as in excitatory PV cells, these genes are also 

expressed in HVCRA cells. Further riboprobe co-labeling of these genes with 

retrogradely labeled neurons can test this hypothesis. Overall, the histology of 

these three genes enhances our understanding of specialized gene expression 

specific to HVCRA projection neurons. 

The availability of ZEB2 and PV antibodies make these genes more amenable 

to testable and characterizable manipulation. However, the lack of suitable 

antibodies for immunohistochemistry in the zebra finch, such as for the SAP30L 
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gene, is a significant hurdle for testing effective genome editing strategies, as 

confirmation of gene ablation by measuring mRNA expression is difficult. 

Verification of genome editing through other means, including cell culture 

cutting assays to verify high cutting accuracy and implied in vivo cutting, or 

population level protein comparison through western blots may be possible.  

AAV2/9 constructs were used to inject PVg2.1 or LacZg1 gRNAs with SaCas9 

under the CMV or hSyn1 promoters into the HVC song nucleus. Overlaying 

SaCas9 and PV mRNA by in situ hybridization showed some overlap between 

the two populations in HVC, with the hSyn1-Cas9 trending toward higher 

overall transduction levels per section in HVC, and higher rates PV+ expression 

in transduced cells. Some of this difference may be due to the established tropism 

of hSyn1 (pan-neuronal) compared to CMV (pan-cellular), as non-neuronal brain 

cells are not typically considered PV+ (Schwaller, 2010; Ren et al., 1992; but see 

Szabolsci & Celio, 2014). Further, the similarity of colocalization between the PV- 

and LacZ-targeting gRNA constructs suggests that the PV gRNA is not inducing 

NMD of PV mRNA transcripts (Popp & Maquat, 2016). Further characterizing 

mRNA levels and the presence or absence of NMD for other gRNAs against PV 

and other genes may be fruitful in confirming protein ablation in cells that 

otherwise transcribe the gene. 
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PV protein immunolabeling of injected animal brain sections suggested 

knockout by PV-targeting gRNAs in a few animals, compared to some LacZ-

targeting controls. However, clear identification of in vivo CRISPR-Cas9 

mediated protein ablation in HVC across populations was not conclusive. This 

may be due to a number of reasons, which I detail below.  

The method used for DNA cleavage by zebra finch targeting gene sequences 

showed on target editing of plasmid, but not against genomic DNA in a zebra 

finch cell. While the DNA sequence is the same in the cell nucleus as in vitro, 

other additional factors, such as nucleosome density, can adversely impact Cas9 

accessibility and cleavage efficiency (Yarrington et al., 2018). Accordingly, this 

PV-targeting gRNA has not been verified to cut in zebra finch cells and thus may 

not demonstrate high efficiency in vivo. I have previously attempted to show 

gRNA cutting in zebra finch primary cells (not shown), though difficulties with 

gene delivery and cell survival provided insufficient levels of cutting for 

determining efficiency. The generation of the CFS414 cell line in Chapter 2 can 

help address this deficit in optimizing methods of transfection and transgenic 

line propagation. Future testing of gRNAs in these cells will utilize techniques 

such as next-generation sequencing or amplicon mismatch cleavage assays to 

detect Cas9-mediated DNA cutting (Sentmanat et al., 2018). 



 

 

 

  125 

HVC is anecdotally considered a convenient target for injection in the zebra 

finch, as it is just below the dorsal surface of the brain. However, the zebra finch 

also is an outbred model species (Forstmeier et al., 2007), and the location of the 

song nuclei vary across individuals compared to the published stereotaxic 

coordinates (Karten et al., 2013; Nixdorf-Bergweiler & Bischof, 2007). In many 

animals injected, significant signal was seen outside of HVC, occasionally at 

higher levels than inside the song nucleus. This highlights that utmost care 

should be employed in targeting HVC correctly. In future injections, 

electrophysiology may be employed to confirm stereotaxic coordinates by 

intrinsic firing patterns of HVC, as was done in targeting RA with FITC-Dextran 

(see section 3.4.6), or by applying antidromic stimulation from RA or Area X 

(Hahnloser et al., 2002; Roberts et al., 2017).  

In some cases, PV signal appeared to be reduced in parts of HVC in LacZg1-

targeted animals. This deficit was generally coupled with dense DAPI signal 

disrupting the normal curve of the dorsal surface of the brain and a similar 

absence of PV mRNA signal in adjacent sections. As colocalization of SaCas9 and 

PV mRNA showed no effect of NMD on PV transcripts, this suggests a confound 

outside of the viral construct. In previous surgical injections, I noted that cranial 

removal using a dental drill often induced bleeding and damage to the dorsal 
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surface of the brain, and subsequently switched to a small scalpel. While 

meticulous care was taken in these injections to reduce damage to the surface of 

the brain, some bleeding was inevitable in several animals, and post-surgical 

trauma, immune response, or aberrant regrowth of the cranium may have also 

disrupted the normal cytoarchitecture of HVC. As PV is correlated with neuron 

maturity in HVC (Balmer et al., 2009), it is possible that the LacZg1 reductions in 

PV are the result of neuronal damage or death. Assays to assess cell death could 

clarify this potential cause in the future. Otherwise, later timepoints following 

injection may also mitigate this affect after further tissue repair is complete.  

 It has been previously reported that AAV transduction levels in zebra finches 

result in low transduction rates of the total cells within the injection area. In some 

cases, high-titer AAV have been shown to transduce up to half of the neurons in 

the zebra finch HVC (Heston & White, 2017), with the tropism of several AAV 

serotypes preferentially infecting HVCX projecting neurons (Düring et al., 2020; 

Heston & White, 2017) and interneurons (Dimidschstein et al., 2016; Roberts et 

al., 2012).  

However, no publications that I have found have shown quantifiable data of 

HVCRA transduction by AAVs, suggesting these cells maybe resistant to AAV-

mediated transduction. This represents another confound of preventing accurate 
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assessment of gene knockout in HVC due to differential cell type transduction, as 

HVCRA cells make up the majority of PV mRNA-expressing cells in HVC and, 

provided their relative quantity compared to other cell types in HVC (Tokarev et 

al., 2016; Wild et al., 2005), may represent a source of the neuropil expression. 

Going forward, the current AAV systems may be useful for targeting 

interneurons and HVCX-projecting neurons. While not assessed here, these cell 

types are also implicated in gene specialization in the song nuclei. For instance, 

the CRHBP gene is known to be upregulated in HVC interneurons (Wirthlin et 

al., 2015), convergent with CRHBP expression in several mammalian interneuron 

types (Ketchesin, Huang, & Seasholtz, 2017). Further, the HTR1B serotonin 

receptor subunit gene and SNCA gene are exclusively upregulated in HVCX 

neurons (Lombardino et al., 2006). This methodology expands our 

understanding of gene specialization beyond the tissue level and into its 

component parts, as specialized gene expression through in situ hybridization of 

retrogradely labeled cells may be useful in determining additional candidate 

DEGs are suitable for targeting in those populations. Future efforts to ablate 

genes in HVC, particularly in HVCRA neurons, should prioritize obtaining viral 

vectors that can express in all cell types of the song system.  
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Beyond transduction, improved protein detection techniques for Cas9 and 

endogenous targets should be prioritized. Identifying proper gene delivery 

through either in situ hybridization or immunohistochemistry was not ideal, as 

the transduction rates are generally not high enough in zebra finch to reliably 

knock out all cells in a given injection site. Attempts to label the SaCas9 protein 

or HA epitope tag using multiple different antibodies by immunohistochemistry 

have not been successful (not shown), requiring other methods of identifying 

SaCas9 expression. The pilot injection to target PV or LacZ in the same animal 

and co-labeling for SaCas9 mRNA and PV protein solves this uncertainty, further 

suggesting a loss of PV by the relative decrease in PV protein overlap in neurons 

transduced with the hSyn1-PV construct. This method can be applied to the 

injection groups to further validate Cas9-mediated ablation of PV on a cell by cell 

basis. Furthermore, as new commercial antibodies against Cas9 are released, they 

should also be characterized for labeling efficacy in zebra finch brain tissue. 

Overall, this chapter highlights the characterization of several genes in HVC, 

resolving their cell type expression and suggesting potential roles in the song 

system. The initial test of local Cas9-mediated genome editing in the songbird 

was modestly successful in determining cell transduction by AAV in HVC and 
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ablating the target gene in a few replicates. Furthermore, this test highlighted 

potential areas of improvement for local gene manipulation going forward. 

3.4 Methods 

3.4.1 Plasmid construction 

The generation of pMB204 is previously described in Section 2.5.2, and the 

pMB512 plasmid was similarly constructed, though utilizing a gBlock insert 

containing the zebra finch PV coding sequence. pX601-AAV2-CMV::NLS-

SaCas9-NLS-3xHA-bGHpA;U6::BsaI-sgRNA was a gift from Feng Zhang 

(Addgene plasmid # 61591; http://n2t.net/addgene:61591; RRID:Addgene_61591). 

pAAV.hSyn.eGFP.WPRE.bGH was a gift from James M. Wilson (Addgene 

plasmid # 105539; http://n2t.net/addgene:105539; RRID:Addgene_105539). 

pMB160 was constructed by digesting pX601 with XbaI and AgeI, then inserting 

the hSyn1 promoter from pAAV-hSyn-eGFP by Gibson cloning.  

DEG-targeting gRNAs were designed using GT-Scan (O'Brien & Bailey, 2014) 

and CRISPOR (Haeussler et al., 2016), selecting candidate targets based on 

location relative to protein domains and in silico scoring algorithms (Bae, Kweon, 

Kim, & Kim, 2014; Najm et al., 2018; Tycko et al., 2018). Oligonucleotides 

(Integrated DNA Technologies) of the gRNA sequences were annealed and 

ligated into the Cas9 AAV vectors using protocols from the Zhang lab website 
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(www.genome-engineering.org). The AAV2 constructs were amplified and 

purified using Maxi-prep (Qiagen, Cat. #12963) and sent to the Janelia Research 

Campus Viral Vector Core for AAV production with AAV serotype 9. The titers 

of AAV2/9 used ranged from 1-5 x 1013 gc/mL.  

3.4.2 Cell Culture and GFP-SAP30L cytoplasmic shuttling assay 

CFS414 cells were cultured under similar conditions described in section 

2.5.1. Cells were plated onto Poly-D-lysine chamber slides and then challenged 

with 0.0 mM or 1.0 mM H2O2 in fresh culture media for 15 minutes. Cells were 

then washed once with fresh culture media and incubated at 37°C. After 4 hours, 

cells were washed with 1xPBS and fixed for 15 minutes in in 4% PFA in 1xPBS. 

DAPI nuclear counterstain was conducted and the slides coverslipped with 

ProLong Diamond Antifade mounting medium (Invitrogen).To determine cell 

localization, untransduced cells were identified and used to normalize for 

background signal in the sample, and DAPI signal subtracted from GFP signal in 

transfected cells and cytoplasmic GFP signal in the remaining cells was counted. 

HEK293T cells were cultured and transduced in an identical fashion as CFS414 

cells (sections 2.5.1 and 2.5.2).  

For the culture of zebra finch neurons, an adapted protocol of mouse cortical 

neuron culture was used. Briefly, Hamburger-Hamilton stage 46 embryos or day 
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0 hatchlings were euthanized, followed by brain dissection and the removal of 

the meninges. The basal ganglia was approximately removed through bisection 

(C.-C. Chen et al., 2013) and the cortical regions were placed in 200 arbitrary 

units/mL papain (Worthington, Cat. #3126) for 5-7 minutes and then neutralized 

with trypsin neutralization solution (Sigma, Cat. #T9253). Neurons were then 

counted and plated onto Laminin-treated coverslips (Neuvitro, Cat. #GG-12-

Laminin) or Poly-D-Lysine treated cell culture vessels at a density of 50,000 

cells/cm2 in cortical plating media (Basal Medium Eagle (Sigma B1522), 0.6% 

Glucose, 10% (v/v) fetal bovine serum (Gibco, Cat. #21640079), 1x GlutaMAX 

(Gibco, Cat. #35050061), 1x Antibiotic-antimycotic (Gibco, Cat. #15240062)). One 

day after plating, media was removed and replaced with serum-free neurobasal 

media (Gibco, Cat. #21103049) with 1x B27 supplement (Gibco, Cat. #17504044), 

1x GlutaMAX, and 1x Antibiotic-antimycotic. 

Neurons were transfected at 6 days in vitro (DIV6) with pMB204 plasmid 

using Lipofectamine 3000 with the CombiMag reagent (OZ Biosciences, Cat. 

#KC30200) according to manufacturer’s instructions. At DIV8, cells were treated 

with cyanquixaline (CNQX, Sigma, Cat. #C127), DL-2-amino-5-

phosphonopentanoate (APV, Sigma, Cat. #A5282), Bicuculline (Sigma, Cat. 

#14340) and tetrodotoxin (TTX, Abcam, Cat. #ab120054) (Table 3.1). After 16 
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hours, neurons were challenged with either 1mM H2O2 for 15 minutes or 50µM 

NMDA for 1 hour, then allowed to recover for four hours in fresh media with 

inhibitors before being fixed. Cells were then labeled with 1:1000 mouse anti-

MAP2 (EMDMillipore, Cat. #MAB3418) then 1:250 goat anti-mouse Alexa594 by 

immunocytochemistry. The laminin coverslips were then counterstained with 

DAPI and placed onto Superfrost Plus slides with ProLong Diamond Antifade 

mounting medium (Invitrogen).  

3.4.3 Histology 

Fluorescent in situ hybridization on slide-mounted 12µm sections from 

freshly collected brain tissue were performed according to the techniques 

described in section 5.5.2.2.  

