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Abbreviations 

T4   : thyroxin (L-3, 5, 3’, 5’-tetraiodothyronine) 

T3   : triiodothyronine (L-3, 5, 3’-triiodothyronine) 

rT3   : reverse T3 

     TTR   : transthyretin 

ORD   : outer ring deionization 

IRD   : inner ring deionization 

SECIS   : selenocysteine insertion element 

TSH   : thyroid-stimulating hormone  

TRH   : thyroid-releasing hormone 

TBG   : T4-binding globulin 

TBPA   : thyroxin-binding pre albumin 

OATP                         : organic anion transporters family,  

LATs                          : L-type amino acid transporters  

MCT8 & 10                : monocarboxylate transporters 

FT4   : free T4 

FT3   : free T3 

T3S   : T3 surface 

TA4   : T4 to tetrac 

TA3   : T3 to tiac 

D1/Dio1  : type 1 deiodinase 

D2/Dio2  : type 2 deiodinase 

D3/Dio3  : type 3 deiodinase 

IAC   : iodo acetate 

IOP   : iopanoic acid 

TRES   : thyroid hormone response elements 



4 
 

 

Acknowledgements 

     Firstly, I would like to express my sincere gratitude to my advisor Professor IWASAWA 

Atsushi, Laboratory of Comparative Biochemistry, Gifu University, for the continuous support 

of my Ph.D study and related research, for his patience, motivation, and immense knowledge. 

His guidance helped me in all the time of research and writing of this thesis and papers as well. I 

could not have imagined having a better advisor and mentor for my Ph.D study. 

     Besides my advisor, I would like to thank Professor KOHSAKA Tetsuya, Laboratory of 

Animal Reproductive Physiology, Shizuoka University and Associated Professor YAYOTA 

Masato, Laboratory of Animal Feeding and Nutrition, Gifu University for their insightful 

comments and advices, but also for the good question which incented me to widen my research 

from various perspectives.  

     I am also very thankful to Associated Professor KUSUDA Satoshi, Laboratory of Animal 

Reproduction, Gifu University for his kind help in conducting some of my experiments in his 

laboratory.  

     My sincere thanks also go to Ministry of Agriculture, Livestock, and Irrigation which 

permitted me to study at Gifu University. I would like to express my greatfulness to Ministry of 

Education, Science, Sports, and Culture (MEXT), Government of Japan for the funding sources 

that made my Ph.D. course possible. In addition, a thank you to Dr. Hnin Yi Soe (Myanmar) who 

introduced me to Gifu University and Professor IWASAWA Atsushi.  

     I wish to express thanks to all members of laboratory of Animal Physiological Chemistry, 

especially SHIBATA Mitsuhiro, for their kind support on this work, technical assistance and 



5 
 

other countess things they have done for me. This research would not have been possible without 

the support of my beloved friends, for their constant support, for giving me strength and help. 

Also, I express my deepest thanks to all the staffs of Renno office for their kindly assistance me 

during my study in Gifu University.  

     My time at Gifu University made enjoyable in large part due to many friends and some events 

that became a part of my life. Lastly, I would like to thank my family for all their love and 

encouragement. For my parents, who raised me with a love of science and supported me in all 

my pursuits. And most of all my loving, supportive, encouraging and patient husband whose 

faithful support during the final stages of this Ph.D is so appreciated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Contents 

General Introduction           7  

Chapter 1             9 

1.1 General features of thyroid hormones                                                                             9 

1.2 Development of the hypothalamo-pituitary-thyroid-peripheral axis                                12 

1.3 Source of Thyroid hormone in avian development                14 

1.4 Overall regulations of thyroid hormone action                                                                15 

Chapter 2            17 

Changes of mRNA expression of deidoinases in the yolk sac membrane during  

embryonic development of the chicken 

2.1 Introduction           17 

2.2 Materials and Methods          26 

2.3 Results            38 

2.4 Discussion           53 

 

Chapter 3            56 

Changes of mRNA expression of carrier proteins in the yolk sac membrane during  

embryonic development of the chicken 

3.1Introduction           56 

3.2 Materials and Methods                                                                                                     59 

3.3 Results            59 

3.4 Discussion           69 

 

 



7 
 

Chapter 4            71 

Changes of mRNA expression of transporters in the yolk sac membrane during  

embryonic development of the chicken 

4.1 Introduction           71 

4.2 Materials and Methods          75 

4.3 Results            75 

4.4 Discussion           88 

 

Chapter 5            91 

Changes of yolk thyroid hormones during embryonic development of the chicken 

5.1 Introduction           91 

5.2 Materials and Methods          93 

5.3 Results           99 

5.4 Discussion           103 

 

General Summary and Discussion         106 

General Conclusion           110 

References            111 

Appendix            139 

 

 

 

 

 

 



8 
 

General Introduction 

 

        In all vertebrate species and invertebrate species so far, thyroid hormone (TH) is significant 

for regular functioning of almost all body’s organs. The thyroid contains two hormones thyroxin 

(T4) and triiodothyronine (T3). T4 is the main hormone released from the thyroid glands and it is 

transformed into biologically active T3. Intracellular activation or inactivation of T4 and T3 is 

determined by three types of iodothyronine deiodinases such as D1, D2, and D3 (Gereben et al., 

2008). THs are transported throughout the body via the circulation. The major TH distributor in 

birds and other non-mammalian vertebrates are transthyretine (TTR) and serum albumin (ALB). 

TTR is one of the proteins in extracellular fluids, which binds the thyroid hormones T4 and 

T3.Visser et al., 2008 revealed that transport of T4 and T3 in and out of cells is controlled by 

several classes of transmembrane transporter, including members of the organic anion 

transporters family (OATP), L-type amino acid transporters (LATs) and monocarboxylate 

transporters (MCTs). Thyroid hormone transporters are necessary for the uptake of thyroid 

hormone into target tissues and they regulate intracellular T3 levels in a tissue-specific way. But 

the most important enzymes for TH metabolism are the iodothyronine deiodinases.The early 

embryo does not have a thyroid function and therefore it depends on the THs supplied by 

maternal hormone effect on the yolk of the chicken (Stijin et al., 2012). Some studies indicated 

that thyroid hormones are present in the egg yolk of chicken and quail but most of studies are 

focused on the late period of incubation. Thyroid hormone bound to yolk lipoproteins and enters 

embryo with non-specific uptake of yolk or by specific carrier (McNabb et al., 1997). In 

mammals, thyroid hormone reaches to the embryo by the potential effects of maternal thyroid 

hormones without crossing the placenta but in rats, some amounts of thyroid hormones do across 
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the placenta (Fisher et al., 1977; Roti et al., 1983).Some studies indicated that thyroid hormones 

are present primarily in the eggs yolk of chicken and quail, 4-6 ng T4/g and 1.5-2.5 ng T3/g of 

yolk (Mcnabb et al., 1997). 

Aim of research 

The objectives of this study are to observe the changes of iodothyronine deiodinase 

mRNA expression, carrier proteins and TH transporters for transporting THs to the embryo 

before and after the onset of thyroid function. In addition, we will be able to examine the 

concentration of yolk thyroid hormones.  

Research hypothesis 

I hypothesized that the yolk sac is a possible essential source of THs before the onset of 

thyroid function. Thyroid hormone content in the yolk might change before and after the onset of 

thyroid function in embryonic chicken. Egg yolk of embryonic chicks might contain 

trasnthyretine (TTR), that could be an essential requirement in transporting maternal origin of 

THs to the embryo before the onset of thyroid function. Yolk sac might contain deiodinase 

enzymes that regulate metabolism of THs. 

Specific experimental objectives 

1. To observe changes in mRNA expression pattern of iodothyronine deiodinase in the yolk 

sac membrane of chicken during embryonic development. 

