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II. ABSTRACT 

	

	 Somitogenesis is a crucial process in vertebrate embryo development, whereby 

mesodermal-derived structures, called somites, are repeatedly formed along the anterior-

posterior (AP) body axis. A molecular clock, first evidenced by cyclic expression of the 

hairy1 gene, sets the pace of somite formation. Although somites are morphologically 

identical, they are actually molecularly different. The identity of each embryonic segment is 

determined by combinatorial expression of hox genes. Previous studies showed that Hairy1 

protein interacts with the mesodermal identity protein Brachyury, which is also required for 

hox gene activation. 

 To assess if the embryonic clock is timing hox gene activation, hairy1 and brachyury 

were cloned into an expression vector containing a fluorescent reporter gene. The resulting 

plasmids were subsequently electroporated in chick embryos at stage 3HH-4HH and the 

embryos incubated for further development. Phenotype analysis of electroporated embryos 

suggests that over-expression of either hairy1 or Brachyury genes delays or even prevents 

somite formation, to approximately the same extent. Furthermore, when the C-terminal 

domain of Hairy1, capable of interacting with Brachyury, was over-expressed, a dose-

dependent phenotype was obtained, suggesting that it resulted from Brachyury protein 

titration. These results strongly suggest that cyclic Hairy1 - Brachyury dimer formation is 

required for somite segmentation. 

 

Keywords: Hairy1, Brachyury, electroporation, molecular clock. 
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III. SUMÁRIO 

 
 No desenvolvimento embrionário existem várias fases importantes, sendo a 

somitogénese uma delas. Nesta etapa, o embrião forma periodicamente estruturas 

metaméricas designadas sómitos que se vão posicionando aos pares ao longo do eixo anterior-

posterior (AP) do embrião, flanqueando o tubo neural. Um relógio molecular, primeiramente 

descrito pela expressão cíclica do gene hairy1, vai marcando o ritmo da formação dos 

sómitos. Apesar de parecerem morfologicamente idênticos, os sómitos são molecularmente 

bem diferentes. Esta identidade espacial ao longo do eixo AP do embrião é dada pela 

expressão conjunta de diferentes genes Hox. Estudos prévios demonstraram que a proteína 

Hairy1 interage com o marcador de mesoderme Brachyury, que é essencial para a expressão 

dos gene Hox. 

 Para esclarecer se o relógio embrionário controla temporalmente a expressão dos 

genes Hox, hairy1 e brachyury foram sobre-expressos em embriões de galinha do estadio 3-4 

HH usando a técnica de electroporação. A análise morfológica destes embriões sugere que a 

sobre-expressão de hairy1 ou de brachyury atrasa ou até previne a formação de sómitos, de 

forma semelhante. Aquando da sobre-expressão da porção C-terminal de Hairy1, capaz de 

interagir com Brachyury, observou-se um fenótipo intermédio e dependente da dose, o que 

sugere um efeito de titulação de Brachyury. No conjunto, os resultados obtidos suportam a 

hipótese de que o dímero Hairy1-Bachyury é necessário para a segmentação somítica. 
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1. INTRODUCTION 
	



INTRODUTION 
	

	
	
2	

1.1. General considerations on Development Biology 

 
 For centuries Man has been interested in the study of the process by which living 

beings grow and develop - Developmental Biology – especially from fertilization until birth - 

Embryogenesis. A wider knowledge of the embryonic development may allow us to intervene 

in medically assisted reproduction, to avoid or to prevent some malformations, scan diagnoses 

and apply multiple therapeutic solutions. 

 Developmental biology studies employ the use of animal models which allow the use 

of their embryos without raising the ethical questions underlying the use of human embryos. 

Among the most utilized animals are the invertebrates: Sea urchin (Strongylocentrotus 

purpuratus), Roundworm (Caenorhabditis elegans), Fruit fly (Drosophila melanogaster); and 

the vertebrates: Zebrafish (Danio rerio), Frog (Xenopus laevis, Xenopus tropicalis), Mouse 

(Mus musculus) and Chicken (Gallus gallus). Their comparison is possible because, in the 

early stages of development, all embryos present comparable morphology, and the 

physiological and genetic processes are conserved between species. 

 The chicken as a model has important advantages, including having a rapid 

development (21 days total), being accessible throughout the year and in the desired amount, 

it can be incubated to develop when it is convenient, it is sufficiently transparent and the 

embryo is sufficiently large to be observed, embryonic development allows external 

manipulation of the embryo itself by simply opening the egg shell and re-closing it to allow 

further post-manipulation development, it possesses an embryonic development similar to the 

Human, both at cellular and molecular level, it is cheap and its development is well described 

and classified in various stages (the most widely used is Hamburger & Hamilton (HH) 

(Hamburger andHamilton, 1951 – Appendix 1). 