3.4.3.1 Free-floating brain tissue preparation 

Zebra finch males were transcardially perfused with ice cold 1xPBS, then 4% 

PFA in 1xPBS and relevant tissues were dissected from the fixed animal. Testes 

were collected and embedded immediately in OCT (Fisher Healthcare). Brains 

were fixed in 4% PFA in 1xPBS overnight at 4°C on a nutating mixer. Brains were 

then cryoprotected in 30% Sucrose solution until the brains settled at the bottom 

of the tube, after which they were embedded in OCT for sagittal sectioning. 
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Brains were sectioned at 40µm and placed in series into 1xPBS-0.02% Sodium 

Azide and stored at 4°C until use. 

For double-label immunofluorescence and in situ hybridization protocols, 

described in more detail below, suitable sections were additionally fixed in 4% 

PFA in 1xPBS for 5 minutes, washed twice in 1xPBS, and permeabilized in 0.4%-

1.0% Triton-X in 1xPBS for 20 minutes. Antigen retrieval was done at 65°C for 30 

minutes in 10mM sodium citrate buffer, pH 8.5 according to (Jiao et al., 1999). 

Sections were nuclear counterstained with 400ng/mL DAPI for 15 minutes, 

washed twice with 1xPBS, and mounted onto SuperFrost Plus slides (Fisher 

Scientific) and coverslipped with ProLong Diamond Antifade mounting media 

(Invitrogen).  

3.4.3.2 Free-floating double-label in situ hybridization 

RNA riboprobes for endogenous zebra finch genes were made from clones in 

Wada et al., 2006, or as part of the Songbird Neurogenomics Initiative in 

Replogle et al., 2008, listed in  

Table 3.3, using a method described in section 5.5.2.1. The SaCas9 riboprobe was 

generated from the pX601 plasmid using custom primers, with an adaptor for T7 

on the forward primer (GGA CCC CAT TCC AGT ACC TGA) and T3 on the 

reverse primer (AGG GAC AGC TTC ACG ACC TT).  
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Gene Accession 
number 

Antisense RNA 
polymerase 

Sense RNA 
polymerase 

RNA 
Label 

PV DQ215755 T3 T7 DIG 

SAP30L CK307786 T3 T7 DIG 

ZEB2 DV946921 T3 T7 DIG 

VGLUT2 CK315005 T3 T7 FITC 

GAD1 CK315715 T3 T7 FITC 

GAD2 CK311753 T3 T7 FITC 

 
Table 3.3 Zebra finch RNA riboprobes used in HVC DEG experiments. Accession 
numbers are available through the National Center for Biotechnology Information 
(NCBI). 

 

Prepared free-floating sections were washed once with 1xPBS for 5 minutes, 

then acetylated with 0.1M Triethanolamine and 1:400 acetic anhydride for 10 

minutes. Sections were blocked in hybridization buffer (50% formamide, 5xSSC, 

1xDenhardt’s solution, 250µg/mL tRNA, 500µg/mL herring sperm DNA) for 30 

minutes at 65°C. During that time, riboprobes were denatured at 80°C in 

hybridization buffer and added to the sections to a final concentration of 1:1000. 

Sections were hybridized for 4 hours at 65°C, then washed twice in 50% 

formamide, 2xSSC and 2% N-lauroylsarcosine (N-LS) for 15 minutes at 65°C, 

twice in 2xSSC and 2% N-LS for 15 minutes at 37°C, and twice in 0.2xSSC and 2% 
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N-LS for 15 minutes at 37°C to remove excess probe. Endogenous peroxidase 

signal was quenched with 10% H2O2 in 1xPBS and blocked with Blocking One 

overnight at 4°C.  

The next day, brain sections were incubated with 1:1000 POD anti-

Digoxigenin or POD anti-Fluorescein for two hours. Excess antibody was 

removed by washing 3 times in PBS-T for 10 minutes. The conjugated 

peroxidases were then reacted using the TSA Plus Multi-Fluor combination kits 

(Akoya Biosciences, Cat. #NEL760001KT) following manufacturer’s instructions. 

Remaining peroxidase activity was quenched with 15% H2O2 in 1xPBS for 30 

minutes, then the sections were fixed with 4% PFA in 1xPBS for 5 minutes. The 

antibody and peroxidase reaction step was then repeated for the other probe.  

For Dextran-FITC tracing, this method was similarly used to co-label with 

Digoxigenin riboprobes, with the Fluorescein antibody being used to detect the 

tracer as it would for a FITC riboprobe.  

3.4.3.3 Immunofluorescence 

Prepared free-floating sections were blocked in 10% Blocking One (Nacalai, 

Cat. #0395395) with 0.4% Triton-X and 1xPBS for 30 minutes, then incubated 

with, 1:100 rabbit anti-SAP30L (Sigma, Cat. #HPA048665), 1:500 goat anti-Zeb2 

(Abcam, Cat. #ab113655), or 1:1000 mouse anti-PV (Sigma, Cat. #P3088) for two 
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hours at RT or overnight at 4°C. Sections were then washed 3 times with 1xPBS 

with 1% Tween-20 (PBS-T) for 15 minutes and then transferred to 1:250 Alexa594 

conjugated goat anti-mouse (Invitrogen, Cat. #A21125) or Alexa488-conjugated 

donkey anti-goat (Invitrogen, Cat. #A11055).  

3.4.4 Western Blotting 

Equivalent cell counts of HEK293T cells transduced with pTK608 (CAG-GFP) 

or pMB204 (CAG-SAP30L) (see section 2.5.2), were pelleted, lysed with RIPA 

lysis buffer (“RIPA Lysis Buffer,” 2017) and diluted 1:2 with 2X Laemmli sample 

buffer (Sigma, Cat. # S3401-10VL) then boiled for 5 minutes. 15µL of the whole 

cell lysate was run on an 8-12% SDS-PAGE gel and transferred to a nitrocellulose 

membrane using a Bio-rad Mini-PROTEAN western blot system. Protein 

banding on the membrane was confirmed by washing with Ponceau stain 

(Sigma, Cat. #P7170-1L) and membranes were blocked in 5% nonfat milk in TBST 

for 1hr. The membrane was then incubated with Goat anti-SAP30L (Abcam, Cat. 

#ab115015) and Chicken anti-GFP (Millipore, Cat. #AB16901) for 1 hour at RT. 

The membrane was washed 5 times with TBST and then incubated with 1:5000 

donkey anti-goat 770 (Biotium, Cat. #20277-1) and anti-chicken (Abcam, Cat. 

#ab175779) in 5% nonfat milk-TBST for 2 hours at RT. The membrane was 

washed with TBST and imaged on a Li-Cor Odyssey CLx.  
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3.4.5 gRNA cutting efficiency assays 

To assess cutting of zebra finch DNA sequences with SaCas9, the Guide-it 

sgRNA In Vitro Transcription and Screening Kits (Takara, Cat. #632635 and 

#632639) were adapted for use with recombinant SaCas9 nuclease protein (ABM, 

Cat. #K044) and custom oligonucleotides (Integrated DNA Technologies) for in 

vitro transcription of gRNAs (Table 3.4). 200ng of NotI-digested pMB204 and 

pMB512 plasmid were incubated with 50ng of transcribed gRNA and 250ng 

SaCas9 protein and cutting assessed by gel electrophoresis.  

 
Name Sequence 

PVg1.1 gTGACCGACTTGCTCAGCGCA 

PVg2.1 gAAGCCGCTCTGATCTTTATC 

PVg2.2 gCAAAAAGTTTTTCGAGATGG 

SAP30Lg1.1 GGCAACGCGTCCTTCAGCAA 

SAP30Lg2.1 GTGACTCTCCTGAGCACGAC 

SAP30Lg2.2 gTTCCTTTTGTTCCGAACACT 

GFPg1 GTCGTGCTGCTTCATGTGGT 

LacZg1 GACGAAGCCGCCCTGTAAAC 

 
Table 3.4 List of gRNAs used. Lowercase letters represent non-genomic basepairs 
necessary for proper transcription by the RNA polymerase II U6 promoter. 

3.4.6 Brain injections 

Stereotaxic injections were performed on isoflurane anesthetized animals. A 

5mm section of the scalp was sterilized with consecutive iodine and isopropanol 

washes, cut along the midsagittal sinus, and the exterior portion of the skull 
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removed to visualize Y0. The interior skull was then removed using an end of a 

27-gauge needle and the meninges pierced for resistance-free insertion of a 35° 

beveled glass micropipette (20-30µm tip diameter), backfilled with reagent. Viral 

vectors and neural tracers were injected into song nuclei using stereotaxic 

coordinates: From Y0, HVC: beak angle 45°, rostral-caudal: 0.00mm, mediolateral: 

±1.90 and ±2.40mm, dorsal-ventral from brain surface: 0.375 and 0.325mm. Area 

X: head angle 45°, rostral-caudal: +4.00mm, mediolateral: ±1.60mm, dorsal-

ventral from brain surface: 4.00mm). RA: head angle 35°, rostral-caudal: -

1.00mm, medial-lateral: ±2.40, dorsal-ventral: 1.80-2.60. The dorsal-ventral 

coordinates of RA were identified through electrophysiological signal of intrinsic 

RA firing activity. In HVC, 2 injections of 1µL AAV2/9 vectors were injected. In 

Area X or RA, 5-10nL of anionic, lysine-fixable FITC-Dextran, 10,000 kDa 

(Invitrogen, Cat #D1820) was injected into Area X or RA. 
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4 Strategy for reagent delivery in the zebra finch embryo  

PGC culturing and manipulation (section 4.2.6) was performed in collaboration with 

Dr. Anna Keyte (The Rockefeller University) and Kyung Min Jung (Seoul National 

University). Single-cell RNA sequencing was performed in collaboration with Dr. Paul 

Collier (Cornell University), Dr. Anna Keyte and Gregory Gedman (The Rockefeller 

University).  

4.1 Introduction and Motivation 

Given the biological constraints of the avian organism, transgenic 

development is best undertaken through the targeted manipulation of 

primordial germ cells (PGCs). PGCs form during development and develop into 

the gonads of the animal. Genetically modified PGCs leads to mosaic G0 

expression of the transgene in the gametic tissue, subsequently allowing for full 

germline transmission into offspring (van de Lavoir et al., 2006). In the zebra 

finch, PGCs have been targeted just after oviposition, considered EG-K stage X, 

by lentiviral injections into the blastodisc, successfully producing transgenic 

offspring, though at low efficiencies. Other methods described in chicken and 

quail utilize the dorsal aorta, through which PGC migrate toward the gonadal 
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ridges at Hamburger-Hamilton (HH) stage 14, to preferentially target the 

germline with lentivirus or other reagents (Tyack et al., 2013; Z. Zhang et al., 

2012). This method is similarly utilized in the reintroduction of cultured PGCs 

into host embryos (Choi et al., 2010; T. S. Park et al., 2008). These techniques offer 

an expanded application compared to lentiviral approaches, though they have 

not been adapted for use in the songbird.  

 Here, I provide a straightforward and more versatile injection strategy in 

the zebra finch, as well as elementary work toward the culture and manipulation 

of zebra finch PGCs. I present further development of techniques and tools 

needed for the generation of transgenic zebra finches, with the long-term goal of 

elucidating the neural pathways for complex behavior in these transgenic animal 

models.  

4.2 Results 

4.2.1 Generating zebra finches with mosaic transgene expression 
through a novel embryonic injection method 

Throughout all stages of development, the zebra finch is smaller than a 

developmentally equivalent chicken embryo (Hamburger & Hamilton, 1992; 

Murray et al., 2013), making accurate injections more difficult and invasive. To 

adapt the dorsal aorta injections for the zebra finch, eggs were collected and 
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incubated to approximately HH14, around 60 hours after oviposition (Murray et 

al., 2013). Eggs between HH13-15 were injected. These eggs were backlit and 

only the outer calcified shell was removed. This allowed for an outline of the 

embryo to be clearly visualized for improved targeting of the blood vessel, and 

reduction in the invasiveness of the procedure (Figure 4.1, A-E). Using a glass 

micropipette, a high-titer lentiviral suspension was injected into the dorsal aorta 

of the embryo with a green dye to confirm vascular targeting. After sealing with 

molten paraffin, the eggs were incubated until hatching. GFP signal was seen in 

hatchlings injected with high titer lentivirus expressing GFP under the CAG 

promoter (Figure 4.1, F). 
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Figure 4.1 Strategy for reagent delivery into the embryonic zebra finch. (A) Eggs 
candled for the proper stage. (B) The shell removed. (C) A needle was inserted into the 
dorsal aorta. (D) Lentivirus co-injected with green dye to confirm targeting. (E) A closeup 
of the candled embryo demonstrates the presence of dye and lentivirus reagent in the 
vasculature. (F) Side-by-side comparison of an uninjected hatchling and injected animal 
with mosaic CAG-GFP expression on the torso, beak, and legs. Autofluorescence is 
observed from the crop, down feathers, and yolk sac of the hatchlings.  

 

Different lentiviral constructs produced at high titers (>1.0 x 109 ffu/mL) were 

tested over three separate rounds of injection using different viral constructs I 

injected the CAG-GFP lentiviral vector, and two lentiviral vectors jointly 

expressing Cas9 and a fluorophore under the Ubiquitin C (UbC) promoter using 

a 2A cleavage peptide (Tang et al., 2009) (Figure 4.2). I injected the CAG-GFP 
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Uninjected

A B

ED

C

F



 

 

 

  143 

lentiviral vector, and two lentiviral vectors jointly expressing Cas9 and a 

fluorophore under the Ubiquitin C (UbC) promoter using a 2A cleavage peptide 

(Tang et al., 2009). 