2. To examine changes of carrier proteins (TTR & ALB) and TH transporters (MCTs, 

OATP) in the yolk sac membrane before and after the onset of thyroid function in 

embryonic chicken. 

3. To observe changes of THs in the yolk during embryonic developmental process 
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Chapter 1 

1.1 General features of thyroid hormones 

Triiodothyronine (T3) and thyroxin (T4) are thyroid hormones produced by the thyroid gland 

which are primarily responsible for regulation of metabolism. Iodine is necessary for the 

production of T3 and T4. A deficiency of iodine leads to decreased production of T3 and T4, 

enlarges the thyroid tissue and will cause the goiter in human and malformation in chicken. The 

major form of thyroid hormone in the blood is T4 in mammals and but T3 is higher in birds than 

mammals. T4 is converted to the active T3 (three to four times more potent than T4) within cells 

by deiodinases (5'-deiodinase). All three forms of the deiodinases are essential for T3 production. 

T0, T1 and T2 are precursors of thyroid hormone synthesis. They cannot act on the thyroid 

hormone receptor and appear to be inactive. T4 is inactive too, but conversion to T3 (in the liver, 

kidney, brain, and other organs) activates it by three types of deiodinases and thyroid hormone 

receptors. 

As shown in Figure 1, the thyroid hormones are basically tyrosine linked together with the 

iodine at three or four positions on the aromatic rings. T4 is composed of four iodine atoms and 

T3 is composed of three iodine atoms.  The number and position of the iodine is important in 

biological activity of thyroid hormones. For example, T4 and T3 have biological activity but 

other iodinated molecules such as reverse T3 (3,3',5'-T3) have little or no biological activity. 

Thyroid hormones are very weak to soluble in water and more than 99% of the circulating T3 

and T4 are bound to carrier proteins. The principle carrier of thyroid hormones is thyroxin-

binding globulin, a glycoprotein synthesized in the liver. Two other important carrier proteins are 

transthyretine (TTR) and albumin. Carrier proteins allow the maintenance of a stable pool of 

thyroid hormones in which the active free hormones are released for uptake by target cells. 
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Figure1. Chemistry of thyroid hormones 

Bianco et al., (2002) said that as for the position of the iodine it is important to recognize 

that due to the free rotation around the bridge, the 5 or 3 positions of the tyrosyl ring are 

equivalent, and also the 3' or 5' positions of the phenol ring are equivalent (Figure 2). Thus, T4 is 

converted by outer ring deionization (ORD) to the bioactive hormone T3, which is the principal 

ligand for the nuclear thyroid hormone receptors (Surks et al., 1977) or by inner ring 

deionization (IRD) to the inactive metabolite rT3. T3 is inactivated by IRD to 3,3'-

diiodothyronine (3,3'-T2) and also generated by ORD of rT3 (Hennemann et al., 1997). In 

thyroid hormone deiodination, three enzymes are responsible for these deiodination and 

composed of a family of selenoproteins. 

 

Figure 2.Stepwise deiodination of thryoxine (T4) 

The production and release of thyroid hormonesis are stimulated by thyroid-stimulating 

hormone (TSH) in human and corticotrophin releasing hormone (CRH) in chicken from the 
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anterior pituitary gland. Binding of TSH to its receptors on thyroid epithelial cells stimulates 

synthesis of the iodine transporter, thyroid peroxidase and thyroglobulin. The magnitude of the 

TSH signal also sets the rate of endocytosis of colloid; high concentrations of TSH lead to faster 

rates of endocytosis, and hence, thyroid hormone release into the circulation. Conversely, when 

TSH levels are low, rates of thyroid hormone synthesis and release diminish (Figure 3). 

 

 

 

 

 

 

 

Figure 3. Thyroid hormone synthesis 

The thyroid gland is a part of the hypothalamic-pituitary-thyroid axis, and control of 

thyroid hormone secretion is exerted by negative feedback action, as shown in Figure 3. In the 

hypothalamus, thyrotropin-releasing hormone (TRH) in human or corticotrophin-relaxing 

hormone (CRH) in chicken stimulates TSH from the pituitary, which stimulates thyroid 

hormones release. When blood concentrations of thyroid hormones increase, they inhibit both 

TSH and CRH, leading to "shutdown" of thyroid epithelial cells. Later, when blood levels of 

thyroid hormone decrease, the system wakes up again by the negative feedback action. The 

mechanism of thyroid hormone action in birds are similar to humans but slightly different in 

negative feedback action. The most important metabolic pathway is deiodination because of its 

brain 

Hypothalmus TRH/CRH 

TSH 

Thyroid 
hormone 

Anterior Pituitary 

Thyroid gland 

Target cell through 
circulation 
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role in the regulation of thyroid hormone bioactivity. In addition to deiodination, iodothyronines 

are metabolized by conjugation of the phenol hydroxyl group with sulfate or glucuronic acid 

(Visser, 1994). 

1.2 Development of the hypothalamo-pituitary-thyroid-peripheral axis 

 In a fully grown bird, the activity of the thyroid gland is controlled by an interplay of 

signals coming from the hypothalamus and the pituitary as well as the periphery (Figure 3). 

Thyroid stimulating hormone or thyrotropin (TSH) is a glycoprotein produced and secreted by 

the pituitary that stimulates TH synthesis and secretion by the thyroid gland. TSH synthesis and 

secretion in turn is influenced by releasing factors from specific nuclei in the hypothalamus. 

Thyrotropin releasing hormone (TRH) is the best known stimulatory one, but in birds as in many 

other non-mammalian vertebrates, corticotrophin releasing hormone (CRH) that stimulates the 

adrenal axis, is also a potent stimulator of TSH release. In contrast, hypothalamic somatotropin 

release inhibiting hormone or somatostatin (SS) is an inhibitor of both growth hormone and TSH 

release. TH released from the thyroid gland and present in circulation also help in regulating 

thyroid activity by exerting a negative feedback at the level of the pituitary and the hypothalamus. 

While these mechanism act together in mature birds to maintain a euthyroid status, the 

situation is different in embryonic/immature birds since each of them develops and matures at a 

different moment. The chronology of events has been studied in the precocial chicken where the 

whole system is functional around or shortly after hatching. The thyroid gland starts developing 

on day 2-3 of incubation as single ventral outgrowth of the anterior foregut that soon separates in 

two lobes while migrating to its final position on either side of the trachea. This migration occurs 

in close association with angiogenesis (formation of blood vessels) and defects in angiogenesis 

may result in abnormal thyroid development and location. It has been shown in mice and zebra 
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fish that survival and growth of thyroid progenitor cells depends on the combined expression of a 

set of transcription factors including Nkx2-1 (formerly known as TTF-1), Pax 8, Foxel and Hhex.  

Uptake of iodide in the developing gland starts on day 5 and T4 has been found in throcytes 

on day 5.5, which is even before the organization into follicles occurring on day 7-10. Due to the 

presence of maternally derived THs it is difficult to determine when exactly the embryonic 

thyroid gland starts hormone secretion but it can release T4 in response to TRH/TSH injection as 

early as day 6.5.   

Thyrotropes within the developing chicken pituitary start to produce TSH around day 9-10 

although some data suggest that it could be earlier. TRH is already present in the hypothalamus 

on day 4.5 but at that time the vascular connection between days 10-12. Immunoreactive CRH 

and SS have been detected in the hypothalamus around day 13-14 and receptors for all three 

hypothalamus factors are expressed in the pituitary even earlier. This means that during the last 

week of chicken embryonic development, the top-down control of thyroid function is fully 

functional and hypophyseal TSH production as well as thyroidal T4 secretion increase 

continuously up to 1 or 2 days before hatching. 