	
	

1.2. Chick Embryogenesis 

  

 Embryogenesis begins with the fertilization of the egg by sperm to create a new 

individual with genetic material derived from both progenitors. The zygote suffers a 

cytoplasmic arrangement with rapid mitotic divisions producing numerous smaller cells, 

called blastomeres. This process is called cleavage and leads to the development of a 
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the back and tendons), whereas at the some time in the posterior part, the presomitic paraxial 

mesoderm (PSM) remains unsegmented and undifferentiated (Aulehla and Pourquié, 2010).  

These transitory structures (somites) are a group of cells that suffered a mesenchymal-

epithelial transition at the anterior tip of the PSM, and are symmetrically positioned relative to 

the neural tube and notochord and they represent the first overt sign of a segmented body 

plan. 

 If it is true that the morphological difference is only noticeable at the anterior tip of the 

PSM where cells become epithelialized, at the molecular level, that difference is already 

observed along the anterior third of the PSM tissue, where somite anterior-posterior (A-P) 

polarity is specified by Mesp2 and Delta/Notch signaling (Saga, 2007).  

Along the PSM, the cells exhibit different levels of differentiation where the 

segmental determination takes place in the PSM around the level of somite –IV, that 

correspond to the determination front. Here, Dubrulle et al., (2001) showed that fibroblast 

growth factor 8 (fgf8) was expressed as a gradient from the posterior part, decreasing towards 

the anterior PSM, by the progressive decay of fgf8 mRNA generated at the tail bud of the 

embryo, defining what was termed a wavefront of differentiation (Dubrulle and Pourquié, 

2004a). Additionally, when fgf8 was over-expressed in the undetermined caudal region of the 

PSM the position of somitic boundaries had changed creating small somites and an activation 

of ectopic expression of genes like hoxB9 or hoxA10 was observed in order to maintain the 

anterior limit of expression of these Hox genes at the appropriate somitic level (Dubrulle et 

al., 2001). 

Concomitant with the fgf8’s gradient, mouse embryos also present a Wnt signaling 

gradient (Aulehla et al., 2003), asWnt3a expression is increased in the most posterior PSM 

and tail bud. A reversely oriented gradient of retinoic acid (RA) is also established, presenting 

higher expression in the somites and anterior PSM, whereas it is absent in more posterior 

parts of the embryo, including the tail bud (Diez del Corral et al., 2003). This combinatorial 

gradient system in the PSM that involves the activity of FGF, Wnt and RA signaling 

pathways is a fundamental key to maintain the undifferentiated state of cells in the posterior 

PSM and to control initiation of differentiation once cells reach the anterior PSM(Fig. 1-7). 

High levels of Wnt and FGF signaling maintain cells in an undifferentiated, posterior PSM 

state, whereas the exposure to high levels of RA signaling (and concomitant low levels of 

Wnt and FGF signaling) is responsible for initiating differentiation (Aulehla and Pourquié, 

2010). 
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gene that is expressed in that segment. This property is termed posterior prevalence 

(Duboule and Morata, 1994). 

 The molecular mechanism driving the sequential activation of Hox genes in the 

epiblast is unknown. In vertebrates, it has long been believed and recently shown that 

temporal collinearity reflects the progressive opening of chromatin in a 3’-to-5’ direction, 

thus providing temporally controlled access of the transcription machinery to Hox gene 

promoters (Soshnikova and Duboule, 2009). The collinearity has also been proposed to reflect 

the action of signaling pathways on cis-regulatory elements dispersed in the Hox clusters 

during gastrulation. The timing of activation of a Hox gene in the cluster depends on its 

position within the cluster, on local cis-regulatory sequences, on chromatin remodeling 

machinery and specific regulatory elements located outside of the cluster (Iimura et al., 2009). 

  Initial activation of Hox gene transcription and the early anterior propagation event of 

Hox gene expression could be regulated by molecular events involved in gastrulation, 

including the formation and caudal regression of the primitive streak (Pourquié, 2007). Fgf 

signaling is essential for mesoderm formation through the primitive streak and its caudal 

regression, suggesting that it could play a regulatory role in the initial expression of Hox 

genes (Dubrulle et al., 2001). It has also been proposed that RA could play a role in vertebral 

patterning, in part, via regulation of Hox expression because RA treatment leads to distinct 

homeotic transformations and acts differentially on 3’ vs 5’ Hox genes in mesoderm (Kessel 

and Gruss, 1991). Wnt signaling has also been connected directly to the anterior progression 

of Hox genes since Wnt regulates the formation of the primitive streak (Ikeya and Takada, 