 

 

Figure 4.2 Lentiviral constructs used for embryonic injection. Illustration of (top) 
pTK608 (CAG-GFP). S. pyogenes Cas9 (SpCas9) expressing lentiviral plasmids pDO299 
(middle, Cas9-GFP) and pMB010 (bottom, Cas9-mCherry), respectively, under the human 
Ubiquitin C (UbC) promoter. A 2A cleavage peptide separates Cas9 and the fluorescent 
protein. Construct size from LTR-to-LTR is included on the left. Abbreviations: CMV; 
cytomegalovirus promoter; LTR, long terminal repeat; psi, a lentiviral packaging element; 
RRE, HIV Rev response element; cPPT, central polypurine tract; CAG, CMV early 
enhancer/chicken beta actin synthetic promoter; WPRE, woodchuck hepatitis virus 
posttranscriptional response element; UbC, human ubiquitin C promoter.  

 

On-target injections ranged between 75-90%, while hatching rates of injected 

animals ranged between 10-15% (Table 4.1), both improving over time. This 

survival rate is around the published hatch rates of 13% (Agate et al., 2009) and 

10-25% (Abe et al., 2015) in zebra finch Stage X injections, though variation in 

hatch rate has been noted to result from multiple factors (Velho & Lois, 2014). I 

found that using this approach with high titer lentivirus expressing GFP under 

the CAG promoter (Figure 4.2) mosaic GFP signal was seen (Figure 4.1F), while 
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the other constructs also showed signs of lentiviral transduction, described 

below in more detail.  

 
 

CAG-GFP  
(Fall/Winter 2014) 

# injected 
(%) 

# survived, 3 days 
post-injection (%) 

# hatched (%) 

Total 73 (100) 52 (71.2) 7 (9.6) 
On-target injection 56 (76.7) 39 (69.6) 5 (8.9) 
Off-target injection 17 (23.3) 14 (76.4) 2 (11.7) 

UbC-Cas9-GFP 
(Winter 2015) 

   

Total 69 (100) 40 (58.0) 8 (11.6) 
On-target injection 57 (82.6) 33 (57.9) 7 (8.9) 
Off-target injection 12 (17.4) 7 (58.3) 1 (11.7) 

UbC-Cas9-mCherry  
(Spring 2015) 

   

Total 136 (100) 82 (60.2) 19 (13.9) 
On-target injection 123 (90.4) 73 (59.3) 18 (14.6) 
Off-target injection 13 (9.6) 8 (69.2) 1 (7.7) 

 
Table 4.1: Survival rate of zebra finch embryos following injection of lentiviral 
particles between HH stages 13 and 15. The number of embryos injected, how many 
embryos survived 3 days pos-injection (potentially indicating physical or cytotoxic effects 
of the injection), and how many eggs hatched following injection. Data is presented as the 
number of eggs in each category, with a percentage of the total in parentheses.  

4.2.2 Expression pattern of Stage 14 injected mosaic animals 

The expression of GFP in animals injected with the CAG-GFP vector was 

visually apparent on the skin (Figure 4.3C). These embryos, injected around 

HH14, had more diffuse expression than previous studies that injected the 

animals with a GFP vector at oviposition, which showed strong patches of 
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expression in particular areas but not others (Agate et al., 2009). In adults, mosaic 

birds could be identified by fluorophore expression near the eyes, where feathers 

do not obscure signal (Figure 4.3D).  

 

Figure 4.3 Embryonic and adult zebra finches with mosaic transgenic GFP expression 
from CAG-GFP lentivirus vector injection at HH14. (A) Uninjected wildtype embryo 
examined at HH41. (B) Injected embryo examined at HH43. (C) Uninjected wildtype 
examined as an adult. (D) Injected animal examined as an adult. Animals were imaged 
under an FITC-filter. All animals injected were at HH14 with the CAG-GFP lentivirus. In 
adults, the area of exposed skin around the eyes is an ideal area for visualizing expression.  
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When examining dissected internal organs, GFP expressed was noted to 

follow vasculature patterns (Figure 4.4), particularly in the iris of the eyes and 

the meninges. This suggests both a preference for transduction of the 

bloodstream due to proximity during vascular circulation, and that endothelial 

cells are particularly susceptible to viral transduction. 

 
Figure 4.4 GFP expression shows vascular pattern. (A) Bright field of perfused eyes. (B) 
FITC-filter of the same eyes, where expression was most pronounced around the highly 
vascularized iris. (C) Bright field of whole brain. (D) FITC-filter of the same brain, where 
GFP expression followed a vascular pattern in the presence of meninges on the surface of 
the brain. In regions where the meninges are damaged (red arrows), GFP expression is 
less apparent.  
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Preferential vascular expression was further shown through the examination 

of an animal that died prematurely, Violet324, as the unperfused blood vessels 

provided a contrast to highlight the expression of under the fluorescent FITC-

filter (Figure 4.5, A). Here, GFP signal closely encapsulated the blood vessels, 

likely demonstrating preferential signal in the vascular endothelium. This signal 

was not recapitulated under the Texas Red filter (Figure 4.5, B), suggesting true 

GFP expression and not autofluorescence.  

 

Figure 4.5 Expression of GFP around blood vessels of the brain surface. (A) FITC-filter 
image of GFP expression around the blood vessel of an unperfused, post-mortem zebra 
finch. (B) Image of the same area with a Texas Red filter.  

 

Sagittal sections of perfused mosaic brain tissue showed significant 

expression of GFP vascular endothelial cells in the brain interior as well (Figure 
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4.6). However, other cells, including morphologically identified neurons, showed 

sparse and distributed GFP signal throughout the brain, including all pallial 

layers, hippocampus, cerebellum, and song nuclei.  

 

 
Figure 4.6 Sparse neuronal GFP expression in mosaic zebra finches. Sagittal brain 
sections counterstained with DAPI, highlighting the cerebellum of (A) Silver164 WT 
offspring and (B) Violet323. The (C) hippocampus, (D) HVC song nucleus, and (E) 
mesopallium of Violet323 are also shown. Significant labeling of the vascular endothelium 
(red arrows) was noted alongside the sparse labeling of GFP+ morphologically identified 
neurons (white arrows). (F) The white box in E is expanded, highlighting neuron 
morphology. Imaged on a confocal microscope, 40x magnification. Scale bar = 50µm. 

  
 

Hatchlings injected with Cas9-containing constructs demonstrated less robust 

expression levels than those with CAG-GFP, often showing no apparent signal at 

all on the skin. This is likely due to the size of the lentiviral payload limiting the 
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viral titer, and the 2A cleavage-peptides resulting in reduced fluorophore 

expression (Tang et al., 2009). Genomic DNA collected from select lentiviral Cas9 

injected animals not showing fluorescent signal was genotyped using tissue 

samples and PCR reactions of the viral packaging construct, demonstrates viral 

integration into at least some cells of the assayed animals (Figure 4.7A). 

However, only two Cas9-mCherry injected hatchlings showed any fluorophore 

signal on the body, one of which is shown in Figure 4.7B. In previous studies, 

visualizable epithelial fluorescence has been used as a minimal reference point 

for considering animals for breeding among Stage X injected animals (Velho & 

Lois, 2014). Without seeing high levels of expression seen in the Cas9 injected 

chimeras, subsequent analyses of germline transmission primarily focused on the 

CAG-GFP injected animals. 
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Figure 4.7 Mosaic expression of mCherry-Cas9. (A) agarose gel (left) of PCR-amplified 
genomic DNA of the lentiviral payload (partial sequence of Cas9 and the fluorophore) of 
two embryos injected with Cas9-GFP lentivirus. On the bottom is a control PCR from an 
endogenous portion of the zebra finch genome, amplifying exon 2 of the PVALB gene. (B) 
Brightfield (top) and Texas Red-filter (bottom) images of hatchling injected with Cas9-
mCherry at HH14, with mCherry expression on the surface of the left wing.  

4.2.3  Offspring of mosaic zebra finches do not carry transgene 

The CAG-GFP G0 hatchlings were fostered until maturity (~90 days post 

hatch) and paired with wild-type (WT) or other mosaic zebra finches to assess 

germline transmission resulting from the lentiviral injection. Of these animals, 

Violet 324 died shortly after breeding began. The other four CAG-GFP chimeras 

produced 107 offspring over four years, though with no GFP expression 
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apparent in any offspring. Animals with mosaic Cas9 expression were similarly 

bred to other mosaic or WT partners and were not noted to have produced GFP- 

or mCherry-positive offspring. At face value, this method did not appear to be an 

improvement over Stage X lentiviral injections for transgenic germline 

transmission. 

CAG-GFP 
Founders 

# 
offspring 

GFP+ 
offspring 

Violet305 ( ♂) 40 0 
Violet308 ( ♂) 23 0 
Violet323 ( ♂) 30 0 
Violet324 ( ♂) 2 0 
Violet322 ( ♀) 12 0 

Total  107 0 
 

Table 4.2: Offspring of CAG-GFP breeding males. Animals were bred over the course 
of approximately four years. Violet324 had a comparatively low offspring number as it 
died shortly after the start of breeding. The female mosaic, Violet322, was bred with 
both WT and other mosaic animals, and the mosaic-paired offspring are counted within 
the male totals. 

 

Very sparse GFP expression was found in the testis of Violet323, well below 

1% of the overall total cell number, while no GFP was found in the testis of one 

of its offspring, Silver 164 (Figure 4.8). The testis of Violet308 were similarly 

characterized and showed fewer than 5 cells per planar section of an entire teste 

(not shown). At the time of dissection, the testis of Violet 305 had significantly 
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atrophied, typically a response to a non-mating state in songbirds (Deviche, 

Hurley, & Fokidis, 2011), and were not characterized.  

 

Figure 4.8 Mosaic GFP expression in zebra finch testis. Comparison of mosaic father 
(top) with WT son (bottom) at the vertex of a seminiferous tubule. Germ cells co-labeled 
with DAZL (red, A, D), and GFP (green, B, E) are overlaid in C and F. The basement 
membrane is roughly approximated on the left panels (faint white boundaries) to 
proximally identify spermatogonia (sg) and larger, distal spermatocytes (sc), also 
highlighted with white lines. Imaged on a confocal microscope, 40x magnification. Scale 
bars = 25µm.  

 

Though the small sample size of animals suggests caution about 

generalization, it was noted that most of the GFP+ cells (a very small minority of 

the total cell number) in the testis of Violet323 showed overlapping DAZL 
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expression, a marker of germ cells (H. C. Lee et al., 2015; Mak et al., 2015), 

suggesting the presence of lentiviral integration in the germline (Figure 4.8C). 

These cells were largely isolated in the basement membrane of the seminiferous 

tubules, where avian spermatogonial cells (sg) are located (Figure 4.8C) based on 

previous anatomical characterizations of bird testis (Deviche et al., 2011). From 

the same study, it was determined that the larger, DAZL+ cells more distal to the 

basement membrane were spermatocytes (sc), which derive from sg cells as a 

meiotic intermediate toward spermatids. No GFP+ sc cells were identified across 

multiple sections. From the low count of GFP+ cells, and the lack of GFP-labeled 

sc cells, it is unlikely that these mosaic animals produced sufficient sperm cells 

carrying the GFP insert for feasible transmission to the next generation.  

4.2.4 The zebra finch LDLR-like gene does not contain the full VSVg 
recognition sequence 

The lentivirus used in this study was pseudotyped with the vesicular 

stomatitis viral glycoprotein (VSVg). The low-density lipoprotein receptor 

(LDLR) is the primary port of entry into the mammalian cell for this 

glycoprotein, though LDLR-null cells are still transduced via other receptors 

acting as secondary entry points (Finkelshtein et al., 2013). From the Sanger 

assembly of the zebra finch genome it was determined that the LDLR gene was 
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likely broken up or missing (Velho et al., 2016). However, from the more recent 

Pacbio sequence of the zebra finch genome (Korlach et al., 2017), the Ensembl 

database annotated an ortholog to the human LDLR gene (Cunningham et al., 

2018), denoted as LDLR-like in a corresponding annotation through the National 

Council on Biotechnology Information (NCBI) (Sayers et al., 2018).  

VSVg binds to the second (CR2) and third (CR3) cysteine-rich repeat domains 

of the LDLR gene, but not CR1 or CR4 (Nikolic et al., 2018). In the zebra finch, a 

corresponding CR2 domain is absent from the LDLR-like annotation, and the CR3 

does not show full conservation with the orthologous human domain (Table 4.3). 