Bottom-up regulation by feedback from circulation THs seems to be the last mechanism to 

mature. TH-induced suppression of TSH production and release has been demonstrated 2 days 

before hatching but feedback at the level of the hypothalamus may only become functional post-

hatch. The establishment of most of these control mechanisms is shifted to later developmental 

stages in altricial birds. For instance, the thyroid of ring doves only starts reacting to a TSH 

challenge several days after hatching and circulating TH levels in ring dove and starling only 

start to increase towards adult levels in the first weeks thereafter. While TSH is essential in 

controlling thyroid gland activity and hence ontogenetic changes in circulating T4 levels, the 
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increase in circulating T3 occurs later and is regulated predominately at the peripheral level by 

changes in activating and inactivating deiodinases in embryonic tissues such as liver, kidney and 

muscle. Therefore, the biological activity of embryonic THs depends not only on serum TH 

levels, but is also regulated at the tissue level by the expression of deiodinases which activate 

thyroid hormones or mediate its degration. In addition, TH transporters are necessary for the 

uptake and export of TH into the target tissues and also TH binding proteins or carrier proteins 

play a key role in the distributing of TH to the target tissues (Figure 4). With these factors, they 

regulate TH homeostasis in developing peripheral tissues (Darras & Iwasawa, 2016).  

 

 

1.3 Source of Thyroid hormone in avian development 

As a general rule, the embryonic thyroid gland does not secrete THs until approximately half 

incubation or even later in altricial species, while functional TRs as well as TH transporters and 

deiodinases are present through the embryo form the first days of development. Therefore, the 

early embryo entirely depends on THs provided by the maternal source. In mammals, the 

placenta ensures a continuous transfer of hormones from the pregnant mother/female to the 

developing foetus/embryo. In birds, as in other non-mammalian vertebrates, the egg contains a 

large stock of maternal hormones. Lipophilic hormones including thyroid hormones, sex steroids 

Figure 4.Thyroid hormone regulation factors 
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and corticosterone are stored primarily in the yolk and are taken up by the developing embryo. 

THs in maternal circulation of the hen are transferred into oocytes bound to lipoproteins and 

transthyretine, therefore the receptor-mediated uptake of this carrier is one possibility but it 

remains to be investigated whether specific TH transporters also play an important role in the 

uptake of THs by the embryo. Embryonic THs uptake can increase or decrease in response to the 

amount of hormone available and environmental factors influencing embryonic development. 

For instance, early chicken embryos developing in eggs with a reduced TH content seem to be 

more efficient in transferring THs to tissues that strongly depend on THs such as the developing 

brain. Increasing yolk TH content may also induce regulatory mechanism as shown by changes 

in expression of TH transporters, deioidnases and TH receptors (TRs) in chicken brain in the first 

week of incubation. (Darras & Iwasawa, 2016).  

1.4 Overall regulators of thyroid hormone action 

Binding of T3 to nuclear TRs remains the major mechanism of TH action, certainly in 

relation to development. Since the thyroid gland predominately secretes T4, this pro-hormone 

has to be converted to T3 in peripheral tissues. To reach the enzymes catalyzing TH activation 

and inactivation as well as the nuclear receptors THs have to cross the plasma membrane, a 

process facilitated by specific transporters (Figure 5). 
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Figure 5. Mechanism of thyroid hormone action 
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Chapter 2 

Changes of mRNA expression of deiodinases in the yolk sac membrane during 

embryonic development of the chicken 

2.1 Introduction 

2.1.1 Iodothyronine deiodinase structure and function 

Structure and activity of D1 

D1 was originally characterized from the rat liver tissue and  described as a high Km non-

selective enzyme that catalyzed both ORD and IRD reactions. The efficiency for ORD of rT3 

was more than 100-fold higher than for ORD of T4, while sulphation of T4 and T3 strongly 

increased IRD efficiency (Leonard & Visser 1986). In vitro cofactor of D1 is dithiothreitol 

(DTT); this enzyme showed ping–pong kinetics and was strongly inhibited by PTU (100% by 

0.05 mM PTU). This inhibition was uncompetitive with substrate and competitive with cofactor. 

Enzyme activity was also inhibited by iodoacetate (IAC) and iopanoic acid (IOP) (Kobayashi et 

al., 1985; Leonard & Visser, 1986). The TGA (Sec) codon is located in exon2, while the TAG 

(stop) codon and the SECIS element are located in exon 4. The 5’-flankingregion (5’-FR) of the 

mouse and human D1 genes is GC rich and contains no TATA or CAAT boxes (Maia et al., 

1995a; Jakobs et al., 1997b). The human gene also contains two thyroid hormone response 

elements (TREs), but although mouse and rat D1 mRNAs are also increased by T3, canonical 

TREs have not yet been identified in the 5’FR of these gene (Bianco et al., 2002). 

The human Dio1 gene is located on chromosome 1 p32-p33. Both the human and mouse 

D1 genes consist of four exons with the UGA Sec codon located in exon 2 and the UAG Stop 

codon and the SECIS element in exon 4. The human D1 gene is under the control of GC-rich  

SP1 promoters and contains two TREs in the 5’FR, both contributing to the T3 responsiveness  
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of the human D1 promoter. The TRE-2 is a typical DR+4 direct repeat with 4 bp separating the 

RXR-T3-TR binding half-sites, which makes D1 responsive both to T3 and retinoic acid.  

 The D1 protein 

 Outer ring deiodination by D1 activity was first reported in the 1970 s as a 6-n-propyl-2-

thiouracil (PTU)-sensitive T4 to T3 conversion (Visser et al., 1975) that is dependent on thiol 

group-containing cofactors (Visser et al., 1976). D1 activity follows ping-pong kinetics and the 

best substrates are rT3 and sulfated T3, while its Km (T4) is in the micromolar range (1000-fold 

higher than that of D2). Visser 1994 reported that sulfating of the phenolic hydroxyl group 

blocks by outer ring deiodination of T4, while it strongly stimulates T4 inactivation by inner ring 

deiodination and enhanced degradation of thyroid hormones by D1. Although D1 is PTU 

sensitive, in some vertebrates (killfish, tilapia) the enzyme has reduced or no (Xenopus) 

sensitivity toward inhibition by PTU (Sanders et al., 1999; Kuiper et al., 2006). The D1 protein 

is ~27 kDa and contains Sec in its active center (Berry et al., 1991). Within this core, the 

Ser128Pro modification in D1 makes the enzyme resistant to PTU and changes the kinetics for 

sequential compared to the ping-pong kinetics of the wild type. Callebaut et al., 2003 said that 

the substitution of Ser for Pro in the equivalent position of D2 makes D2 kinetics similar to D1.  

The Pro135Ser D2 mutant has a two order of magnitude increase in Km (T4) to 250 nM that is 

just tenfold lower than that of D1 for T4. Furthermore, compared to the sequential kinetics of the 

wild type, this D2 mutant has ping-pong kinetics and is sensitive to inhibition by PTU, just like 

D1. In D3, substitution of Ser for Pro in the equivalent position (Zeold et al., 2006) also makes 

the enzyme kinetics similar to D1, i.e., the Km (T3) becomes fivefold higher and the enzyme 

becomes very sensitive to inhibition by PTU (Callebaut et al., 2003). The D1 protein has a long 

half-life (>12 h) and its activity is subjected to substrate-induced inactivation that can be blocked 
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by PTU. However, in contrast to D2, D1 is not ubiquitinated and its activity decrease is not 

associated with decrease of the D1 protein (Grebe et al., 2000). Early attempts to purify D1 

identified activity in higher molecular weight forms (Leonard & Rosenberg, 1981). 

Tissue distribution  

D1 is localized predominantly in the liver and kidney of vertebrates. In mammals it is 

also expressed in the thyroid gland, pituitary, intestine and placenta (St Germain1997; Bianco et 

al., 2002). Notably, D1 is expressed in the rat but not human central nervous system (Visser et 

al., 1982; Campos-Barros et al., 1996). In lower vertebrates, D1 activity can be found abundantly 

in the gills and brain of fish, in the pancreas of reptiles, and in the gut of birds and mammals 

(Valverde et al., 2004). Interestingly, the recently identified D1 in Xenopus is expressed in 

marked, spatially defined patterns during embryogenesis (Dubois et al., 2006). 