2001; Aulehla and Pourquié, 2010). Finally, the caudal transcription factors (Cdx) are targets 

of the Wnt, FGF, and RA pathways, which play a conserved role in Hox regulation during AP 

axis formation (Iimura et al., 2009). The correlation of these pathways is schematically 

represented in Fig. 1-11.  
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 In Xenopus laevis embryo, AP positional information for the vertebrate trunk has been 

proposed to be generated by sequential interactions between a timer in the early non-organizer 

mesoderm and the Spemann organizer (Durston et al., 2009). This results in temporal 

collinear activation of Hox genes in the early ventral and lateral mesoderm (i.e., the non-

organizer mesoderm) of the Xenopus gastrula. In this system, the mesodermal transcription 

factor brachyury (Xbra) is required for early Hox expression domain in the animal–vegetal 

direction and the secreted growth factor BMP-4 limits it in the organizer/non-organizer 

direction (Wacker et al., 2004a). The overlap of these two signals defines the initial Hox 

expression domain. Therefore, the contribution of T in Hox induction, and as well as the 

requisite for a molecular timer in the mesoderm have both been proposed to control collinear 

Hox gene expression activation. 

	
	
	

1.6. Manipulating gene expression levels in the chick embryo: 

Electroporation and Explant culture 

 

 The basic principle of electroporation is that application of an electric field to cells 

generates the reversible opening of pores in the cellular membrane, which then allows 

charged macromolecules, such as DNA, RNA, and proteins, to penetrate the cells (Iimura and 

Pourquié, 2008). Muramatsu et al. (1997) first reported the use of such electroporation 

techniques in ovo to over-express genes in the chick embryo. Subsequently, the conditions for 

routine use of in ovo electroporation in various tissues have been established, and a wide 

range of potential applications has been developed (Iimura and Pourquié, 2008). Nevertheless, 

it has been difficult to establish electroporation methods for the epiblast in early gastrulating 

embryos (stages 3 to 7HH) because of their small size and fragility. The use of flat electrodes, 

combined with an in vitro culture system, has made it possible to overcome these issues and 

over-express genes in embryos at the primitive streak stage (Iimura and Pourquié, 2008). 

 From the several methods available for explants culture upon electroporation, two are 

currently widely used: the ‘EC culture’ method (Chapman et al., 2001), in which the embryo 

attached to its own vitelline membrane is explanted by attaching the outer portion of the 

membrane to a piece of filter paper and subsequently transferred to an agar substrate on which 

it is cultured, and New culture (New 1995), involving removal of the embryo attached to its 
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own vitelline membrane, which is then stretched around a glass ring and cultured on a pool of 

egg albumen (Voiculescu et al., 2008). The EC culture has several benefits compared with 

classical New culture: (1) It does not require either glass rings or watch glasses; (2) standard 

laboratory filter paper is inexpensive and readily available, and it can be sterilized by 

autoclaving; (3) Tension on the blastoderm is maintained without the need to adjust the 

vitelline membranes on a glass ring placing the filter paper directly onto the intact yolk before 

cutting through the vitelline membranes; (4) Cultures can be made very quickly; (5) Identical 

conditions are maintained for each embryo; (6) Liquid does not pool on the embryo; (7) 

Embryos can be easily removed and replaced on the substratum and, therefore, can be 

cultured first ventral-side up and then dorsal-side up (after they reach stage 8HH); (8) 

Embryos typically develop at about the same rate as in ovo, and development of the 

extraembryonic vasculature is extensive; (9) Embryos can be routinely cultured until they 

reach stages 15–17, although expansion of the rostral brain region is retarded in such 

embryos, and sections reveal that some degeneration of the neural tube occurs (Chapman et 

al. 2001). 

 

 

1.7. Aims of this study 

 

 This study intended to contribute to the clarification of a fundamental developmental 

question regarding how temporal control of positional information is achieved. If, on one 

hand the molecular clock is giving a notion of time by the number of expression cycles of 

certain genes that the cells received, on the other hand the sequential expression of Hox genes 

confers spatial identity to the PSM cells. Additionally, Hairy1 protein interacts with 

Brachyury (unpublished results) and our available data suggest that the protein dimer 

Brachyury-Hairy1 could be involved in Hox gene transcription regulation, thus implicating 

the molecular clock in both temporal and spatial control of cell identity.   

 To test this hypothesis, plasmids were constructed to over-express hairy1 and 

brachyury in vivo, employing the embryo culture system (Chapman et al. 2001) to re-incubate 

the embryos after electroporation for an appropriate period of time. The empty vector was 

used as control. Successful electroporation was confirmed by in situ hybridization with probes 

to label cells that are actively transcribing each gene. Afterwards, a careful analysis of the 
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morphological characteristics of the embryos was performed with the aim of finding 

correlations between the phenotypes obtained and the different expression plasmids. 