However, further investigation of the chicken LDLR gene also showed non-

conserved residues in CR2 and CR3, despite the chicken having higher efficiency 

levels than the zebra finch for lentiviral transduction and germline transmission 

(McGrew et al., 2004).  
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Gene name Starting 
Residue Domain alignment 

Hs_LDLR-CR1 27 CERNEFQCQ--DGKCISYKWVCDGSAECQDGSDESQETC 

Hs_LDLR-CR2 68 CKSGDFSCGGRVNRCIPQFWRCDGQVDCDNGSDEQGC 
Hs_LDLR-CR3 109 CSQDEFRCH--DGKCISRQFVCDSDRDCLDGSDEASC 
Hs_LDLR-CR4 149 CGPASFQCNSST--CIPQLWACDNDPDCEDGSDEWPQRC 

   

Gg_LDLR-CR2 57 CPAQHFDCGDAVGRERCVPLSWRCDGHRDCRHGADEWGC 

Gg_LDLR-CR3 105 CASDQQRCS--DGSCVSRAFLCDGDRDCPDGGDERDC 

Tg_LDLR-like-CR3 52 CPPDHLSCG--DG-CLSRHFVCDGDRDCGDGRDEAGC 

Tg_LDLR-like-CR4 92 CAPPAFRCR--DGSCIAALWRCDGDRDCRDGEDEAEGLC 
   

Tg_LRP1* 29 CSPKQFACKDQIT-CISKGWRCDGEKDCPDGSDEKDC 

Tg_LRP1B* 3395 CSPDHFQCKTTKH-CISKLWVCDEDPDCADGSDEANC 

Tg_LRP2* 1123 CPATHFTCDNR--RCIPRIWLCDTDNDCGDGSDEKNC 

Tg_LRP2-like* 1217 CEDQQWGCSHGRE-CIPQFWRCDGQVDCDNGSDEQGC 

Tg_LRP3* 441 CQPGNFHCGTNL--CIFETWRCDGQEDCQDGSDERNC 

Tg_LRP4* 159 CSEKEFRCSDGS--CIAEHWFCDGDTDCKDGSDEENC 

Tg_LRP8* 149 CSPNEFQCSNKS--CISIIFVCDGDNDCGDGSDERKC 

Tg_VLDLR* 89 CEESQFACGNG--RCIPQIWKCDGDEDCLDGSDESAC 

Tg_HSPG2* 312 CQGGEAACRDG--RCIPRDYLCDGERDCADGSDEDAC 
   

Tg_LRP12 467 CQPGNFHCKN--NRCVFESWVCDSQDDCGDGSDEENC 

Tg_SORL1 1051 CLPNQYRCSNGN--CINSIWQCDNDNDCGDMSDERNC 

Tg_LRP11* 282 CSRYQFICDDGC--CIDITFACDGVRQCPDGSDETFC 

 
Table 4.3 Amino acid sequences of human LDLR CR regions with selected chicken and 
zebra finch lipoprotein receptor family CR domains. The required residues of the human 
LDLR for VSVg binding to the CR2 and CR3 domains are highlighted with formatted text 
as described in the text below. The human (Hs) CR2 and CR3 genes and corresponding 
chicken (Gg) and zebra finch (Tg) LDLR CR domains are listed, with the latter showing 
non-conserved residues in italics. The residues determined important for VSVg binding 
to human CR2 and CR3 domains aligned to other zebra finch CR domains, with 9 Tg genes 
containing residue conservation to match all of the VSVg binding criteria (for proteins 
containing at least two valid CR domains, the one closest to the N-terminus is listed). 
Three other genes listed at the bottom showed near conservation of human CR2 and CR3 
domains. * denotes Gg orthologs of the listed Tg genes that also match the full VSVg 
binding criteria. 
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A BLAST search of the corresponding CR2 and CR3 domains in the zebra 

finch yielded a number of gene candidates, with several genes aligning with 

multiple similar sequences. Using the criteria of conservation described in 

Nikolic et al., 2018, I selected genes containing at least one VsVg binding CR-

domain (VCR) that had: (1) an aromatic residue corresponding to the human 

CR2 tryptophan and an amidic or acidic residue corresponding to the human 

CR2 glutamate (Table 4.3, green); (2) contained at least 6 cysteines (light blue); (3) 

had acidic residues matching the structure of the human Ca2+ octahedral cage 

(gold); (4) no indels in the VSVg contact region (bold); (5) other residues of 

unknown function but found to be conserved across nearly all human CR 

domains (red). In total, 9 zebra finch genes and 10 chicken genes were identified 

containing at least 1 VCR domain, representing good candidate receptors for 

lentiviral transduction into these species’ cells. 

4.2.5 Analysis of single cell RNA-sequencing 

Together with Dr. Anna Keyte and Gregory Gedman, we generated a single-

cell RNA sequencing (scRNAseq) dataset of the developing gonad in pairs of 

male and female zebra finches and chicken at HH28, by which the PGCs have 

colonized the gonads. These gonads were dissociated, and the cells were 

processed for single-cell transcriptome sequencing.  
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After optimizing cluster discrimination parameters, 9,560 male and female 

chicken, and 10,588 male and female finch cells were separated into 26 clusters 

(Figure 4.9A). The PGC clusters were identified by the exclusive expression of 

the DDX4 and DAZL germ cell markers in cluster 18, containing 235 chicken and 

267 finch cells. Cluster 19 was also marked by germ cell markers, containing 375 

finch cells but only 2 chicken cells (Figure 4.9B), indicating a species difference. 

The somatic cell clusters were identified through comparing their top 

differential markers to known cell type expression profiles (www.genecards.org) 

(Safran et al., 2010), with most cell identities corresponding to (male) ZZ and 

female (ZW) gonadal progenitor cells expressing NR5A1 (Stévant et al., 2019). 

These cells are conventionally also referred to as gonadal stromal cells (GSCs) 

(Rengaraj et al., 2013). These cells could be further broken down into three 

constituent groups and, using their top markers, were tentatively identified as 

Pre-sertoli/granulosa cells (CYP17A1+), interstitial/stromal cells (WNT16+), and 

tenocyte or myocyte structural cells (DCN+). Blood and vasculature cells, and 

endocrine stem cells from gonad adjacent regions were also identified by 

characteristic markers.  
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Figure 4.9 Cluster analysis of transcriptome profiles of male and female gonads from 
chicken and zebra finch. (A) UMAP plot of gonadal cell transcriptome profiles, with cell 
types denoted by ovals and top markers. Somatic clusters are highlighted in blue, and the 
germ cells in red. (B) Gonadal cells broken down by species, with chicken and finch 
highlighted by female (pink) and male (blue) cells.  
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The differential zebra finch germ cell clusters were both positive for DDX4 

and DAZL germ cell markers. However, only cluster 18 expressed the 

pluripotency gene NANOG. During gonadal development, NANOG expression 

ceases in PGCs as they differentiate into embryonic germ cells (EGCs) (Chambers 

et al., 2007; Lavial et al., 2007). Cluster 19 also had lower CXCR4 gene expression, 

which is essential for proper HH14 migration to the gonadal ridges (J. H. Lee et 

al., 2017). The species difference of a smaller number of chicken cells in cluster 19 

suggest this could be because of accelerated germ cell development by HH28 in 

the zebra finch. One further clue in this difference is the expression of ALDH1A2 

in the finch GSC clusters, which synthesizes retinoic acid, as well as CYP26B1 in 

the CYP17A1+ (pre-Sertoli) cluster, which metabolizes retinoic acid to inhibit 

premature meiosis in EGCs (Rossi & Dolci, 2013; Saba, Wu, & Saga, 2014), 

suggesting that the finch PGCs have progressed beyond a migratory state at this 

stage. While ALDH1A2 is also expressed in the chicken GSCs, CYP26B1 

expression is absent.  
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Figure 4.10 Nanog absence defines one of the two zebra finch germ cell populations 
relative to chicken. Dotplot of germ cell markers DDX4, DAZL, and NANOG 
pluripotency markers across chicken and finch cell clusters. The largest differential 
marker for the two PGC clusters is NANOG, which is upregulated in the single chicken 
PGC cluster. As well, these cells do not express CXCR4, an essential receptor for PGC 
migration. This may be due to retinoic acid synthesis by ALDH1A2, and germ cell affecting 
metabolism by CYP26B1. 
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From this dataset, I wanted to see the relative levels of LDLR and related 

protein candidates containing the conserved VCR motifs. In both the zebra finch 

and chicken developing gonads, little to no LDLR was expressed, though some 

variability in expression level across cell types suggests that the avian LDLR 

annotations represent functional genes in both species (Figure 4.11). The VCR 

candidates showed variable expression across the cell cluster types of both zebra 

finch and chicken cells, with LRP2, LRP4, and LRP8 showing significant 

expression in finch PGCs. However, more chicken PGCs had higher expression 

levels for multiple VCR candidates, particularly LRP1B, LRP2, LRP3, and LRP11.  
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Figure 4.11 Candidate VSVg receptor expression by gonadal cell cluster in zebra finch 
and chicken. Dotplot of candidate LDL receptor family genes from Table 4.3. Germ cell 
clusters (PGCs and EGCs) are noted with grey boxes.  
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lentiviral CAG-GFP chimeras. Chicken PGCs have elevated LRP3 expression 

levels compared to zebra finch, suggesting further investigation of this particular 

VCR candidate. This finding provides insight into the deficient VSVg-mediated 

transduction of zebra finch germ cells, where not only is there a less sequence 

conservation of zebra finch LDLR with chicken and mammals, but there is a lack 

of expression of a number of VCR containing genes.  

4.2.6 Zebra finch PGC culture and reintroduction into host embryos 

The protocol to culture chicken PGCs has been optimized to encourage 

proliferation and viability through dozens of passages (Choi et al., 2010; T. S. 

Park, Kang, & Han, 2013; van de Lavoir et al., 2006). Applying this technique to 

other species has been mixed, requiring significant modification (Y.-C. Chen et 

al., 2019; T. S. Park et al., 2008; Wernery et al., 2010). In collaboration with Dr. Jae 

Yong Han’s laboratory at Seoul National University, particularly Kyung Min 

Jung, and Dr. Anna Keyte of the Jarvis lab, we developed a protocol for the 

collection, culture, and manipulation of PGCs (Jung et al., 2019). We adapted a 

protocol from chicken (Choi et al., 2010) to collect PGCs from the gonads of 

HH28 zebra finches and characterized their properties relative to chicken PGCs. 

While much of the published data was collected at Seoul National University, Dr. 
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Anna Keyte and I developed some of the initial findings, which they replicated, 

while we also replicated several of their findings. 

After dissociating in trypsin and plating in a modified chicken PGC media – 

reducing the amount of fetal bovine serum from 20% to 10% to reduce cell-cell 

adhesion – zebra finch PGCs were able to survive and proliferate in culture (Jung 

et al., 2019). These cells were co-cultured with the stromal cells of the gonad 

(GSCs), which adhere to the plate while the PGCs remain in suspension (Figure 

4.12). We confirmed the cells to be positive for germ cell markers DAZL and 

DDX4 (Jung et al., 2019). In both research groups, cells were cultured readily 

through 25 days, around passage 4, at which time cell proliferation slowed and 

the observed number of suspended PGCs decreased (Jung et al., 2019). In 

general, zebra finch PGCs appeared similar to chicken PGCs, though tended to 

form multi-cell aggregates, settling onto and adhering to the feeder cell layer 

more readily (Choi et al., 2010).  
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Figure 4.12 Dissociation and culture of zebra finch PGCs. (A) Image of ED6.5 zebra finch 
torso, with gonadal boundaries highlighted in blue. (B) Bright field images of PGC culture 
one day after dissociation. (C) PGCs at passage 2, day 2. PGCs are brightly reflecting and 
round in suspension, while adherent dark cells are somatic GSCs. Imaged at 20x 
magnification, scale bar = 50µm.  

 
To gauge the integrity of the PGCs in culture conditions, cells were tested 

using a colonization assay. Suspended cells of at least passage 2 were run 

through a dead cell removal kit and labeled with a red lipophilic membrane dye, 
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PKH26. Approximately 5.0 x 103 cells were then injected into the dorsal aorta of 

an HH14 zebra finch embryo using the same injection technique as in the 

lentiviral mosaic study. Compared to embryos injected outside of the 

bloodstream, the gonads of embryos injected in the dorsal aorta showed mosaic 

red signal (Figure 4.13), demonstrating that cultured zebra finch PGCs are 

capable of colonizing the gonads. 
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Figure 4.13 Migration of cultured PGCs to the embryonic gonad. PKH26-labeled PGCs 
(red) taken from cell culture were injected into embryos at HH13-15, and colonized host 
zebra finch gonadal tissue by day 6, counterstained with DAPI (blue). PKH-labeled cells 
were not seen in the gonads of embryos injected outside of the bloodstream (A), while 
injections into the dorsal aorta (B) did colonize the gonad. Imaged at 10x magnification. 
Scale bar = 100µm. 
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I tested whether our cultured zebra finch PGC cells are also amenable to 

genetic manipulation. A PiggyBac transposon plasmid containing H2B-mCherry 

and a blasticidin resistance gene was co-transfected alongside PiggyBac 

transposase in PGC cultures. H2B-mCherry, a fluorophore bound to a histone 

subunit for nuclear localization, induced stable expression in both GSCs and 

PGCs, demonstrating a unique, “star-like” signal in suspended PGCs (Figure 

4.14). However, the overall number of transfected PGCs were not high enough to 

allow for viable selection by blasticidin. These cells similarly did not proliferate 

past passage 4, preventing purification to high enough levels for colonization 

assays. Our collaborators used this similar approach we developed and were 

able to transfect enough cultured zebra finch PGCs with plasmid containing 

CMV-GFP, and inject them into the dorsal aorta to observe gonadal colonization 

(Jung et al., 2019).  



 

 

 

  169 

 

Figure 4.14 Transfection of cultured zebra finch PGCs. Brightfield (A, C) and Texas Red-
filter (B, D) images of cultured zebra finch PGCs (white and green arrows). Untransfected 
cells (A,B) have low endogenous red autofluorescence, while cells transfected with H2B-
mCherry (C,D), show robust nuclear expression in adherent stromal cells and suspended 
PGCs (green arrows). Imaged at 20x magnification, scale bar = 100µm.  

 

4.3 Discussion 

The technique I developed for backlight-assisted targeting of the dorsal aorta 

at HH14 represents a versatile method for reagent introduction into the zebra 

finch embryo. The backlighting and co-injection of dye increases accuracy in 
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targeting the dorsal aorta without sacrificing the structural integrity of the egg 

and mitigating embryonic damage. The incorporation of primordial germ cells 

into host zebra finch embryos provide evidence that this method can be used 

toward the generation of transgenic zebra finches, while lentiviral injections 

show a unique and sparse pattern of transduction that may be useful in certain 

applications. Other methods may also be applied, such as the aortal injection of 

plasmid DNA encapsulated with cationic liposomes, such as Lipofectamine. This 

has been performed successfully in chickens, albeit with germline transmission 

rates below 2% (Tyack et al., 2013). In pilot studies injecting GFP-expression 

plasmids with lipofectamine, embryos showed little GFP expression (not shown). 