Structure and activity of D2 

D2 was originally characterized from rat brain tissue as an obligate ORD enzyme (Fig. 6) 

with a Km for its preferred substrate T4 in the low nanomolar range (Kaplan & Yaskoski 1980; 

Visser et al., 1981). The activity was not inhibited by PTU, weakly inhibited by iodoacetate 

(IAC) and strongly inhibited by iopanoic acid (IOP) (Leonard & Visser1986). The first D2 was 

cloned in 1995 from the bullfrog Rana catesbeiana. The mRNA sequence contained an in-frame 

UGA codon and a putative SECIS element in the 3’UTR. Expression of capped RNA transcripts 

in Xenopus oocytes resulted in ORD activity with typical D2 characteristics (Davey et al., 1995). 

The open reading frame of the partial rat and human D2 cDNAs cloned one year later showed 

the presence of two in-frame TGA codons, one located in a region very similar to the active site 

sequence of other known deiodinases, while the other one was located not far from an 

unambiguous TAG stop codon (Croteau et al., 1996). The Dio2 gene typically consists of two 
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exons, separated by a single intron. Exon 2 contains the TGA (Sec) codon located at the active 

site and the SECIS element (Valverde et al., 2004). Except for bullfrog, D2 mRNA is rather long, 

ranging from 4.7 kb in killifish up to 8.0 kb in mouse. This is due to an extended 3’UTR with the 

SECIS element positioned close to the poly (A) tail (Valverde et al., 2004). 

 

 

Figure 6.Major Pathways of thyroid hormone deiodination. D1, D2, D3, deiodinase types 1, 2 and 3.               

The human, mouse and rat Dio2 5’FR all contain consensus TATA and CAAT element 

and a functional CRE, but only human Dio2 has thyroid transcription factor 1 (TTF1) binding  

sites (Biancoet et al., 2002). In contrast to mammals, the killifish 5’FR does not contain TATA 

or CAAT boxes and no CRE sequence is present within 1.3 kb upstream of the transcription start 

site, which could be phylogenetically relevant for the control of Dio2 gene transcription 

(Valverde et al., 2004). The rainbow trout Dio2 gene, on the other hand, has a CAAT box and 

two putative TATA boxes in the promoter region, suggesting that the transcription of the Dio2  

gene might be differentially controlled amongst fish species (Sambroni et al., 2001). The 

existenceof multiple splice variants has been described for human D2 mRNA (Bartha et al., 

2000; Ohba et al., 2001). 

The D2 protein 
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D2 follows sequential kinetics and its existence was first suggested by the presence of 

PTU-insensitive T4 5’-monodeiodinase activity in the rat pituitary. Its Km (T4) was in the nM 

range,~1000-fold lower than that of D1 (Visser et al., 1982) and rT3 is almost as good  

a substrate for D2 as T4. The D2 protein is ~31 kDa with a highly conserved Sec residue in the  

active center (Salvatore et al., 1996;  Davey et al., 1999). A second in-frame UGA codon  

serves also as Sec incorporation site close to the C terminus, but it does not affect the 

biochemical properties of the D2 enzyme (Salvatore et al., 1999). Substitution of cysteine for 

Sec in the active center increases Km (T4) by approximately three orders of magnitude, while it 

increases translation of the enzyme by ~100-fold. These data indicate that Sec greatly increases 

the affinity for substrate but decreases translational efficiency (Buettner et al., 2000). It has been 

suggested that D2 is a homodimer (Curcio-Morelli et al., 2003; Leonard et al., 2005). Recent 

studies using fluorescence resonance energy transfer (FRET) on living cells and bioluminescence 

fluorescence energy transfer (BRET) confirmed that the D2 homodimer consisted of two 

functional monomers and showed that interaction at the globular domains is sufficient and 

necessary to keep the monomers in the conformation required for catalytic activity (Sagar et al., 

2007).  

Tissue distribution 

D2 expression is widespread. D2 activity has been found in the rat pituitary, brain, and 

brown adipose tissue, in rat gonads, pineal gland, and thymus, and in mouse mammary gland  

(Bianco et al., 2002). In the brain, D2 is predominantly glial and is highly expressed in tanycytes, 

the specialized ependymal cells lining the third ventricle in the mediobasal hypothalamus and in 

astrocytes (Tu et al., 1997; Guadano-Ferraz et al., 1997). D2 activity in these cells is thought to 

provide T3 for neighboring neurons, cells that have TRs, but lack T3-generating capacity 
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(Bianco et al., 2002; Bernal et al., 2003; Lechan et al., 2005). D2 is also expressed in the mouse 

cochlea in a temporally highly regulated manner and plays an important role in cochlear 

maturation (Campos-Barros et al., 2000). D2 expression also has species-specific characteristics. 

Unlike the rat, D2 is the only 5’ deiodinase in the adult human CNS (Campos-Barros et al., 

1996) and its mRNA is also expressed in human heart and skeletal muscle (Croteau et al., 1996). 

Similarly, D2 expression in the human thyroid is much more abundant than in the rat thyroid 

gland (Grebe et al., 2001). D2 is not expressed in the human or rat liver (Croteau et al., 1996; 

Salvatore et al., 1996) but it is present in the liver of adult chicken and teleost fish (Gereben et 

al., 1999; Darras et al., 1998; Valverde et al., 1997).  

Structure and activity of D3 

D3 was first characterized from rat brain tissue and human placenta as an obligate IRD 

enzyme (Figure. 6) (Kaplan &Yaskoski 198; Roti et al., 1981). D3 showed a substrate preference 

for T3 in the low nanomolar range. It is in vitro activity required relatively high DTT 

concentrations, although very high concentrations (200 mM) seemed to be detrimental. The 

enzyme showed sequential type reaction kinetics and was resistant to inhibition by PTU, while 

activity was inhibited by IAC and IOP (Leonard & Visser, 1986). The first D3 cDNA was cloned 

in 1994 from Xenopus laevis tadpole tail (St Germain et al., 1994). The clone contained an in-

frame Sec codon and had a SECIS element in the 3’UTR. Expression of capped RNA transcripts 

in Xenopus oocytes confirmed that the protein catalyzed IRD of T3 with a Km of 2 nM and was 

resistant to PTU as well as to aurothioglucose (ATG)  (St Germain et al., 1994). One year later, 

two mammalian D3 cDNAs were identified from rat neonatal skin and human placenta (Croteau 

et al., 1995; Salvatore et al., 1995). By now partial or complete cDNA sequences are available 
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for around 50 D3s. All known Dio3 genes consist of a single exon, a characteristic that is rather 

uncommon in the eukaryotic kingdom (Hernandez et al., 1998, 1999). 

The D3 protein 

D3 was first identified in the NCLP-6E hepatocarcinoma cell line (Sorimachi et al.,1977). 

D3 catalyzes the IRD of T4 and T3 with a Km in the nanomolar range. D3 follows sequential 

kinetics, is inhibited by IOP, and is insensitive to inhibition by PTU (Salvatore et al., 1995). D3 

is a ~32-kDa seleno protein with a Sec residue in its catalytic center (Salvatore et al., 1995; 

Croteau et al., 1995; Kuiper et al., 2003) in vestigated the role of the Sec residue in the catalytic 

center of the D3 protein. Replacing Sec with alanine inactivated the D3 enzyme, as described for 

the D1 (Berry et al.,1992) and D2 enzymes (Buettner et al., 2000). The Sec residue in the 

catalytic center isessential for maximal catalytic efficiency. In fact, substitution of cysteine for 

Sec did not eliminate D3 activity (Baqui et al., 2003) but reduced the turnover number two-fold 

in the case of T3 and six-fold in the case of T4 deiodination. In addition, the Km (T3) increased 

five-fold whereas the Km (T4) increased 100-fold, compared with the wild-type D3 enzyme 

(Kuiperet al., 2003). D3 forms dimers (Curcio-Morelli et al., 2003) and has a long half-life (~ 12 

h). To date, there is no evidence of regulation of Dio3 expression at the post-transcriptional level.  