Perturbing the system with either hairy1 or brachyury over-expression could result in 

common external embryo alterations if they are working in the same way. Electroporated 

embryos were also collected for posterior analysis of Hox gene expression by reverse-

transcription-quantitative polymerase chain reaction (RT-qPCR) assays. 
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2.1. pCAT 

2.1.1. Plasmids construction 

 pCAT was generated by cloning the IRES-MCS region from pIRES2-GFP (Clontech) 

into pCAGGS-AFP (kindly provided by Tsuyoshi Momose). This fragment was generated by 

PCR using the MCS-IRES-ForSpeI (GGACTAGTGCTAGCGCTACCGGACTCAG) sense 

primer and the antisense primer MCS-IRES-RevSpeI 

(GGACTAGTTGTGGCCATATTATCATCGT). To confirm the length of the fragment, an 

agarose gel electrophoresis was performed. The bands were cut and purified by QIAquick® 

Gel Extraction Kit (Qiagen). The products were digested with the restriction enzyme SpeI 

(Fermentas) and the digestion product was checked on a 0.8% agarose gel. 

 The pCAGGS-AFP vector was linearized with the restriction enzyme XbaI 

(Fermentas) that produces compatible ends with SpeI. This product was incubated with 

Shrimp Alkaline Phosphatase (SAP) (Roche) that catalyzes the dephosphorylation of 5 ́ 

phosphates from DNA preventing the vector’s re-ligation. To confirm completion of the 

digestion, an agarose gel electrophoresis was performed. Digested products were gel purified 

using QIAquick® Gel Extraction Kit (Qiagen) and checked on a 0.8% agarose gel to confirm 

the efficiency of extraction. 

 The ligation of the two generated DNA products was performed with the Rapid DNA 

Ligation Kit (Fermentas) using the One Shot® Mach1-T1 Chemically Competent E. coli cells 

(Invitrogen). Eight colonies were selected and grown for plasmid extraction using the 

QIAprep® Spin MiniPrep Kit (Qiagen). Ligation confirmation and analysis of the fragment 

orientation was performed by restriction digestion using 2 different enzymes: EcoRI 

(Fermentas) and BamHI (Roche). Finally, the selected plasmids were sequenced using the 

sense primer SeqT3_For (GAGGGCCTTCGTGCGTCG) and antisense primer MCS-IRES-

RevSpeI. Plasmid concentration was measured using NanoDrop 2000C Spectrophotometer 

(Thermo Scientific). 

 

2.1.2. pCAT + c-Term  

 

 A C-terminal fragment of the hairy1gene (c-Term) was generated by PCR using the 

sense cTerm-AFP-NheI (CTAGCTAGCCAGATCGTGGCCATGAACTACCTGC) and 
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antisense Hairy1-AFP-EcoRI (CCGGAATTCCTACCACGGCCGCCAGACG) primers. To 

confirm the length of the fragment, agarose gel electrophoresis was performed. The bands 

were excised and purified by QIAquick® Gel Extraction Kit (Qiagen). The products were 

simultaneously digested with the restriction enzymes EcoRI and NheI (Fermentas) which 

were then heat-inactivated. The digestion product was checked on a 0.8% agarose gel. 

 The previously constructed pCAT plasmid was digested with the MCS restriction 

enzymes EcoRI and NheI. This product was incubated with SAP to ensure plasmid 

dephosphorylation. To confirm the length of the fragment an agarose gel electrophoresis was 

performed. Digested products were gel purified with QIAquick® Gel Extraction Kit (Qiagen) 

and checked on a 0.8% agarose gel to confirm the efficiency of extraction. 

 The ligation of the two fragments was performed with Rapid DNA Ligation Kit 

(Fermentas) using the One Shot® Mach1-T1 Chemically Competent E. coli cells (Invitrogen). 

24 grown colonies were expanded and a colony-PCR reaction was performed with the primers 

cTerm-AFP-NheI and Hairy1-AFP-EcoRI to check for successful clones. These were grown 

and the plasmid DNA was extracted using the QIAprep® Spin MiniPrep Kit (Qiagen) and a 

new PCR with the same primers was performed, confirming the length of the fragment in a 

0.8% agarose gel. Finally, the plasmids were sequenced using the sense primer SeqT3_For 

and antisense primer MCS-IRES-RevSpeI. Plasmid concentration was measured using the 

NanoDrop 2000C Spectrophotometer (Thermo Scientific). 