Optimization of this method may improve expression levels to promising levels, 

especially in consideration of the issues related to the viral transduction of zebra 

finch PGCs.  

The initial 20-30% mortality level of the lentiviral injected animals could be 

due to lentiviral toxicity, damage induced by the micropipette, or exposure to 

pathogens. By hatching, mortality had risen to 85-90%, resulting in similar hatch 

rates to those with the stage X injection method (Agate et al., 2009). This rate of 

hatching may be due to a number of factors. It is possible that batch-by-batch 

effects of experimenter skill or beveling quality of the micropipette needle play a 
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significant role in survival. These effects can likely be mitigated with 

improvements to skill and meticulous quality control of the reagents and tools 

used. The relative nutrition of the egg yolk may also cause a baseline reduction 

in hatching, and this may be remedied with improvements to the maternal diet. 

However, the act of opening the egg itself and piercing the developing embryo 

may introduce unavoidable morbidities that harm the vascular or muscular 

integrity of the embryo, essential for proper positioning and shell opening at the 

time of hatching. It is likely, therefore, that methods for manipulating the embryo 

will always result in sub-optimal hatching rates. 

The production of zebra finch males with mosaic GFP expression 

demonstrates the relative difference of injection at HH14 versus earlier stage X 

injections, which induces transgene expression in large patches of tissue (Agate 

et al., 2009). One explanation for this difference is that the virus is exposed to 

fewer cells in the stage X injections, representing an earlier cohort of progenitors. 

In the HH14 dorsal aorta injections, transgene expression patterns followed 

closely around the vasculature, with sparse expression in tissues separated from 

the bloodstream. This is consistent with a viral injection into the vasculature of 

an embryo with many more potential cell targets. In this way, the vascular 

endothelium acts as a “sponge” for lentiviral particles – expression of putative 
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VCR-containing genes in angioblasts supports this – with a fraction of lentivirus 

transducing cells beyond the blood vessels. This pattern of expression may be 

useful compared to stage X injections to generate animals with sparse 

fluorophore labeling for cellular isolation. If germline transmission is feasible 

may also mitigate deleterious effects of a transgene in G0 animals, particularly 

transgenes that could affect behaviors like courtship and mating.  

Very little dermal expression was noted in animals injected with Cas9-

containing lentivirus. This is likely due to the high titers of lentivirus needed (>1 

x 109 ffu/mL) for reliable transduction of the embryo (Agate et al., 2009; Velho & 

Lois, 2014). High-titer lentiviral production is dependent on construct size, 

generally requiring that the packaging size of the construct not exceed the 

endogenous HIV genome (9.7kb). As the Cas9 vectors have a large LTR-to-LTR 

size (9.9kb), the ability to produce high titers is difficult. Sequence optimization 

may improve titer and expression of these vectors.  

The lack of GFP+ offspring and low expression in DAZL+ and GFP+ 

spermatogonial cells of testis in the G0 males, likely indicating that germline 

transmission would require much higher levels of germ cell expression than 

what was seen in the mosaic animals generated with this method. The injection 

of lentivirus into the dorsal aorta should ideally infect germ cells as they migrate 
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through the bloodstream to the gonadal ridge (Z. Zhang et al., 2012). However, 

while we characterized early embryonic PGC localization in Jung et al., 2019, the 

time of PGC migration through the bloodstream is not precisely known and this 

window of time may be shorter or different compared to Galloanserae embryos.  

It has also been noted, given the required high titer of lentivirus for germline 

transmission, that the amenability of zebra finch germ cells to be transduced by 

VSVg-pseudotyped lentivirus is lower than that of other species (Agate et al., 

2009). Based on the initial genome assembly of the zebra finch, it was previously 

assumed that the songbird LDLR gene was pseudogenized (Velho et al., 2016), as 

it was broken up and unannotated in the initial zebra finch genome, and that the 

annotated chicken LDLR gene was the primary driver for superior germline 

transmission chicken PGCs (McGrew et al., 2004) compared to zebra finch (Agate 

et al., 2009). The recent annotation of the new zebra finch assembly did identify a 

full LDLR gene in the new zebra finch genome assembly, though one that did not 

contain conserved residues for VSVg mediated transduction in the CR domains. 

Surprisingly, the chicken LDLR gene was similarly not conserved in the CR 

domains, making LDLR and unlikely candidate for lentiviral transduction in 

either species. In mammals, other lipoprotein receptors are known to facilitate 
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VSVg transduction, and in both avian species other candidate genes were 

identified with suitable CR domains. 

ScRNAseq analysis showed that these genes were represented in the gonadal 

cell cluster and were more highly expressed in chicken PGCs compared to zebra 

finch PGCs. This finding provides a new hypothesis on why zebra finch PGCs 

are more resistant to lentiviral-mediated expression than in chickens. Thus, 

alternative strategies for viral transgenesis should be considered, such as 

utilizing “brute force” approaches to ubiquitously express CR-containing genes 

in the zebra finch, or testing glycoprotein candidates which mediate viral 

infection in songbirds (Bolisetty et al., 2012; Henzy et al., 2014; Palacios et al., 

2013; E. Whitney, 1964). It is unknown whether other aspects of lentiviral 

transduction, such as the reverse transcriptase or nuclear shuttling of the viral 

payload, may also be deficient in the zebra finch biology. 

The scRNAseq data also showed the presence of a second zebra finch germ 

cell population without NANOG expression at HH28, distinguishing them as 

EGCs. This may be the result of collecting male and female embryo pairs at 

different developmental timepoints or indicate the gradual differentiation of 

PGCs at an earlier developmental stage in the zebra finch relative to the chicken. 

Adapting methods for single nucleotide polymorphism analysis in RNA 
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sequencing (Adetunji et al., 2019) and leveraging the genetic diversity across 

zebra finches (Forstmeier et al., 2007) may help resolve this question. However, 

this finding may also suggest that PGCs in zebra finches differentiate earlier than 

in chickens. Either way, this difference highlights that collection times based on 

staging will need to be re-examined to find the optimal time between gonadal 

colonization and germ cell differentiation, particularly for the cell culture of 

germ cells for use in transgenic development.  

The successful culture and proliferation of zebra finch PGCs represents an 

alternative path for transgenic songbird development. This strategy broadens the 

potential scope of transgenic line generation, as lentiviral-mediated transgenesis 

is generally limited by size constraints and random integration, while cells may 

be amenable to other gene delivery methods for targeted integration and less 

stringent size limitations. While zebra finch PGCs have not as of yet been shown 

to spontaneously generate stable cell lines as in chicken (T. S. Park et al., 2013), 

the re-introduction of cultured PGCs back into the embryonic gonad, as well as 

their manipulation, demonstrates the viability of this method with further 

optimization.  

Further analysis of the zebra finch developing gonad transcriptome may yield 

further insights into the improvement of germ cell mediated transgenesis. 
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Identifying surface cell markers largely restricted to the PGC cluster, like CXCR4, 

may allow for the enrichment of migration-competent germ cells by antibody-

mediated fluorescent or magnet assisted cell sorting.  

Chicken PGCs are typically cultured on complementary GSC layers for only a 

few passages and then transferred to mouse embryonic fibroblasts. Co-culture of 

zebra finch PGCs may result in unintended consequences, as these cells influence 

gonadal and germ cell development. For instance, zebra finch GSCs showed 

synthesis and metabolism of retinoic acid by HH28. Retinoic acid induces germ 

cell maturation in mammals and in chickens (van Pelt & de Rooij, 1991; Zuo et 

al., 2019). As a result, determining other options for feeder cell layers or utilizing 

specific inhibitors of retinoic acid signaling, like disulfiram, should be considered 

to prevent the synthesis of retinoic acid, mitigating differentiation and promoting 

PGC proliferation.  

As these techniques are adapted from methods used in Galloanserae species, 

the proof of concept for germ cell culture also provides a method for 

manipulating other species among Neoaves, providing a potential method not 

only for manipulation and transgenic line generation, but also the culture and 

preservation of germ cells for conservation purposes. According to the 2019 

report from the International Union for the Conservation of Nature (IUCN), 25% 
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of birds are threatened or near threatened with extinction (IUCN, 2019). Most 

germline preservation techniques are optimized for mammals (Behringer et al., 

2013), though some protocols for the collection and cryopreservation of sperm 

have been developed for a few avian clades (Lierz et al., 2013; E. J. Pellatt & 

Birkhead, 1994; Samour, 2004; Blanco et al., 2011). However, there are few tested 

or viable options available for many species, especially in Neoaves, which make 

up the vast majority of avian species. The culture of cultured avian germ cells 

across broad evolutionary distances represents another possible approach and 

may represent a safeguard against the irreversible extinction of threatened 

species.  

4.4 Materials and Methods 

4.4.1 Egg collection and incubation 

Eggs were collected daily from zebra finch nests from either the Duke 

University aviary in Durham, NC (for lentiviral injection), or The Rockefeller 

University aviary in New York City, NY and the Rockefeller Field Research 

Center (FRC) in Millbrook, NY (for PGC collection, culture, and incubation). 

Eggs were then kept at 16°C for up to 10 days to pause development, and then 

incubated at 37.5-38.0°C and 40-60% humidity, rotating 90° each hour along the 
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long axis of the egg. Eggs from the FRC were shipped to The Rockefeller 

University overnight and incubated at 37.5°C within 4 days of receipt.  

4.4.2 Egg injection 

After 60 hours of incubation, eggs were candled to approximately determine 

staging and removed from rotation for 10 minutes. HH13-15 stage eggs (Murray 

et al., 2013) were then removed from the incubator and cleaned with 1x PBS and 

70% ethanol and placed into a silicone egg impression mold (Smooth-On Oomoo 

30) with a hole in the bottom. The mold was then placed over an LED light to 

actively candle the egg during the injection process. The calcium shell was 

removed with a dental drill, with care taken to leave the shell membranes intact. 

A Nanoject III (Drummond Scientific) with a glass micropipette pulled and 

beveled to a 20-40µm diameter tip was lowered through the membrane and into 

the dorsal aorta of the embryo. Up to 1µL of either high-titer lentivirus 

(generated using the protocol described for pMB204 in section 2.5.2) or 

primordial germ cells (5-10,000/µL) suspended in HBSS was mixed with 

FastGreen FCF (Sigma) and injected at 50nL increments, assessing green 

coloration of the vitelline veins to confirm on-target injections. After injection, the 

embryo was gently shifted away from the hole by rotation and the hole covered 

with either molten paraffin wax (50-70°C) or Kwik-Cast sealant (World Precision 
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Instruments, Inc.). Anecdotally, eggs were noted to have higher initial mortality 

rates with the latter sealant. Eggs were then placed back into the incubator. I 

sought to have the entire procedure last no more than 10 minutes, to reduce 

mortality. Eggs were assessed daily for mortality until hatching, and then placed 

into Bengalese finch nests for cross fostering (Bengalese finches are more 

amenable to fostering unrelated hatchlings (Black, 1987)), alongside a zebra finch 

male in the cage, for song tutoring. 

4.4.3 Histology 

Zebra finch males were transcardially perfused with ice cold 1xPBS, then 4% 

PFA in 1xPBS and relevant tissues were dissected from the fixed animal. Testes 

were collected and embedded immediately in OCT (Fisher Healthcare). Brains 

were fixed in 4% PFA in 1xPBS overnight at 4°C on an orbital mixer. Brains were 

then cryoprotected in 30% sucrose solution until the brains settled at the bottom 

of the tube and were embedded in OCT for sagittal sectioning. Testes and brains 

were sectioned at 8 and 12µm, respectively, and mounted on Superfrost Plus 

slides (Fisher Scientific). 

To prepare slides for imaging, brain sections were additionally fixed for 5 

minutes in 4% PFA, washed twice with 1xPBS, washed with 400ng/mL DAPI for 
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15 minutes, washed twice with 1xPBS, and coverslipped with ProLong Diamond 

Antifade mounting media (Invitrogen).  

The DAZL gene riboprobe was a generous gift from Jae Yong Han, and the 

GFP riboprobe was generated from custom primers (Forward: TGA GCA AGG 

GCG AGG AGC T; Reverse: CTT GTA CAG CTC GTC CAT GC) with 5’ T7 

(sense) and T3(anti-sense) adaptors. Probe generation and mRNA expression in 

the zebra finch testis was by determined by in situ hybridization as described in 

section 5.5.2. 

4.4.4 Single cell RNA sequencing 

A small opening was made chicken and zebra finch eggs were incubated for 

5 days near the vitelline veins and a small aliquot of blood was collected onto 

Whatman paper for sextyping by PCR as described in Griffiths et al., 1998. The 

next day, chicken and zebra finch embryos were removed from the eggs and 

paired according to sex and embryological stage, choosing male and female pairs 

closest to HH28 for each species. Gonads were dissected from the genital ridges 

of the mesonephros of the embryos and placed in 500µL of 0.05% trypsin for five 

minutes at 37°C. Trypsin was neutralized with an equivalent of zebra finch PGC 

media (knockout DMEM, 10% fetal bovine serum, 2% chicken serum, 1x 

nucleosides (MilliporeSigma), 1x GlutaMAX, 1x nonessential amino acids, 1x 
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sodium pyruvate, b-mercaptoethanol, 1x antibiotic-antimycotic, and 10ng/µL 

human basic fibroblast growth factor (MilliporeSigma), each purchased from 

Gibco unless otherwise stated. The cells were counted on a Countess II FL (Life 

Technologies), and a single cell suspension was diluted to around 1,000 cells/µL 

by centrifugation at 200xg and resuspension in PGC media. Approximately 5,000 

cells were loaded into a Chromium Chip (10x Genomics). cDNA synthesis and 

library preparation were performed using the Chromium Single Cell 3’ Reagent 

Kits (version 3, 10x Genomics) according to manufacturer’s instructions. 