Tissue Distribution 

D3 expression is high in the embryonic liver, brain, gonads, lung, heart, intestine, and 

skin (Van der Geyten et al., 1997; Van der Geyten et al., 2001; Bates et al., 1999; Van der 

Geyten et al., 2002). In humans, D3 mRNA or protein has been detected in the fetal liver, 

cerebral cortex, and the epithelial structures of the embryonic lung, intestine, skin, and urinary 

tract (Huang et al., 2003). In Xenopus laevis tadpoles, D3 activity is present in limb buds, retina, 

and tail in various stages of development (Huang et al., 1999; Marsh-Armstrong et al., 1999). D3 
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activity in human liver decreases rapidly after birth and, within a few weeks of life, circulating 

iodothyronine concentrations in the newborn reach those measured in the adult (Chan et al., 

2002). D3 mRNA has been identified throughout the brain in the adult rat. It was widely 

distributed throughout the forebrain but was particularly striking in layers II –IV of the cerebral 

cortex, hippocampal pyramidal cells, granule cells of the dentate, and layer II of the pyriform  

cortex  (Tu et al., 1999). It is interesting that the same regions contain the highest concentrations 

of TRs in the central nervous system (Puymira et al., 1992). In situ hybridization experiments 

showed that D3 expression changes during early differentiation of neonatal rat brain (Escamez et 

al., 1999). At postnatal day 0, D3 is selectively expressed in the bed nucleus of the stria 

terminalis, the preoptic area, and in other such areas as the central amygdale (Bayer et al., 1987). 

In contrast to D2, which is found in glial cells, D3 expression occurs predominantly in neuronal 

cells. High levels of D3 are expressed in the human placenta, where it could block the maternal-

to-fetal transfer of T4. Consistent with this function, high levels of D3 have been found in the 

syncytiotrophoblast and cytotrophoblast layers as well as in the fetal endothelium of the 

chorionic villa. D3 staining was also strong in the maternal deciduas of the human placenta and 

in the amnion sheath of the umbilical cord (Huang et al., 2003). In the same study, Huang and 

colleagues (Huang et al., 2003) provided the first evidence of D3 expression in normal human 

endothelium. Previously, endothelial D3 activity had been identified only in infantile 

hemangiomas and hemangioendothelioma (Huang et al., 2000; Huang et al., 2002).The skin is 

the largest organ in humans, and functions as a metabolically active biological barrier separating 

internal homeostasis from the external environment. Both the epidermal and dermal tissues are 

target organs for the thyroid hormone. D3 expression in the mouse embryonic and adult skin has 

been analyzed by immune histochemistry (Dentice et al., 2007). D3 first appears in the mouse 
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embryonic epidermis at E13.5 and is highly expressed in the epidermal layers and in hair follicle 

keratinocytes by E17.5. In the growing phase of the hair follicle cycle (anagen), D3 staining was 

intense in the hair matrix and in the surrounding outer root sheath. It progressively decreased 

during catagen and was almost absent in telogen. D3 activity is closely correlated with the rate of 

proliferation in sdifferentiating brown preadipocytes. In this system, differentiation of precursor 

cells to adipocyte is associated with decreased levels of D3 expression, while the Dio3 gene is 

markedly upregulated, suggesting that D3 is a marker of preadipocytes rather than of mature 

adipocytes, whereas Dio3 expression is associated with mature adipocytes (Hernandez et al., 

2007). 

2.1.2 Aim of research 

 The objectives of this study are to observe the changes of Iodothyronine deioidnase 

mRNA expression before and after the onset of thyroid function. I hypothesized that the yolk sac 

is a possible essential source of THs before the onset of thyroid function. Deiodinase mRNA thus 

might be expressed in the yolk sac to convert yolk THs to an appropriate form for correct 

development of the chicken embryo.  
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2.2 Materials and methods 

2.2.1 Experimental design 

Animals 

Fertile eggs (White Leghorn hens) were obtained from GHEN Corporation, Gifu and kept 

in an artificial incubator by controlling temperature and relative humidity. The day of onset of 

incubation is considered incubation day 0. The age of each embryo, expressed in days of 

incubation and if there was a discrepancy, the embryos were discarded. 

Samples and measurements 

At the day 3 of incubation, started the sampling of individual organs and washed with 

PBS (phosphate buffered saline) and frozen in liquid nitrogen and stored at -80 °C for further use. 

Everyday used 10 eggs for taking the samples from 3-day-old embryo to 4-day-old chick. We 

quantified the mRNA expression of deiodinases, carrier proteins, TH transporters and 

housekeeping genes in yolk sac membrane by real-time RT-PCR. 

Before taking the sample, we prepared autoclaving of tips, tubes, scissors, forceps, dish, syringe, 

etc. 

2.2.2 Collection of the sample 

Composition of the reagents  

1. Phosphate buffered saline (PBS) 

 80 gm NaCl, 20 gm KCl, 14.4 gm Na2HPO4 were dissolved in 800 ml of distilled water 

and toping up to 1 liter. And the pH was adjusted to 7.5. The stock solution was diluted 

accordingly before use of each experiment. 

2. EDTA solution  

EDTA 2Na2H2O 372.24 gm was taken into a beaker and made it up to 400 ml and then 
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The pH was adjusted to 8.00 by adding NaOH (about 10 gm). After adjusting the pH at 8.00 the 

sample volume was made up to 500 ml with distilled water. Finally it was autoclaved for 20 

minutes at 120 °C. 

3. 70% ethanol 

 700 ml absolute ethanol (Nacalai tesque, Inc, Japan) was mixed with distilled water and 

was made it up to 1 liter. It was preserved in the 20 °C refrigerator and used as an antiseptic. 

Methods used for collection of the samples 

 The yolk sac membrane of chicken embryos was collected and washed with PBS slightly. 

Then transferred into 1.5 ml tube and was frozen at liquid nitrogen. Finally samples were 

preserved below -80°C until further analysis. 

2.2.3 Isolation of total RNA from yolk sac membrane 

Composition of regents 

1. Trizol reagents 

 Trizol® Reagent (Invitrogen Ltd) is a ready to use mixture of phenol, guanidine 

isothiocyanate, red dye and other proprietary components. It is preserved below 4°C until use. 

2. 75% ethanol (V/V) 

75 ml absolute ethanol (Nacalai tesque, Inc, Japan) was mixed with autoclaved distilled 

water and made it up to 100 ml and was preserved it below 4°C until use. 

3. Other reagents 

 All other reagents not mentioned are of molecular biology grade (Chloroform, 2-proponol, 

1.5 ml tubes, pipette, forceps, scissors). 

4. Sterile water  
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Distilled water (distal DW-18 III) was autoclaved at 120 °C for 20 minutes and preserved 

at 4 °C. 

5. Sonicator (Yamato Co.) 

6. Vacuum desiccators 

7. Centrifuge machine 5424R (eppendorf Co.) 

2.2.3.1 Total RNA isolation & quantification 

Firstly homogenized yolk sac membrane tissues (100μg) were taken into the eppendorf 

tube which was already filled with 1 ml of Trizol reagent then the tissues were sonicated until the 

tissue disappeared. Before sonication, the sonicator tip was also washed with Trizol reagent. 