 

2.1.3. pCAT + Hairy1 

 

 The hairy1 open reading frame (ORF) was obtained by EcoRI restriction digestion of 

the pCRII-TOPO+Hairy1 plasmid available in the lab. To confirm the length of the fragment 

an agarose gel electrophoresis was performed. The band was cut and purified with 

QIAquick® Gel Extraction Kit (Qiagen). The digestion product was checked on a 0.8% 

agarose gel to confirm extraction efficiency. 

 pCAT was linearized with the MCS restriction enzyme EcoRI and the digestion was 

confirmed by agarose gel electrophoresis.  

 The ligation of the two aforementioned fragments was performed with the Rapid DNA 

Ligation Kit (Fermentas) using MultiShotTMStripWell TOP10 Chemically Competent E. 

colicells (Invitrogen). Plasmid DNA extraction was made from 12 colonies using QIAprep® 
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Spin MiniPrep Kit (Qiagen). The plasmids were digested with EcoRI to confirm hairy1 ORF 

presence and the length of the fragment was confirmed by agarose gel electrophoresis. To 

confirm the correct orientation of the hairy1 ORF, two different PCR reactions were 

performed with the following primers pairs: Hairy1-AFP-EcoRI 

(CCGGAATTCCTACCACGGCCGCCAGACG) and pCATSeq_REV 

(ACATATAGACAAACGCACAC); Hairy1-AFP-NheI 

(CTAGCTAGCATGCCCGCCGACACGGGCATG) and pCATSeq_REV. Only the second 

primer-pair should result in PCR amplification in a plasmid with hairy1 in the correct 

orientation. Finally, selected plasmids were sequenced using the sense primer pCATSeq_FOR 

(ACTTCCTTTGTCCCAAAT) and antisense primer pCATSeq_REV. The plasmid 

concentration was measured using the NanoDrop 2000C Spectrophotometer (Thermo 

Scientific). 

 

2.1.4. pCAT + Brachyury 

 

 The brachyury ORF was amplified by PCR using the sense primer T-AFP-NheI 

(TTCGCTAGCATGGGCTCCCCGGAGGACGC) and the antisense primer T-AFP-EcoRI 

(CCGGAATTCTTACATGGAAGGTGGGGTGATGGG) on the pSK-T-orf plasmid (kindly 

provided by Susan Mackem). To confirm the length of the fragment, an agarose gel 

electrophoresis was performed. The bands were cut and purified using the QIAquick® Gel 

Extraction Kit (Qiagen). The brackyury ORF was then cloned into the pCRII-TOPO® 

plasmid (Invitrogen), according to the manufacturer’s protocol. Four white colonies were 

selected and plasmid DNA extraction using QIAprep® Spin MiniPrep Kit (Qiagen) was 

made. The plasmids were digested with the restriction enzyme EcoRI to confirm the presence 

of brackyury ORF and the length of the fragment was confirmed by agarose gel 

electrophoresis. The plasmids were sequenced using the commercial primer T3 

(AATTAACCCTCACTAAAGGG).  The product of the digestion with EcoRI of the correct 

pCRII-TOPO+Brachyury plasmid was cut, purified using QIAquick® Gel Extraction Kit 

(Qiagen) and was finally checked on a 0.8% agarose gel. pCAT was linearized with the MCS 

restriction enzyme EcoRI and the digestion was confirmed by agarose gel electrophoresis.  

 The ligation of the two fragments was performed with the Rapid DNA Ligation Kit 

(Fermentas) using MultiShotTMStripWell TOP10 Chemically Competent E. coli cells 
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(Invitrogen). Eight colonies were grown and plasmids extracted using the QIAprep® Spin 

MiniPrep Kit (Qiagen). To confirm the orientation of the brackyury ORF in pCAT, two 

different PCR reactions were performed using the following primers: T-AFP-EcoRI and 

pCATSeq_REV; T-AFP-NheI and pCATSeq_REV. Only the second primer-pair should 

result in PCR amplification in a plasmid with brachyury in the correct orientation. Finally, 

selected plasmids were sequenced using the sense primer pCATSeq_FOR and the antisense 

pCATSeq_REV primer. Plasmid concentration was measured using the NanoDrop 2000C 

Spectrophotometer (Thermo Scientific). 

 

 

2.2.  Embryos and staging 

 
 Fertilized chicken (Gallus gallus) eggs were obtained from commercial sources 

(Sociedade Agrícolada Quinta da Freiria, SA.) and stored at 16ºC for up to 1 week. Embryos 

were incubated at 38ºC in a humidified chamber for the appropriate time, according to 

Hamburger and Hamilton (1951). 