Sequencing was performed by Novogene Co., Ltd. on an Illumina HiSeq 4000 

machine.  

Raw sequencing data was aligned to the zebra finch genome using the Cell 

Ranger analysis pipelines (10x Genomics, version 3). Analysis of the sequence 

data was performed using the Seurat tools workflow (version 3.1.2) (Butler, 

Hoffman, Smibert, Papalexi, & Satija, 2018) in RStudio (version 3.6.1). 

4.4.5 PGC culture 

Zebra finch eggs were incubated for 6 days, then removed from the shell and 

assessed for proper HH staging, around HH28. Gonads were dissected the 

genital ridges of the mesonephros from 5-10 embryos and placed in 500µL of 

0.05% trypsin for 5 minutes at 37°C. Trypsin was neutralized with an equivalent 
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of zebra finch PGC media used in scRNAseq experiment. Cells were centrifuged 

for 200xg for 3 minutes, the pellet washed once with PGC media, and then 

resuspended in 1000µL PGC media and plated onto a 12-well plate. Cells were 

incubated at 37°C and 5% CO2 in a humidified, air-jacketed incubator. Gonadal 

stromal cells were noted to adhere to the bottom surface of the plate, while PGCs 

remained in suspension.  

PGC cultures were passaged every 4-7 days, depending on the media color 

and confluence of the adherent GSC layer. The supernatant was removed and 

pelleted to collect PGCs, while the GSC layer was trypsinized in 0.05% for 5 

minutes. Trypsin was neutralized with PGC media and both were centrifuged at 

200xg for 3 minutes and the pellets resuspended in PGC media. The GSC layer 

was subcultured 1:3, with one of the wells acting as the feeder layer for the PGC-

enriched pellet, subcultured 1:1. After 1-3 days, the media of the other GSC wells 

was collected and centrifuged, to collect stray PGC cells which had been 

collected and multiplied in the GSC layer.  

4.4.6 PGC transfection 

Lipofectamine 3000 (Invitrogen) was used according to manufacturer’s 

instructions to package the PiggyBac transposase-containing pCyL43 plasmid and 

a PiggyBac transposon backbone containing H2B-mCherry with Blasticidin 
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selection (generously provided by Dr. Ali Brivanlou). After 4-6 hours, media was 

removed, centrifuged at 200xg, and resuspended in conditioned PGC media. 

Images were taken 48 hours after transfection to assess efficacy.  

4.4.7 PGC migration assay 

PGCs were collected from wells and purified using a Dead Cell Removal Kit 

(Miltenyi Biotec, Cat. #130090101). Cells were then labeled with PKH26 lipid 

membrane dye (Sigma, Cat. #PKH26GL-1KT) following manufacturer’s 

instructions and injected into HH14 embryos using the protocol described in 

section 4.4.2. After 72 hours, gonads were harvested from embryos and 

counterstained with Hoescht 33342 (Invitrogen, Cat. #H3570), mounted and 

coverslipped on slides with ProLong Diamond Antifade mounting media 

(Invitrogen). 
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5 Controlling for activity-dependent genes and animal 
behavior state are critical for determining brain 
organization and homologies across species 

This work was performed with assistance from Lindsey Cantin (The Rockefeller 

University). 

5.1 Summary 

Based on the comparative expression profile of the orphan nuclear receptor 

NR4A2 in mouse and chicken, Puelles et al., 2016, concluded that in contrast to 

their prior claims that the avian mesopallium is homologous to the mammalian 

lateral pallium or to layers 2/3 of the 6-layered cortex as proposed by Suzuki & 

Hirata, 2014, it is instead homologous to the mammalian claustrum. They further 

concluded that the revision of the avian hyperpallium densocellare (HD) to 

dorsal mesopallium (MD) by Jarvis et al., 2013, and Chen et al., 2013, based on 

over 50 genes is incorrect, as NR4A2, which marked the mesopallium, did not 

label HD. Here we tested these conclusions and find that NR4A2 cannot be used 

as a marker of brain region organization without taking the behavioral state of 

the animal into consideration, as it is an activity-dependent immediate early gene 

whose brain expression pattern changes with recent behavior activity. We find 

that it is constitutively expressed in the avian arcopallium and hippocampus, 
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and further upregulated in the arcopallium RA and HVC nidopallium song 

nuclei by singing behavior. Outside of the song system, it is upregulated in parts 

of the hyperpallium and dorsal and ventral mesopallium as defined by Jarvis 

and Chen, depending level and type of behavioral activity. Activity-dependent 

induction of NR4A2 has also been previously demonstrated in the mouse brain, 

with highest induction occurring within the claustrum, deep cortical layers, and 

hippocampus. We conclude that the basal and activity-dependent induction 

patterns of NR4A2 does not support a close homology of avian mesopallium 

with mammalian claustrum at the exclusion of other brain regions, but that it 

does support that the prior named avian HD is really MD. More broadly, these 

findings demonstrate the importance of controlling for behavior state and neural 

activity-dependent genes when using gene expression to define brain 

organization within species and homologies across species.  

5.2 Introduction 

Gene expression profiling of brain regions and cell types have been used as a 

proxy for determining brain organization within a species and homologies across 

species. One of the more contentious debates using gene expression has been on 

homologies of cell populations in the pallium or cortex across species. In search 

of genes that mark the cortical subplate from which neurons are born to give to 
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different layers of the mammalian cortex and then find their homologies across 

vertebrates, Wang et al., 2011, examined seven such genes initially identified in 

mammals. One of those genes was NR4A2 (also called nuclear receptor related 1, 

Nurr1), where they found high levels in embryonic and adult cortical subplate 

and claustrum of different mammalian species, and also in the chicken 

hyperpallium on the dorsal surface of the pallium. They suggested that the 

mammalian cortical plate neurons could be homologous to neurons in the avian 

hyperpallium. Based on these findings, Puelles et al., 2016, further studied 

NR4A2 in mouse and chicken embryos and early nestlings. They made many 

conclusions based on the expression patterns, including that: NR4A2 marked the 

claustrum in mammals; the claustrum develops first, followed by the insula 

cortex with migrating cells passing it to the outer mantle; besides the 

hyperpallium, the avian mesopallium developed and was labelled in a similar 

NR4A2 pattern as the mammalian claustrum; the NR4A2 patterns did not 

support Suzuki & Hirata, hypothesis that the avian mesopallium was 

homologous to mammalian cortical layers 2/3; and the patterns did not support 

the Jarvis et al., 2013, and Chen et al., 2013, mirror image hypothesis of avian 

brain organization, where the former named hyperpallium is really dorsal 

mesopallium.  
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We examined the patterns of the NR4A2 expression in these past studies, and 

noted particularly in the Puelles et al, 2016, images that the patterns appeared 

quite varied and did not fill entire subdivisions as seen with other constitutively 

expressed genes in the avian brain (Jarvis et al., 2013). Only parts of the 

mesopallium and hyperpallium appeared to be labelled, particularly at late 

developmental stages. This appeared to be reminiscent of immediate early genes, 

which are activated in specific cell types and circuits dependent on the behavior 

performed or sensory stimulus processed (Jarvis et al., 2013). This prompted us 

to understand the function of NR4A2 further. 

An analysis of the literature reveals that NR4A2 is an activity dependent 

immediate early gene (IEG) in some cell types. It is part of an orphan nuclear 

receptor family noted for CREB-dependent neuroprotection (Volakakis et al., 

2010). In cultured mouse hippocampal neurons, NR4A2 expression was blocked 

by voltage-dependent calcium channel inhibition (Tokuoka et al., 2014). NR4A2, 

though, has a delayed IEG response in rat neurons, as determined by qPCR and 

microarray assays, compared to its paralog, NR4A3 (R. N. Saha et al., 2011). In 

the songbird (zebra finch), NR4A1 and NR4A3 paralogs show rapid induction in 

several song nuclei following singing activity (O. Whitney et al., 2014). Most 

strikingly, robust activity-induced NR4A2 expression was observed in the adult 
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rat claustrum, both superficial and deep cortical layers, and hippocampus from 1 

to 8 hours following a single subcutaneous injection of kainic acid, which induces 

seizure activity (Crispino et al., 1998, Figure 5.1). We noted that this induced 

expression pattern recapitulates much of the NR4A2 expression seen in mouse 

brain, observed in Puelles, 2014. These prior studies on comparative 

neurobiology, however, did not take into consideration that the patterns they 

examined could be activity-dependent.  
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Figure 5.1 NR4A2 mRNA expression over time in the rat brain, following a 
subcutaneous injection of kainic acid. Originally published as Figure 7 in Crispino et al., 
1998, with labels added for this study. Abbreviations: SCL, superficial cortical layers; 
DCL, deep cortical layers; HPc, hippocampus; Cl, claustrum; PIR, piriform cortex; Amy, 
amygdala.  

 

Here we analyzed NR4A2 expression in the zebra finch brain, with a non-

radioactive in situ hybridization I helped develop, to determine its basal and 

possible activity-dependent induction, and the impact on the various hypotheses 

of avian brain organization and homologies with mammals. We find there is an 

activity-dependent pattern of NR4A2 expression in the avian brain, confounding 
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a few hypotheses on avian brain organization and homologies with mammals. 

Importantly, our findings do not support the hypothesis presented in Puelles et 

al., 2016.  

5.3 Results 

We analyzed NR4A2 mRNA expression by in situ hybridization in adult male 

zebra finch brain sections, which were collected immediately following specific 

behavioral contexts: silent animals overnight in the dark (dark); silent animals at 

least 2 hours in the light (light); and singing animals for at least 1 hour in the 

light (singing). Below we describe expression in each of these groups. 

1.4.1 Basal NR4A2 expression in the dark 

In dark housed animal sections, within telencephalon the highest basal 

expression was found in the arcopallium and in the dorsal nucleus of the 

hyperpallium (DNH) (Figure 5.2, top), a brain region involved in night vision 

and magnetic field sensing in dim light conditions (Mouritsen et al., 2005). 

Double labelling experiments with NR4A2 and an arcopallium marker 

transcription factor ER81, revealed that both genes were co-expressed in many 

cells of the arcopallium, except in the anterior arcopallium (AA) nucleus where 

ER81 is not expressed (Jarvis et al., 2013; Mello et al., 2019), but NR4A2 is 

expressed (Figure 5.3); the AA is a more distinct molecular structure of the 
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arcopallium that may be analogous to both mammalian cortex layer 5 neurons 

and basal lateral amygdala combined (Mello et al., 2019). There was also 

consistently high expression in a layer of cells directly above the ventricle 

posterior to DNH (Figure 5.4B), which have either been considered in past 

studies as part of the hippocampus, a posterior extension of the MD (Jarvis et al., 

2013), or here perhaps the cortical subplate as seen in mammals (W. Z. Wang et 

al., 2011). Lateral to this layer of cells and to DNH, best seen in frontal sections 

(Figure 5.4, C and D), there were isolated strongly labelled cells near the surface 

of the brain within the hyperpallium (Figure 5.4A). In other brain regions, there 

was more variability from animal to animal, but with some consistency in 

labelled cells in the hyperpallium near DNH, and the boundaries between caudal 

MD and MV also nearer to DNH, overlapping with known regions involved in 

night vision called Cluster N, except MV (Mouritsen et al., 2005). In all other 

telencephalic regions, NR4A2 was very low to undetectable. In the brainstem 

there were some cells labelled in the pretectal (PT) region, involved in vision 

(Figure 5.4B). The granule layer of the cerebellum was also consistently at 

baseline.   
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Figure 5.2 Variability in NR4A2 expression in the zebra finch brain over behavioral 
contexts. Medial and lateral brain sections of male zebra finches in dark, light, and singing 
behavioral contexts. Note the differences in mesopallium and hyperpallium expression 
across behavioral conditions. Tile imaged at 4x magnification, scale bar = 1mm. 
Abbreviations: A, arcopallium; CDL, dorsolateral corticoid area; GCL, granule cell layer 
of the cerebellum; H, hyperpallium; HVC, formal name; MD, dorsal mesopallium; MV, 
ventral mesopallium; N, nidopallium; pMD, posterior dorsal mesopallium; P, putamen; 
RA, robust nucleus of the arcopallium; St, striatum. 



 

 

 

  193 

 

Figure 5.3 Constitutive NR4A2 expression in the arcopallium. Coronal sections of a dark 
animal co-labeled with ER81 (green) and NR4A2 (red), distinguishing differential 
expression in the arcopallium (A) and anterior arcopallium (AA). Imaged by confocal 
microscopy, scale bar = 200µm. 

 

Figure 5.4 Higher magnification of NR4A2 expression across conditions. Magnified 
expression of constitutively expressed regions (A) DNH and (B) Pretectal nucleus. (C) 
Coronal section of dark baseline animal with the (D) “continuity region” highlighted. Tile 
imaged at 4x magnification, scale bars = 200µm (A, B) or 1mm (C, D). 
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1.4.2 Induced NR4A2 expression in awake active animals in the light 

After an overnight period of darkness, animals exposed to light for at least 

two hours, feeding and moving around, we noted that in addition to the regions 

with highest expression seen in dark housed animals, daytime active animals 

had induced expressed throughout most, but not all, of the MV and MD regions 

(Figure 5.5) as defined in Jarvis et al, 2013, and Chen et al, 2013. There was a 

large amount of variability in mRNA expression in the hyperpallium, and to a 

lower extent the mesopallium, across all animals, with some animals 

demonstrating patchy expression along the anterior-posterior axis, while other 

animals had continuous expression across the hyperpallium with expression in 

the mesopallium, emanating from the border between MD and MV. The 

variability of the patterns within the mesopallium from animal to animal is 

indicative of an IEG, where differences are presumably due to differences in 

behavior (Jarvis et al., 2013).  
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Figure 5.5 Induced NR4A2 signal in the mesopallium and hyperpallium. Magnified 
images of the hyperpallium, mesopallium, and nidopallium in dark (☽), light (☼), and 
singing (♫) conditions. Red lines represent pallial boundaries. Tile imaged at 4x 
magnification, scale bars = 200µm. 