After that, the sample was incubated for 5 minutes at room temperature and 0.2 ml chloroform 

for per ml of Trizol was added into the sample. Then the tube was vigorously shaken by hands 

for 15 seconds and the tube was incubated at room temperature for 2-3 minutes. Finally 

centrifuged at 12000 rpm for 15 minutes at 4 °C and the aqueous phase was collected. 

After transferring the aqueous phase to a fresh tube, 0.5 ml isopropanol was added and 

shaken for a second and leave at room temperature for 10 minutes. The sample was centrifuged 

at 12000 rpm for 10 minutes at 4°C. The supernatant was removed and RNA pellet was washed 

once with 1 ml of 75% ethanol. Then the RNA pellet was centrifuged at 12000 rpm for 5 minutes 

at 4 °C. The RNA pellet was dried for 5-10 minutes and was dissolved in RNase-free water. 

Finally, after dilution of total RNA, the absorbance was measured at 260 nm and 280 nm. The 

RNA concentration was calculated from the absorbance. 

2.2.3.2 First strand cDNA synthesis from total RNA (reverse transcription) 

Composition of reagents 

1. ReverTra Ace (TOYOBO CO.) 
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(Stored at -20°C) 

2. 5× RT buffer (TOYOBO CO.) 

(Stored at -20°C) 

3. dNTPs mixture (10mM; TOYOBO CO.) 

(Stored at -20°C) 

4. Random Primers (25 pmol/μl; TOYOBO CO.) 

(Stored at -20°C) 

5. Nuclease-free water 

(Stored at -20°C) 

6. RNA solution (include RNA 2 μg by using the data of absorbance determination) 

7. DNA pipette and tips 

8. PCR tube 

9. Thermal cycler (ASTEC CO.) 

Protocol 

Reaction solution was adjusted on ice 

<for 1 sample> 

  5× RT Buffer                                            4 μl 

  dNTP mixture                                           2 μl 

  Random Primer                                        1 μl 

  ReverTraAce                                            1 μl 

  RNA solution                                           2 μg 

  Nuclease-free water            up to            20 μl 

  Total volume        20 μl 
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Firstly the RNA solution was prepared by dilution and made it into 2 μg concentration. 

Then the premix was prepared according to the guideline from manufacturer for first strand 

cDNA synthesis reactions. The 8 μl of the pre mixture was taken into some PCR tube and 12 μl 

of total RNA was added. And finally the PCR tube was incubated at 30 °C for 10 min and 42 °C 

for 60 min and inactivated the PCR tube for 5 min at 99 °C. After incubation, the cDNA sample 

tube was stored at -20 °C for further use.   

2.2.4 Observation of mRNA expression level by using real-time PCR 

Composition of the reagents 

1. Master Mix 

  Reference dye (ROX 1 mM) 1μl was added into 2 ml Brilliant III Ultra-Fast SYBR® 

Green QRT-PCR Master Mix (Agilent Technologies) and wrapped with aluminium fold to cover 

from light, stored at -20 °C. 

2. Primer   

  D1, D2, D3, TTR, ALB, MCT8, MCT10, OATP1C1 primers (FASMAC CO.) and 

Housekeeping gene (18S rRNA) were used (to calculate a normalization factor based on the 

geometric means of multiply internal control genes) (Preserved at -20°C). As shown in Table1, 

the primers sequences for real-time PCR were designed from previously reported sequences in 

the GenBank database using online primer software Primer 3 (http://simgene.com/Primer3). 

PCR-amplified products using these primers were sequenced by using the same primers; the 

determined sequences matched 98-100% with corresponding Gallus gallus sequences in the 

GenBank database.  
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Name Accession Primer sequence(5’ −>3’) Amplicon 

length (bp) 

Reference 

D1 NM_001097614 GCAGCACAATTTCTTCAGCA 159 Present study 

  GTAATTCCAAGGCCCCACTC 

D2 NM_204114 TGTTTCTGAGCCGCTCCAA 142  Van Herck et al. 

(2012) 
  ACACTGGAGTTCGGAGCTTCTC 

D3 NM_001122648 CAGGAGGAGAAGGTGATGTACCA 100 Van Herck et al. 

(2012) 
  TCTGGAGCCGGGTTTTGTACT 

TTR NM_205335 AAGCTGGCAGGACTTTGCTA 76 Crump et al. 

(2008) 
  GCAGTGAACACCACATCAGC 

ALB NW_205261 CCATGGTTGACAAGTGCTGC 125  Present study 

   CTCACTGGCAACCGTGTCTT 

MCT8 XM_426274 CAATCCTTCGGGATCATCTACA 95  Van Herck et al. 

(2012) 
  AGCCAACCATGCTGTTTTAA 

MCT10 XM_419783 CACCCATTGCAGGTTTGCTT 131 Present study 

   CAACTTACGCCGTTCGTGGA 

OATP1C1 NM_001039097 CATGGGACGATATCAGTATGAAAGA 97 Van Herck et al. 

(2012) 
  GGAGAGTGGAGTTTGGCTTTTCT 

18SrRNA AF173612 TCAACTTTCGATGGTACTGTCTGTG 106 Roy et al. (2013) 

   CTTGGATGTGGTAGCCGTTTCT 

Table 1. Primer sequences for real-time PCR
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3. RT-PCR pipette and tip 

4.96 well-plate (MicroAmp, Applied Biosystems) 

5. Mx3000P Real-time QPCR System (Agilent technology) 

6. Plate Spinner (TOMY PS-020) 

7. Sterile water 

Protocol 

Reaction solution was adjusted 

<for 1 sample> 

  2 Master Mix   10 μl     

  10μM F-Primer              0.8μl    

  10μM r-Primer   0.8μl    

  Sterile water    7.4μl    

  Total volume    19 μl + 1 μl cDNA template solution 

 The real-time PCR was done with Brilliant Ш Ultra-Fast® SYBR® Green QRT-PCR 

MasterMix (Agilent Technologies) and 18s rRNA were used as an internal control. For the real-

time PCR, the volumes of reagents for 1 sample were mentioned as in above. For multiply 

reactions, a master mix was prepared by adding the volume of reagents which is multiply of the 

volume for single reaction. Then 20 μl master mix was poured into optical 96-well plate (Micro 

Amp, Applied Biosystems) and the plate was sealed and gently mixed with plate Spinner. The 

real- time PCR was performed in the Mx 3000P with the standard Normal 2 step cycling 

program for Brilliant III Ultra-Fast SYBR® Green QPCR.  

The temperature and time for RT-PCR reaction is listed below: 

 Initial denaturation temperature  = 95 °C for 3 minutes 
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Temperature of 40 cycles- 

   Denaturation temperature   = 95 °C for 5 seconds 

              Denaturation temperature   = 60 °C for 20 seconds 

Annealing temperature for 1st primer set  = 95 °C for 1 minute 

           Annealing temperature for 2nd primer set        = 55 °C for 30 seconds 

  Extension temperature    = 95 °C for 30 seconds  

2.2.5 Amplifying a specific region of a DNA strand by polymerase chain reaction (PCR) 

and agarose gel electrophoresis 

Composition of the reagents for PCR 

1. AmpliTaq Gold®360 Master Mix (Applied Biosystems) 

(Preserved at -20°C) 

2. Forward Primer and Reverse Primer (CHD primer) 

F.  TGAGAAACTGTGCAAAACAG 

R.  ATCCAGAATATCTTCTGCTCC 

(Preserved at -20°C) 

3. DNA pipette, tip, microtube 

4. Sterile water 

5. Thermal cycler 

Protocol 

Reaction solution was adjusted 

<for 1 sample>       

               Master Mix                                          25μl 

               F primer (10pmol/μL)         1μl 
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                R primer (10pmol/μL)               1μl 

  Sterile water   22 μl 

  DNA solution     1 μl 

  Total volume   50 μl 

The temperature and time for PCR setting is listed below: 

 Initial denaturation temperature                      = 95°C for 10 minutes 

 Temperature of 35-40 cycles- 

 Denaturation temperature              = 95°C for 30 seconds 

 Annealing temperature              = 95°C for 30 seconds 

 Extension temperature              = 72°C for 60seconds 

 Final Extension temperature              = 72°C for 7 minutes 

Finally PCR tube was preserved at -20°C. 