 

2.3.  Embryo explant culture 

 
 Embryo explant cultures were performed according to the EC - Early Chick method 

(Chapman et al., 2001), as further described. Fertilized chick eggs were removed from the 

incubator and allowed to cool for 15-30 min before cleaning the shell with 70% ethanol and 

allowing it to dry. The yolk was separated from the egg white (Fig. 2-1 A; B) and was directly 

deposited onto a 10-cm glass Petri dish (Fig. 2-1C), such that the blastoderm was positioned 

centered on the yolk, and the vitelline membrane was intact (Fig. 2-1D).  

 The thick albumine covering the blastoderm was removed using a piece of sterile filter 

paper (Whatman no. 3) with gentle movements, drawing it away from the center (Fig. 2-1E), 

because the albumine interferes with the ability of the vitelline membranes to attach to the 

filter paper.  

 Another piece of sterile filter paper with a central aperture was placed gently onto the 

vitelline membranes, such that the embryo was framed (Fig. 2-1F). The paper immediately 

absorbed liquid from the surface of the vitelline membrane, drawing it tightly onto the paper.  
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2.4.1. Embryo dissection and storage 

 

 Embryos presenting fluorescence were dissected (with suitable, sterilized surgery 

material) from the filter paper in a black Petri disk with phosphate buffer saline (PBS 1X). 

Then, they were placed in a 1.5ml eppendorf and immediately frozen in liquid nitrogen. 

Finally, the embryos were stored at -80 ºC. 

 

 

2.5. Whole-mount In situ hybridization 

 
 The principle behind whole-mount in situ hybridization (WISH) is the specific 

annealing of a labeled nucleic acid probe to complementary sequences (mRNA) in fixed 

tissue, followed by detection of the location of the probe. This method provides on one hand a 

spatial and temporal resolution of gene expression and on the other hand allows the detection 

of genetic interactions through simultaneous hybridization of up to three different probes in 

the same embryo. 

 

2.5.1. Synthesis and purification of antisense RNA probes 

 

 In order to make an antisense RNA probe complementary to hairy1 mRNA, a plasmid 

containing hairy1 sequence was linearized with the restriction enzyme HindIII (Fermentas) 

and the probe was generated by in vitro transcription using the T7 RNA polymerase 

(Promega), in the presence of a digoxigenin-substituted nucleotide mix, DIG (Roche) 

(Palmeirim et al., 1997). The transcription product was checked on a 0,8% agarose gel. The 

RNA probe was precipitated by adding 200µL of Tris-EDTA buffer, 20µL LiCl 4M and 

600µL Ethanol 100% and left at -80ºC for 1h. The mixture was centrifuged (at 4ºC) (VWR, 

model ct15re Himac) for 30 min at 12000rpm. The supernatant was carefully discarded and 

the pellet washed with 70% Ethanol, followed by centrifuging (at 4ºC) for 15 min at 

12000rpm. The supernatant was carefully discarded and, after being dried, the pellet was 

ressuspended in 40 µL of Tris-EDTA buffer. The final probe was checked on a 0,8% agarose 

gel. 
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2.5.2. Embryo fixation 

 

 Embryos were fixed overnight at 4ºC in fixing solution. Following removal of the 

fixing solution from the embryos, two 15 min washes were carried out with PTW solution. 

The embryos were then dehydrated for 10 min in 50% methanol/PBT and twice in 100% 

methanol and subsequently stored at –20°C until required.  

 

2.5.3. Embryo pre-treatments and Hybridization 

 

 Embryos were rehydrated by washing through 75% - 50% - 25% series of 

Methanol/PTW solutions (for periods of 10 to 15 min) and two times in PTW. After this, 

embryos were treated with 10μg/ml proteinase K (Promega) in PTW. The time of incubation 

in min equaled the HH stage number. After that, proteinase K was removed and the embryos 

were briefly rinsed two times with PTW and post-fixed in 0.1% glutaraldehyde, 4% 

paraformaldehyde in PTW for 20 min. Embryos were then rinsed once and washed twice with 

PTW. The embryos were rinsed once with 1:1 PTW/hybridization mix and with 1ml 

hybridization mix. 

 Hybridization comprised two steps. First the embryos were pre-hybridized in 1ml 

hybridization mix for at least 1 hour at 70ºC. During this period, the solution can penetrate 

into the cells and the optimal temperature of the hybridization is achieved. Then the 

hybridization mix was removed and pre-warmed hybridization mix with the previously 

prepared antisense RNA probe was added. Hybridization was performed overnight at 70ºC. 