1.4.3 Induced NR4A2 expression in singing birds 
 

In birds that sang for at least 30 min, that there was increased NR4A2 

expression in the HVC song nucleus (Figure 5.2, bottom). Compared to dark 

animals, singing expression was two-fold higher (Figure 5.6, right). Double 

labelling sections with NR4A2 and a well-studied IEG, ZENK, in song nuclei 

(Mello & Jarvis, 2008), confirmed singing-regulated IEG expression in these song 
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nuclei and further demonstrated the both genes are expressed primarily in the 

same neurons of HVC. We did not observe NR4A2 expression in Area X or any 

other striatal region in singing or any other groups of birds, indicating that 

unlike ZENK and some immediate early genes, but like others (O. Whitney et al., 

2014), NR4A2 is not expressed in the striatum of the basal ganglia.  

 

Figure 5.6 Song-induced expression of NR4A2 in HVC. (A) Double-labeled in situ 
hybridization with HVC highlighted (white oval). Imaged at 10x magnification by 
confocal microscopy. Scale bar = 200µm. (B) Quantification of each group. * denotes 
significance, p = 0.008.  

1.4.4 Induced NR4A2 hyperpallium expression 

Curiously, we noted that in some of the light stimulated birds, and more so in 

the singing birds, that NR4A2 expression in isolated cells of the hyperpallium 

was more widespread to fill the dorsal ½ to ⅔	of the brain subdivision, creating 

an apparent functional division within the hyperpallium that is not defined by 

Nissl staining or hyperpallium genetic markers that we are aware having been 
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previously identified (Jarvis et al., 2013). The MD, however, in these brains was 

labelled. The closest pattern we seen like this in past studies is the inverse pattern 

of ZENK expression in the somatosensory regions of the hyperpallium when 

zebra finches engage in hopping behavior in a rotating wheel in the dark (Figure 

8 of Feenders et al., 2008). The pattern seen in this current study shows higher 

NR4A2 expression in the visual parts of the hyperpallium. This pattern, without 

reference to other genetic markers and IEG findings to define the basal and 

functional activations within the individual animal’s hyperpallium and 

mesopallium, makes it appear like the previously named “hyperpallium 

densocellare (HD)” region (Reiner et al., 2004) is negative for NR4A2 (Puelles et 

al., 2016), when in fact it is the ventral and anterior portion of the hyperpallium 

involved in somatosensation and other behaviors along with the adjacent 

thalamic recipient intercalated hyperpallium (HI) and intercalated nidopallium 

(NI) that can show lack of NR4A2 expression under some conditions. The 

previously named HD – noted as MD in this study – does show NR4A2 

expression.  

5.4 Discussion 

Our findings demonstrate that NR4A2, as in mammals, is an activity-

dependent gene in the avian brain. However, unlike some other well studied 
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activity-dependent transcription factors, high baseline levels of NR4A2 in the 

absence of any overt behavior or stimulation to the animals occurs in some brain 

regions, including the arcopallium and isolated regions of the hyperpallium. 

Further, upon animal activity, induction of NR4A2 expression is more restricted, 

thus far to arcopallium, hyperpallium, mesopallium, but not the nidopallium 

outside of the song nuclei, or the striatum, and the primary sensory thalamic 

input zones. In contrast, ZENK (and c-fos) are barely detectable at baseline levels, 

and readily upregulated in circuits that use all brain subdivisions, except the 

primary thalamic input zones and the pallidum (Feenders et al., 2008; Jarvis & 

Nottebohm, 1997; Mello & Jarvis, 2008). Below, we interpret these findings in the 

context of interpretations of brain organization within birds and their 

homologies with mammalian brain structures. 

Puelles, 2014, and Puelles et al., 2016, claim that their findings of NR4A2 

expression in mice demonstrate that NR4A2 is an exclusive pallial marker of the 

developing and adult claustrum, which appears before and adjacent to the insula 

cortex. However, they did not note prior studies that showed NR4A2 activity-

induced expression in the claustrum and deep layers of the cortex. Our 

interpretation of those findings, in the context of the current study, is that NR4A2 

induction in the deep cortical layers of mammals would be consistent with the 
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hypothesis that these deep layers are homologous to the avian arcopallium and 

mesopallium of birds, and the induction in the mammalian claustrum could be 

analogous to induction in the anterior arcopallium. But this is just the activity-

dependent induction of one gene, where other genes could be different. For 

example, ZENK expression is induced in all cortical layers of mammals, except 

minimally in the thalamic recipient layer 4; similarly it is induced in all avian 

pallial subdivisions, except the thalamic recipient subdivisions of HI and NI. 

Further, based on the in situ hybridization expression profile of 7 

developmentally critical transcription factors in the cortex (Suzuki & Hirata, 

2014) or micro-array expression profile of over 7000 orthologous genes (Pfenning 

et al., 2014), these two studies concluded that the layers 2 and/or 3 were most 

molecularly similar to the avian mesopallium, or nidopallium respectively. Thus, 

we do not think it is possible to conclude that the avian mesopallium is like the 

mammalian claustrum from NR4A2 alone, especially without taking into 

consideration the activity-dependent induction. 
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In Puelles et al., 2016, the authors state that:  

“[The] proposal of Jarvis et al, 2013, and Chen et al, 2013, that the 

avian HD/HI region actually belongs to the mesopallium … is ill 

advised, because among other reasons, the NR4A2 marker neatly 

distinguishes between the mesopallium, which contains several 

NR4A2-positive populations, and the sharply negative HD/HI area.”  

Our study clarifies this issue. First, the Jarvis and Chen studies did not state that 

HI belong to the mesopallium, but instead that it is a separate cell population 

from the hyperpallium and mesopallium, with its own molecular profile that 

receives heavy thalamic input, relative to the adjacent populations. Second, the 

sharply negative HD/HI area, seen in the Puelles et al study, is recapitulated here 

as a sharply negative region within the hyperpallium that includes the 

somatosensory part of the hyperpallium. Third, the NR4A2 patterns that Puelles 

et al., 2016 found in the hyperpallium, particularly at late developmental stages, 

appears quite varied and spotty throughout each brain subdivisions, which can 

be explained by differences in activity-dependent induction in the animals before 

sacrifice. One might argue for species differences, but Wang et al., 2011, analyzed 

NR4A2 (Nurr1) expression in adult chickens, and found labelling mostly 
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restricted to the hyperpallium, including the supposed negative HD region, 

without labelling in the mesopallium, reminiscent of some of the patterns we 

have seen in some zebra finches. With these diverse expression patterns, Puelles 

et al., 2016, gave novel subdivision labels to almost every gene expression 

boundary difference delineated by NR4A2, in every section shown in their paper, 

which we believe, rather, are functional activation differences within circuits that 

change from animal to animal, depending on their behavioral and stimulus state. 

Rather, adult expression profiles of pallial subdivisions by RNA sequencing 

(Gedman, in preparation) support the Jarvis and Chen model, where the profiles 

of all annotated genes (including NR4A2) support that the old HD region is 

nearly identical to what has been called the mesopallium, and the overlying HI is 

similar to NI, and the overlying hyperpallium is nearly identical to the 

nidopallium. The only partial exceptions to this model actually include NR4A2, 

where we find it is more readily induced by activity in the hyperpallium than in 

the nidopallium. However, with strong singing activity, we do find induction in 

specialized song nuclei of the nidopallium. Based on this, we believe proper 

activity induction, such as that shown through systemic kainic acid injections in 

rodents (Crispino et al., 1998), may further extend the expression profile of 

NR4A2 in this pallial layer.  



 

 

  202 

Widespread NR4A2 expression in the absence of activity is seen in the adult 

arcopallium and DNH. In early developing avian embryos (HH28-HH35 stages), 

Puelles et al., 2016 (their Figure 2) noted that the highest NR4A2 levels occur in 

the mesopallium (M) and amygdala complex, what Jarvis and Chen (2013 

studies) called the MD and MV, and the arcopallium respectively. Puelles et al., 

2016 also named the DNH as the intercalated core nucleus (ICo), which we noted 

also shows high expression in chicken, which they “believe is a migrated claustral 

derivative.” No evidence is made for this claim, and in songbirds, this is clearly a 

visual brain region associated with magnetic field sensation (Mouritsen et al., 

2005; Zapka et al., 2009). We further suggest that naming this structure ICo is ill 

advised, as it is the abbreviation of another well-characterized studied avian 

region in the midbrain, the intercollicular complex (ICo), which has been in use 

for decades (Kingsbury et al., 2011). In the DNH, arcopallium, and mesopallium 

of early embryos, since the baseline levels are high throughout the brain 

subdivisions, they may not require additional activity for their expression at this 

time period. 

There are many other claims made in the Puelles et al., 2016, study using 

NR4A2 which we could challenge as confounded without a consideration of the 

activity state of the animal. The importance of controlling animal behavior state 
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and awareness of a gene’s activity dependent expression have been discussed 

and demonstrated in past studies, including for birds (Jarvis et al., 2013; Mello & 

Jarvis, 2008), but we believe that they have all too often not been taken seriously 

in the neuroscience community. When taking brain activity states into 

consideration, the interpretations can change dramatically. This will be more 

challenging with embryos, as it is hard to control their behavior in ovo. But it is 

still worth considering. We hope that demonstration of the differences in 

interpretation between studies, at least with this one gene, that future studies 

will take into consideration as a lesson learned.  

This study utilized non-radioactive in situ hybridization protocols, 

representing an improvement in technical speed and user safety. While this 

technique has been applied and described in the songbird by others (Carleton et 

al., 2014), we developed our own protocol based on the synthesis of radioactive 

and other non-radioactive protocols, and describe it in the methods below. 

5.5 Materials and methods 

5.5.1 Behavioral context and sample collection 

Animals were cared for in accordance with the standards set by the American 

Association of Laboratory Animal Care and Rockefeller University’s Animal Use 

and Care Committee. A total of 12 adult zebra finch males (greater than 90 days 
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old) were used. Following protocols we developed to measure activity-

dependent expression of genes in the avian brain (Feenders et al., 2008; Jarvis et 

al., 2013; O. Whitney et al., 2014), animals were placed individually in sound 

attenuation chambers overnight (at least 12 hours) to reduce activity-dependent 

genes to baseline expression levels, and then treated under the following three 

conditions: 

• Silent in darkness: Animals taken prior to the lights turning on in the morning. 

• Silent in light: Animals taken within 2-3 hours of the lights turning on in the 

morning, hoping, feeding, and drinking, but not singing. 

• Singing: Animals taken after producing at least 25 song bouts (continuous ~4-

20s periods of songs separated by less than 500 ms) per 30 minutes, for at 

least 1 hour after the lights were on. 

After each condition was complete, animals were quickly euthanized (less 

than 1 min) by rapid decapitation, and whole brains were excised, cut sagittally 

along the midline, and separated hemispheres were embedded in block molds 

containing Tissue-Tek (Fisher HealthCare, Houston, TX) and quickly frozen. 

Time between final behavioral disposition and freezing was under five minutes, 

so as to not measure gene expression due to stress of euthanasia. Sections were 
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cut at 12µm in sagittal or coronal planes, and mounted onto Superfrost Plus 

slides (Fisher Scientific, Pittsburgh, PA).  

5.5.2 Single label in-situ hybridization 

5.5.2.1 RNA Probe Preparation 

Plasmids containing RNA polymerase promoters and cDNA sequences for 

NR4A2 and other genes of interest (Table 5.1) were amplified by PCR or isolated 

with respective restrictions enzymes listed. All RNA probes for in situ 

hybridization were transcribed and labeled following the specifications for either 

the DIG RNA Labeling mix or the Fluorescein RNA Labeling mix (Sigma, Cat. 

#11685619910). RNA probes were purified by ethanol precipitation, resuspended 

in 90% formamide, and stored at -80 C until further use. 

 

Gene Accession 
number 

Antisense 
RNA 

polymerase 

Sense RNA 
polymerase 

cDNA insert 
preparation Label 

NR4A2 CK305076 T3 T7 Restriction 
digest- BssHI DIG 

ZENK JX296528 T7 SP6 M13 PCR FITC 

ER81 DV582566 T3 T7 M13 PCR FITC 

 

Table 5.1 RNA riboprobes used in NR4A2 experiments.  
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5.5.2.2 Single label in-situ hybridization 

All steps unless specifically noted were at room temperature (RT). Slides 

containing 4-6 brain sections were fixed with 4% Paraformaldehyde (PFA) in 1X 

PBS, washed with 1X PBS and then incubated in acetylation buffer (250mL 0.1M 

Triethanolamine, 280µL NaOH and 625µL acetic anhydride, mixed right before 

use). The sections were washed with 1X PBS and dehydrated serially with 70%, 

95% and 100% EtOH. Samples were incubated for at least 1 hour in 

prehybridization solution (50% formamide, 5X SSC, 1X Denhardt’s solution, 

250µg/mL tRNA, 500µg/mL herring sperm DNA). 

To hybridize, probes were diluted in the hybridization solution (50% 

formamide, 300mM NaCl, 20mM Tris-HCl (pH 8.0), 5mM EDTA, 10mM 

NA2HPO4, 1X Denhardt’s, 500ug/mL tRNA, 200ug/mL herring sperm DNA and 

10% dextran sulfate) at 1:100. The diluted probe mix was incubated at 80°C for 6 

minutes and then cooled on ice for 5 minutes. After removing the 

prehybridization solution, 100µL of the probe mix was added to each slide. The 

slides were coverslipped, with care taken not to introduce bubbles, and 

incubated overnight at 65°C in a HybEZ™ II hybridization oven (ACD).  