Agarose Gel electrophoresis of cDNA  

Composition of reagents 

1. 6×dye loading buffer (0.25% Xylene cyanol (W/V), 0.4% Orange G [CHROMA CO.] 

50 %Glycerol) 

(Preserved at -20°C) 

2. DNA molecular weight marker [Ladder 100 (0.1-2 kpb); TOYOBO CO.] 

(Preserved at 4°C) 

3. 0.5 M EDTA 

 EDTA2Na.2H2O 93.06 gm was taken into a beaker and made it up to 400 ml. Then the 

pH was adjusted up to 8.00 by adding NaOH about 10 gm. After adjusting the pH at 8.00 it was 

made up to 500 ml with distilled water and it was also autoclaved. 
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4.10×TBE buffer  

 Tris 60.55 gm and borate 30 gm was taken into a beaker and 0.5 M EDTA (pH 8.00) 40 

ml was poured in the beaker and made it up to 1 liter by adding distilled water. After mixing it 

was autoclaved and stored in light-resistant at room temperature.  

4. 2 % Agarose gel 

By using a 100ml and 1 liter measuring cylinder, was measured 15ml of 10xTBE and 135 ml 

of distilled water. 3g of pure agarose was weighed by using a spatula and then was transferred 

into bottom of the conical flask and sealed the top of the cylinder with parafilm and hold over the 

sink. And placed the conical flask containing 10×TBE buffer, Distilled water and agarose gel 

into microwave oven and heated on high power for 1 minute. Wearing heat resistant gloves, 

opened the oven door and swirled the flask gently. Returned the flask to the oven and heated 

again on high power for a further 1 minute, or until the agarose has been boiling vigorously for at 

least 40 seconds. Wearing heat resistant gloves, carefully removed the flask from the microwave 

with the neck angled and swirled the flask gently under cold running water for 30-40 seconds. 

The gel was poured into the bottom left side of the prepared gel casting tray. The wells of the gel 

were made by inserting a comb into the slots in the tray, and as the agarose hardens around the 

comb, wells were formed.The gel was left to set for 30-40 minutes. 

6. Gel electrophoresis apparatus 

7. Specific pipette for electrophoresis  

Procedure 

 Firstly the power of electrophoresis apparatus was turned on for the moving of charged 

particles in solution under the influence of an electric field. Then agarose gel, containing 

preformed sample wells, was submerged in buffer within the electrophoresis gel cell. DNA size 
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marker (ladder) 3μl was sunk in the separated sample wells and also 10 μl Samples containing 2 

μl loading dye was loaded into the sample wells. The sample wells were submerged about 30 

minutes at 100 V by supplying electrons to the conductive buffer solution. After that the sample 

gel was took and sank in the TBE+ EtBr buffer solution box and were allowed to shake by sea 

saw machine about 20 minutes. Finally, the cDNA band could be visualized under UV light on a 

UV transilluminator. 

2.2.6. Extraction and putrification of cDNA fragments from agarose gel 

Composition of reagents 

1.1.5 ml microcentrifuge tubes 

2. Razor blade  

3. Centrifuge machine 5424R (eppendorf Co.) 

4. GEX Buffer (Viogene-Bio Tek Corp.) 

5. WN Buffer (Viogene-Bio Tek Corp.) 

6. WS Buffer (Viogene-Bio Tek Corp.) 

7. Elution Buffer (Viogene-Bio Tek Corp.) 

8. GPTM Column (Viogene-Bio Tek Corp.) 

9. Collection Tube 

10. 95% ethanol 

95ml Ethanol (Nacalai tesque, Inc, Japan) was mixed with autoclaved distilled water and 

make it up to 100 ml and was preserved it below 4 °C until use. 

Procedure 

The DNA band from gel was sliced with a razor blade and put in the 1.5 ml 

microcentrifuge tube. Before and after taking the gel into the tube, the weight of tube was 

recorded. GEX Buffer was added at a volume of the gel slice 100 mg with 0.5 ml GEX Buffer. 
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Then incubated at 60 °C for 10 minutes until the gel was completely dissolved. The tube was 

gently inverted every 1-2 minutes during incubation and when the gel has been completely 

dissolved. After incubation, the dissolved gel mixture was transferred to GPTM Column with a 

collection tube and loaded not more than 0.7 ml dissolved gel mixture into each column. It was 

centrifuged for 30-60 seconds (16000 rpm for 1 minute) then discarded the flow through and the 

procedure was repeated for the rest of the mixture. The column was washed with 0.5 ml WN 

Buffer by centrifuging for 30-60 seconds (16000 rpm for 1 minute) and discarded the flow 

through. Then, it was washed once with 0.5 ml of WS Buffer by centrifuging for 30-60 seconds 

(16000 rpm for 1 minute) and discarded the flow through. After that, the column was centrifuged 

for another 3 minutes (16000 rpm for 1 minute) to remove residual ethanol. After centrifuging, 

the column was placed onto a new 1.5 ml centrifuge tube and added 15-30 μL of Elution Buffer 

onto the center of the membrane. Then the column with Elution buffer was stand for 3 minutes 

and centrifuged again for 1-2 minutes to elute DNA. Finally, the eluted liquid tube was stored at 

-20°C. After purification of cDNA, it was submitted to the Division of Genomic Research Center, 

Gifu University, with forward primer and autoclaved distilled water. The volume of each 

component of the submitted sample is 10 μl. 

2.2.7. Statistical analysis 

 Data were expressed as mean ± SEM. Data from experiments were analyzed by Tukey-

Kramer to identify statistical significant differences within the yolk sac membrane at a given 

developmental stages. P<0.05 was used throughout as the criterion to accept a significant 

difference. 
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2.3 Results 

2.3.1 Using 18S as an internal control 

2.3.1.1. D1 mRNA expression level 

 As shown in Figure 2.3.1.1 and Table 2.3.1.1.a we understood that the D1 mRNA 

expression level in the yolk sac membrane gradually increased from E3 and greatly heightened 

about (0.048427 ± 0.016511) at E5 and reached its maximum level. At E5 and E6, the D1 mRNA 

expression level was significantly increased than the whole incubation periods else E7. After E17, 

the D1 mRNA expression level gradually decreased and this decrease continued until the three-

day-old chicks (C3). According to this data, most of the D1 mRNA expression level changes 

happened during the first week of the incubation period or before the onset of thyroid function.   