 

2.5.4. Antibody incubation 

 

 After the hybridization steps, the solution was removed and the embryos were rinsed 

twice with prewarmed hybridization mix. The embryos were washed twice for 30 min at 70ºC 

with 1.5ml prewarmed hybridization mix and for 10 min at 70ºC with 1.5ml prewarmed 1:1 

hybridization mix/MABT. Afterwards, the embryos were rinsed twice and washed once for 15 

min with 1.5ml MABT solution. In order to block unspecific antibody binding sites, the 

embryos were incubated 1h with 1.5ml MABT containing 2% Blocking Reagent (Roche), 
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followed by 1.5ml MABT with 20% Goat Serum (Gibco) and 2% Blocking Reagent for a 

minimum of 1h at room temperature in a rocker. The previous solution was removed and 

replaced by fresh solution containing a dilution 1/2000 anti-Digoxigenin-AP (Roche), and 

incubated overnight at room temperature with smooth agitation. 

 

2.5.5. Post-antibody washes and histochemistry 

 

 The antibody solution was removed and the embryos were rinsed in MABT three 

times for 5 min and washed three times for 1 h at room temperature by rolling. The embryos 

were then washed with NTMT solution twice for 10 min. The embryos were incubated in the 

developing solution in the dark, at 37ºC. Once achieved the desired staining, the embryos 

were washed several times with PTW in order to stop the reaction and then they were 

photographed. 

 

 

2.6. Image acquisition 

 
 Embryos were photographed using a QImaging Micro Publisher 50 RTV camera 

coupled to a Leica MZ16FA stereomicroscope. Images were processed using Adobe 

Photoshop software. 
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Figure 3-10 - pCAT+Brachyury scheme with restriction sites constructed using Vector NTI9 (Invitrogen). 

 

	

3.2.  Electroporation 

	

3.2.1.  Optimization of chick electroporation conditions  

 

 The electroporation technique was a new method introduced in the lab, and it was 

necessary to proceed to its optimization. For this, 441 3-4HH embryos were electroporated 

with empty vectors in order to test several electroporation conditions. This worked allowed 

the conclusions described below. 

 

o Voltage applied by the electroporator: values higher than 10 volts are lethal to 

the embryos, while values below 10 volts are many times insufficient and no 

fluorescence com be observed. 
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D). Alternatively, a micro-injector with automatic manipulation was used and six to eight 

injections were performed at the anterior part of the embryo, on both sides of the primitive 

streak (Fig.3-14E, F, G, H). This difference in the localization of the injection also resulted in 

different localization of the fluorescence.  

 According to the DNA injection site different expression patterns of plasmid-driven 

fluorescence were obtained. When injected in the posterior part of the primitive streak the 

fluorescence also appeared in that location, poorly contributed to the PSM (Fig. 3-14A, B, C, 

D). When it was injected in the anterior part of the embryo, right below the Hensen’s Node 

and lateral to the anterior tip of primitive streak, the fluorescence appeared dispersed in neural 

plate of the embryo and in the notochord (Fig. 3-14E, F, G, H). If the embryo was injected 

down to 60% of the primitive streak, all the PSM and somites would be fluorescent (Fig. 3-

14I, J, K, L). Last, if the injection was performed down to 20% of the primitive streak, the 

entire embryo is labeled with the exception of a region containing the PS and an area 

surrounding it (Fig. 3-14M, N, O, P). As our objective was to electroporate the cells of the 

paraxial mesoderm, the site of injection presented in Fig. 3-14I, J, K, L was further chosen for 

being the most effective. 
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Diagram 3-1 – Distribution of phenotypes observed in all the embryos electroporated in the PSM region 
by plasmid type: pCAT, pACT+Hairy1, pCAT+Brachyury and pCAT+c-Term. 
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4.1. Prospective-PSM is located in the anterior third of the primitive 

streak 

	
 Observing our results, we verify that embryos electroporated in the posterior part of 

the primitive streak present very few morphologic alterations. Contrastingly, embryos 

electroporated in the anterior domain were the ones where greater alterations were observed, 

perturbing the normal development of the embryo. As the site of plasmid injection and 

electroporation goes down along the primitive streak, a spread of extra-embryonic staining 

appears in the embryo. 

 Considering the site of plasmid injection and electroporation on 3+/4 HH embryos and 

the domains presenting fluorescence after incubation, our results are in accordance to the fate 

maps described in the literature (Iimura and Poruquié, 2006). The anteriormost epiblast, 

which lies adjacent to the node and the anterior primitive streak, essentially gave rise to neural 

and ectodermal derivatives. The epiblast region lateral to the primitive streak between 90% - 

60% levels of streak extension contained paraxial mesoderm precursors. Posterior to this level 

of the streak, the epiblast derivatives were essentially found in the lateral plate or extra-

embryonic mesoderm.  