Coverslips were removed in 2X SSPE, washed with 1X SSPE/50% formamide 

for 1 hour at 65°C and 0.1X SSPE twice for 30 minutes at 65°C. The slides were 

cooled to room temperature in the last 0.1X SSPE wash and then incubated in a 
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new 0.1X SSPE wash for 5 minutes at room temperature. The sections were 

washed with 1X Tris Buffered Saline (TBS) for 5 minutes and then incubated for 1 

hour in blocking solution (TBS, 10% sheep serum). The slides were incubated in 

an antibody solution (TBS, 1% sheep serum and Anti-DIG-AP or Anti-FITC-AP 

at 1:2000) overnight at 4°C.  

The slides were washed in 1xTBS 3 times for 10 minutes at room temperature 

and then equilibrated with 0.1M Tris-HCl pH 9.5 for 5 minutes. The sections 

were then incubated in the NBT/BCIP solution (Sigma, Cat. #11681451001) for 2-

24 hours (each probe was optimized based on signal) until the sections were fully 

developed. The slides were washed with 1X PBS 3 times for 5 minutes, rinsed in 

diH2O, dehydrated with 100% EtOH and mounted under glass coverslips 

(ThermoFisher, Cat. #12545M) using ProLong Diamond Antifade mounting 

solution (Invitrogen, Cat. #P36961).  

5.5.2.3 Double label in-situ hybridization 

To determine overlap of multiple genes, we performed fluorescent in-situ 

hybridization. We followed the same steps as the single label in-situ 

hybridization up until the hybridization step. For double labeling, we diluted the 

two probes of interest (one conjugated with DIG and one with FITC) into the 

same tube of hybridization solution at a ratio of 1:100 for each probe. We then 
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followed the same steps as the single label protocol to the final 0.1X SSPE wash 

for 5 min at room temperature. At that point, slides were washed with 1X PBS for 

5 minutes, incubated in 10% H2O2-1X PBS for 30 minutes to remove any 

endogenous peroxidase activity and then washed twice in 1X PBS for 5 minutes. 

To label the NR4A2 DIG-conjugated probes, the sections were incubated in 0.5% 

Roche Blocking Solution for 1 hour and then incubated with Anti-DIG-POD 

antibody (Sigma, Cat. #11207733910) at 1:1000 in 0.5% Roche Blocking Solution 

(Sigma, Cat. #11096176001) overnight at 4°C. 

The slides were washed twice with 1X PBS for 10 minutes and then once with 

0.1% BSA-1X PBS for 10 minutes. The remaining steps all occurred while 

protecting the slides from natural or ultraviolet light. Slides were incubated with 

1:100 Cy3-TSA amplification reagent in 1x Plus Amplification Diluent (Akoya 

Biosciences, Cat. #NEL741001KT) for 15 minutes, then washed in 1X PBS for 5 

minutes. The slides were then quenched in 15% H2O2- 1X PBS for 30 minutes to 

remove any remaining peroxidase reactivity and washed twice in 1X PBS for 5 

minutes. Slides were fixed in 4% PFA-1X PBS for 5 minutes to and washed twice 

with 1X PBS for 3 minutes to ensure tissue integrity. 

For the second round of antibody staining against the FITC-conjugated ER81 

or ZENK riboprobes with anti-FITC-POD (Sigma, Cat. #11426346910), the 
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sections were incubated in 0.5% Roche Blocking Solution for 30 minutes and then 

incubated with Anti-FITC-POD antibody at 1:1000 in 0.5% Roche Blocking 

Solution for 2 hours at room temperature, or overnight at 4°C. The slides were 

washed twice with 1X PBS for 10 minutes and then with 0.1% BSA-PBS for 10 

minutes. The slides were incubated with 1:100 FITC-TSA in amplification buffer 

for 15 minutes, then washed in 1X PBS for 5 minutes. The sections were 

counterstained with DAPI-1X PBS for 15 minutes. The slides were washed twice 

in 1X PBS for 5 minutes and then rinsed with dH2O. They were then 

coverslipped with Prolong Diamond Antifade mounting media (Invitrogen) and 

dried overnight at room temperature, protected from light.  

5.5.3 Gene Expression Quantification 

Images of the HVC song nucleus from dark and singing animals conditions 

were taken at 4x magnification with brightfield microscope (colorimetric single-

labeling) or at 10x magnification with a confocal microscope (fluorescent double-

labeling). Section were normalized to each other by background intensity levels 

of the slide glass and brain regions otherwise of mRNA signal. Mean luminosity 

of the brain region of interest was recorded for at least three sections per animal 

divided by the mean intensity of equivalently sized regions in the surrounding 

caudal nidopallium, which was qualitatively observed to have lower ZENK and 
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NR4A2 signal in silent and light exposures on average. Significance was 

measured using a two-sided Student’s t-test. 

 

  



 

 

  211 

 

6 Conclusion 

The work embodied in this dissertation contributes to the improvement of 

gene manipulation strategies in a songbird species, the zebra finch. From the 

basic understanding of avian model system applications and the techniques 

available for other vertebrate model systems, I sought to expand the genetic 

toolbox through resource generation, technical development, and protocol 

adaptation. As well, I grounded this work in one of the foundational rationales 

for utilizing these animal models: for clarifying our understanding of the human 

body and mind. 

The work in Chapter 2 covers the first instance of an induced songbird cell 

line using the SV40 large and small T antigens. The CFS414 line developed herein 

represents a vast improvement over previous zebra finch tumor cell lines (Itoh & 

Arnold, 2011) as they grow quickly (a doubling time of 19.5 hours) and 

independently of seeding density, allowing for monoclonal propagation. 

Notably, this cell line represents a homogeneous resource for general use by the 

birdsong community and other fields with an interest in comparative avian cell 

biology. Establishing this technique with zebra finch also opens the possibility 
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for the generation of cell line resources of various cell types, and also in other 

closely related species. 

This chapter also demonstrated the previously unpublished proof of concept 

uses of the CRISPR-Cas9 genome editing systems in zebra finch cells, which 

provides new avenues for utilizing this model organism.  

In Chapter 3, I sought to enhance our knowledge of specialized gene 

expression within the song system through cellular, histological, and genome 

editing approaches. Defining the cell type expression patterns within the HVC 

song nucleus provides us with a stronger sense of the roles these genes play in 

the song system, and applying previous findings from other model systems 

highlights their role within those cell types. For instance, the determination of 

excitatory neuron expression of ZEB2 regulatory genes excludes their potential 

role in the adult HVC from a regulator of cortical interneuron fate (Hegarty et al., 

2015; McKinsey et al., 2013), though leaving open the possibility of ZEB2-driven 

regulation of axonal growth and intracortical projections (Srivatsa et al., 2015). 

Characterizing the specialized gene expression in the song system also has a 

biotechnology application, as this identifies genes with upstream candidate 

promoter and enhancer regions for use as drivers of exogenous gene expression 

within viral constructs. 
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Additionally, the confirmation of PV mRNA expression in HVCRA projection 

neurons in Chapter 3 answers previously unresolved findings of PV antibody 

signal in the descending fibers of HVCRA neurons without apparent cell body 

overlap. Together, these results add to a growing understanding of spatial gene 

expression in the song system (Lombardino et al., 2006; Z. W. Bell et al., 2019; 

Scharff & Adam, 2013), particularly beyond the resolution of brain tissue and 

into the level of cell type. 

Finally, the demonstration of AAV-mediated expression of the CRISPR-Cas9 

system in the zebra finch in Chapter 3 showed promising results in targeting 

certain cell types in the HVC song nucleus, though did not conclusively 

demonstrate gene ablation in vivo for all animals targeted due to a number of 

potential factors outlined in section 3.3. Nonetheless, this work establishes 

protocols for local manipulation of the song system through virally based 

genome editing and identifies potential avenues for improving this technique in 

the future. 

In Chapter 4, I adapted techniques used in the more genetically tractable 

chicken (T. S. Park et al., 2013; Tyack et al., 2013; Z. Zhang et al., 2012) for 

developing a less formidable and more versatile strategy of transgenic songbird 

generation. This technique provided a unique pattern of vascular chimeric 
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expression, but ultimately fell short of germline transmission, due to low germ 

cell labeling in the testis. This shortcoming motivated the investigation of 

candidate receptors responsible for VSVg-mediated viral transduction, 

developing for the first time a strong hypothesis on the mechanistic resistance of 

zebra finch germ cells to lentiviral transduction, revealing a substantial obstacle 

to manipulating the zebra finch.  

This chapter also highlighted the elementary establishment of zebra finch 

primordial germ cell culture protocols. The culture of these cells represents a 

significant milestone toward zebra finch transgenesis, whose optimization and 

successful execution would allow for a transgenic songbird strategy, providing a 

more comprehensive approach to songbird genome modification. This technique 

re-established my initial injection methods described for lentiviral injection into 

the developing finch embryo, though this time being used to validate PGC 

culture methods for the in vitro maintenance of cells capable of colonizing the 

embryonic gonad. 

Chapter 5 represented a slight departure from the other tool development 

sections, but highlighted the importance of defending and strengthening 

established hypotheses from which the previous chapters were motivated. As a 

response to Puelles et al., 2016, my colleagues and I established that the NR4A2 
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transcription factor acted as a behaviorally regulated gene in songbirds, 

confounding other analyses that claimed expression profiles derived from 

unknown behavioral states argued against cortical-pallial organizational 

homologies between avian and mammal brains. Further, this study acted as the 

catalyst for our adoption of non-radioactive in situ hybridization techniques, an 

improvement in user safety.  

Together, these chapters move forward the tractability of the zebra finch to 

gene manipulation. The cell line resource can now act as a substrate for the 

testing of genetic tools and reagents in the context of zebra finch biology, as well 

as the determination of protein function and subcellular localization, performed 

for SAP30L in section 3.2.2. In the future, these applications could be used to 

optimize and characterize different viral constructs and viral receptors, 

potentially mitigating the obstacles seen in Chapters 3 and 4 to more efficiently 

deliver genes locally or through the germline. The findings of Chapter 4 

particularly highlight potential avenues for exploration and improvement of the 

VSVg lentiviral system in the zebra finch. A forthcoming dataset of scRNAseq of 

the CFS414 cell line, itself generated through and amenable to lentiviral 

transduction, may be used to further resolve which VCR candidates can be used 

as entry points into the zebra finch cell.  
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Future directions regarding this work on the continued improvement of tools 

to characterize the song system are varied. For one, an approach to assay and 

target different genes in the song system may be undertaken, with preference 

toward genes expressed in cell types more vulnerable to viral transduction, such 

as the CRHBP gene expressed in interneurons of HVC (Wirthlin et al., 2015). As 

well, new approaches to identify or create more effective viruses and promoter 

sequences that have discrete expression within particular cells types. 

Overall, this dissertation presents a strategy for manipulating the songbird 

(Figure 6.1). While there is still much work to realize this ultimate vision, a 

roadmap is critical to determining and prioritizing what is to be done. As 

mentioned, the cell culture line resource provides resources for tool generation 

and improvement that may be applied to improving other techniques. 

Optimization of zebra finch PGC culture and manipulation, informed by further 

literature searches and an exploration of the scRNAseq dataset briefly analyzed 

in Chapter 4, offers a promising avenue for transgenic line generation in the 

zebra finch, yielding animals that may carry gene tools for enhanced 

manipulation or modifications to viral receptors for enhanced transduction 

efficiency. These techniques provide multiple independent applications for 

study, and also act to enhance methods of local manipulation. Certainly, 
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previous manipulations of the zebra finch song system have been successful in 

elucidating gene roles (Chakraborty et al., 2017; Haesler et al., 2004; Heston & 

White, 2015; Murugan et al., 2013; Yazaki-Sugiyama et al., 2014), and the 

characterization and enhancement of genetic tools in the songbird will expand 

possibilities for further modification.  

 
Figure 6.1 A strategy for gene manipulation in the zebra finch. 

 

Beyond neuroscience applications, such biotechnology applications may also 

inform studies in comparative evolution or efforts in animal conservation. As 

discussed in Chapter 1, the zebra finch is more established than other songbird 

or Neoaves species as a model organism for laboratory research, but the 
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phylogenetic relationship and biological similarities suggest a continuity of the 

mechanisms that enable these techniques to be utilized, particularly more than 

distantly related Galloanserae model organisms such as the chicken. After 

troubleshooting and adaptation of techniques previously applied in poultry, the 

generation and culture of cell lines, particularly germ cell lines, provide a means 

for easier genomic continuity and preservation in the zebra finch that may not 

only allow for animal generation beyond natural breeding paradigms, but also 

permanent repositories without the need for animal breeding and colony 

maintenance. With the protocols established, adapting these techniques to closely 

related species that are not as amenable to laboratory investigation becomes 

more feasible, and may represent a first step toward in vitro germline 

propagation and storage of endangered species. 

The work I engaged in during my graduate research has not only contributed 

to the biotechnology applications and genetic understanding in the zebra finch, 

but has also been personally enriching in my understanding of the avian biology 

and the scientific method. The intersection of ethological neurogenetics, 

biotechnology, and reproductive development has instilled an interdisciplinary 

approach to problem solving in my research aims. Over the course of my 

graduate career, these paths have expanded my interests have beyond the song 
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system and into biotechnological applications in songbird biology as a whole. 

The broader strokes of this dissertation highlight this passion, and it is my hope 

that these initial resources catalyze a greater interest in the development of 

genetic tools for songbirds in the future.  
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