 It was previously described that activation of the hoxb cluster is first initiated in the 

paraxial mesoderm precursors located in the epiblast in a collinear fashion before their 

ingression into the primitive streak (Iimura and Pourquié, 2006). For that reason, we 

considered that the preferential local of injection for gene over-expression in these cells is 

located between 90% and 60% levels of primitive streak extension lateral to the streak. 

 

 

4.2. Electroporation drives to a “salt-and-pepper” pattern of 

Hairy1/Brachyury over-expression 

 

 We observed that electroporation produces a non-continuous pattern of mRNA 

expression, but rather a “salt-and-pepper” pattern. This characteristic is due to the fact that 

single cells are randomly electroporated, instead of the whole tissue. This is very well 

observed in the fluorescence and in situ hybridization images. Hairy1 expression appeared 

first of all in a continuous form in the embryo that corresponded to the endogenous gene. 
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After this, the exogenous Hairy1 produced only in the cells that received the plasmid, was 

also evidenced showing a typical “salt-and-pepper” pattern. As for Brachyury expression, 

both endogenous and exogenous gene expression was revealed simultaneously, maybe 

because the electroporation was performed with a higher plasmid concentration or there may 

be differences in mRNA detection by in situ hybridization between Hairy1 and Brachyury. 

Finally, embryos electroporated with the control plasmid (pCAT) only presented Hairy1 and 

Brachyury staining corresponding to the endogenous gene. All the GFP fluorescence observed 

in these embryos didn’t match the staining obtained when in situ hybridization was performed 

with either Hairy1 or Brachyury, as expected.     

 

 

4.3. Both Hairy1 and Brachyury over-expression in PSM cells perturbs 

somite formation 

	
 Observing the embryos electroporated with Hairy1, Brachyury and c-Term, we 

obtained a high percentage of embryos (73%) with a common feature: a reduced number of 

somites than were expected when comparing with their normal head development. The reason 

for this phenomenon is not clear. To further clarify this, we should increase the number of 

electroporated embryos or let them grow more to understand if impairment or delay in the 

somite formation are occurring. In the embryos presenting fluorescence and a normal number 

of somites, the part of the embryo that was efficiently electroporated seemed to be the neural 

tube instead of the PSM. The difference in the tissue which was the target of electroporation 

could explain the normal number of somites, since it didn’t affect the cells that are responsible 

for somite formation. 

 This phenotype appears in the embryos electroporated with any one of the three 

plasmids (83% in Hairy1, 61% in Brachyury and 30% in c-Term), suggesting a relationship 

between Hairy1 and Brachyury. These two proteins have been shown to interact with each 

other to form a dimer (unpublished results). When an over-expression of one or other protein 

is performed, we perturb this ligation and alteration in somite formation occurs. Although the 

high level of malformations in control embryos should be clarified, only one case presented a 

similar phenotype with less somites, indicating that this phenotype is most probably specific 

and due to protein over-expression. 
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4.4. c-Term over-expression leads to a mild, dose-dependent somitic 

phenotype 

 

 c-Term electroporated embryos present a greater variety of phenotypes, in which 40% 

of the grown embryos are normal. 

 The three embryos with less number of somites (#162, 182 and 185), corresponding to 

the 30% of the grown embryos, are different from each other, showing a gradient of severity 

on somite formation according to the amount of plasmid electroporated. This gradient 

suggests a dose-dependent mechanism in somite formation. By ascending order of severity, in 

embryo #182 only the right side was electroporated and presented somite malformation when 

compared to the left side, that presented normal somites. Embryo #185 also had the right side 

more electroporated than the left and fewer, malformed somites were observed. Finally, 

embryo #162 is the one that presented a higher level of malformations where no somites were 

observed. In any case, these alterations in somite formation are less dramatic then the 

phenotype obtained in Hairy1 or Brachyury electroporated embryos, since some somites can 

be observed.  

 

4.5. Conclusions and future perspectives 

 

In summary, the results presented in this work evidence the utility of electroporation 

in allowing gene over-expression in the chick embryo and sustain the hypothesis that Hairy1 

and Brachyury proteins exert a biological effect as a protein dimer since the same phenotype 

in somite formation was obtained when embryos were electroporated with either gene.  

 

Brachyury is known to be required from Hox gene expression initiation. To assess if 

Hairy1 or Brachyury over-expression affect Hox gene expression, quantitative RT-PCR 

experiments will be performed in relevant embryos obtained throughout this work. With that 

purpose, all the embryos were frozen and carefully manipulated with RNAse free material. 

Different genes will be tested, namely hairy1 and brachyury to quantify mRNA over-

expression and the Hox genes from cluster B, hoxb1, hoxb2, hoxb3, hoxb5, hoxb8, hoxb9 and 

hoxb13. The mRNA levels obtained will be normalized to appropriate reference genes.	
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