The D1 mRNA expression of embryonic development during from E3 to 4 days-old-chick was 

shown in Table 2.3.1.1a. 
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Figure 2.3.1.1 D1 mRNA expression level in the yolk sac membraneduring embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP=external 

pipping) Each data presents mean ± SEM (n=7-9). Different alphabet shows statistical difference 

(p<0.05) in the same tissue. 
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Table 2.3.1.1.a D1 mRNA expression level in the yolk sac membrane during the incubation 

period of the chicken  

 

               Day of incubation     Number of sample                       mRNA expression level  

 E3   9   0.013036 ± 0.003314 

E4   9   0.021393 ± 0.013577 

 E5   9   0.048427 ± 0.016511 

              E6   9   0.045592 ± 0.013246 

              E7   9   3.20E-02 ± 6.45E-03 

 E8   9   0.008937 ± 0.004565 

 E9   9   0.01643 ± 0.005084 

 E10   9                 6.99E-03 ± 1.78E-03 

 E11   9   0.008151 ± 0.002085 

              E12   9   0.01027 ± 0.003579 

 E13   9   9.49E-05 ± 4.23E-05 

 E14   9   0.00571 ± 0.001784 

 E15   9   0.008521 ± 0.002053 

 E16   9   0.005516 ± 0.002211 

 E17   9   0.004647 ± 0.002057 

 E18   9   0.001399 ± 0.000605 

 E19   9   1.35E-07 ± 8.37E-08 

 E20   9   0.000518 ± 0.000396 

 E21   9   0.000213 ± 9.15E-05 

 C1   9   3.83E-09 ± 1.5E-09 

C2   9   2.79E-09 ± 1.3E-09 

 C3   9   2.9E-09 ±1.88E-09 
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Table 2.3.1.1.b Tukey-Kramer method, (+) sign represents D1 mRNA expression level which is   

significantly higher than p<0.05 and (-) sign represents mRNA expression level which is lower 

than p<0.05. 
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1 

C
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3 C4 

E3 - + + + - - - - - - - - - - - - - - - - - 

E4 - - - - - + + - + + - + + + + + + + + + 

E5 - - + + + + + + + + + + + + + + + + + 

E6 - + + + + + + + + + + + + + + + + + 

E7 + - + + + + + + + + + + + + + + + 

E8 - - - - - - - - - - - - - - - - 

E9 - - - - - - - - - - - - - - - 

E10 - - - - - - - - - - - - - - 

E11 - - - - - - - - - - - - - 

E12 - - - - - - - - - - - - 

E13 - - - - - - - - - - - 

E14 - - - - - - - - - - 

E15 - - - - - - - - - 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E20 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

 

 

Tukey-Kramer statistical analysis revealed that the D1 mRNA expression level at E5, E6, 

E7 were significantly higher (p<0.05) than from E3 to C3 except E4. At E4, the D1 mRNA level 
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was significantly higher (p<0.05) than at E10 to C3 except E12 and E15. (Figure 2.3.1.1) (Table 

2.3.1.1.b) 
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2.3.1.2. D2 mRNA expression level 

As shown in Figure 2.3.1.2, the D2 mRNA expression level was significantly 

increased at E3 (0.008527± 0.004943) thereafter decreased rapidly (1.32E-07 ± 4.39E-08) and 

remained stable until E13. However, when the data were analyzed without including E3, D2 

increased slightly again between E14-C1 (1.18E-05 ± 4.35E-06 at E14 and 3.23E-09±1.52E-09 

at C1). The D2 mRNA expression of embryonic development during from E3 to 4-day-old chick 

was shown in Table 2.3.1.2a. 
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Figure 2.3.1.2. D2 mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP=external 

pipping) Each data presents mean ± SEM (n=7-9). Different alphabet shows statistical difference 

(p<0.05) in the same tissue. 
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Table 2.3.1.2.a D2 mRNA expression level in the yolk sac membrane during the incubation 

period of the chicken  

 

              Day of incubation                  Number of sample                     mRNA expression level  

 E3   9   0.008527 ± 0.004943 

E4   9   1.32E-07 ± 4.39E-08 

 E5   9   6.88E-08 ± 2.04E-08  

 E6   9   4.26E-08± 2.37E-08 

 E7   9   2.92E-08 ± 9.72E-09 

 E8                9    2.04E-08 ± 1.29E-08 

 E9                9   1.01E-08 ± 8.63E-09 

 E10                9    8.08E-09 ± 6.4E-09 

 E11                9    3.26E-08 ± 3.87E-08 

 E12                9   3.05E-08 ± 4.68E-08 

              E13                9   1.4E-06 ± 4.76E-07 

 E14                9   1.18E-05 ± 4.35E-06 

 E15   9   2.67E-05 ± 1.88E-05 

 E16   9   5.52E-05 ± 3.12E-05 

 E17   9   4.84E-05 ± 2.07E-05 

  E18   9   3.29E-05 ± 1.29E-05 

  E19   9   0.000747 ± 0.000685 

 E20   9   9.02E-05 ± 5.3E-05 

 C1   9   0.000151 ± 0.000119 

 C2   9   3.23E-09 ± 1.52E-09 

 C3   9   6.17E-09 ± 4.1E-09 

 C4   9   1.01E-08 ± 4.51E-09 

 



47 
 

Table 2.3.1.2.b Tukey-Kramer method, (+) sign represents D2 mRNA expression level which is   

significantly higher than p<0.05 and (-) sign represents mRNA expression level which is lower 

than p<0.05. 
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E3 + + + + + + + + + + + + + + + + + + + + + 

E4 - - - - - - - - - - - - - - - - - - - - 

E5 - - - - - - - - - - - - - - - - - - - 

E6 - - - - - - - - - - - - - - - - - - 

E7 - - - - - - - - - - - - - - - - - 

E8 - - - - - - - - - - - - - - - - 

E9 - - - - - - - - - - - - - - - 

E10 - - - - - - - - - - - - - - 

E11 - - - - - - - - - - - - - 

E12 - - - - - - - - - - - - 

E13 - - - - - - - - - - - 

E14 - - - - - - - - - - 

E15 - - - - - - - - - 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E20 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

 

Tukey-Kramer statistical analysis revealed that the D2 mRNA expression level at E3 was 

significantly higher (p<0.05) than at the other day of incubation period and after that there was  
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no significantly changes occur. (Figure 2.3.1.2) (Table 2.3.1.2.b) 
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2.3.1.3 D3 mRNA expression level 

As shown in Figure 2.3.1.3 and Table 2.3.1.3.a, we understood that D3 mRNA 

expression was increased gradually from E3, reaching maximum levels at E5.  At E5, the 

expression level is 0.1717 ± 0.049737 and remains stable at E6 and E7. At E6, the expression 

level is 0.171261 ± 0.050763 and at E7, the expression level is 0.138133 ± 0.044061. After that 

D3 mRNA expression significantly decreased at E8 about 0.054069 ± 0.017884 and increased 

again at E9 and E10. After E10, the D3 mRNA expression decreased significantly until the 

hatching time. The decrease D3 mRNA expression still stable, did not change significantly 

during post hatching. In the yolk sac membrane, D3 mRNA expression reached the maximum 

level at E5. According to this data, the inactivating enzyme D3 mRNA expression changes 

occurred before the onset of thyroid function and after that there was no significant changes 

occurred. The D3 mRNA expression of embryonic development during from E3 to 4 days-old-

chick was shown in Table 2.3.1.3a. 
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Figure 2.3.1.3. D3 mRNA expression level in the yolk sac membrane during the embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP=external 

pipping) Each data presents mean ± SEM (n=7-9). Different alphabet shows statistical difference 

(p<0.05) in the same tissue. 
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Table 2.3.1.3.a D3 mRNA expression level in the yolk sac membrane during the incubation 

period of the chicken 

 

               Day of incubation     Number of sample                     mRNA expression level  

 E3   9   0.036433 ± 0.005592 

E4   9   3.353E-06 ± 1.66E-06 

 E5   9   0.1717 ± 0.049737  

 E6   9   0.171261 ± 0.050763 

 E7   9   0.138133 ± 0.044061 

 E8                9   0.054069 ± 0.017884 

 E9                9   0.0787 ± 0.04156428 

 E10   9   0.07347 ± 0.056428 

 E11   9   0.005272 ± 0.002862 

 E12                 9   0.006614 ± 0.00733 

               E13   9                              5.11E-05 ± 1.98E-05 

 E14   9   8.88E-05 ± 3.12E-05 

 E15   9   0.000111 ± 4.88E-05 

 E16   9   0.000337 ±1.30E-04 

 E17   9   5.92E-05 ± 2.70E-05 

  E18   9   6.57E-05 ± 2.64E-05 

  E19   9   9.55E-04 ± 8.43E-04 

 E20   9   8.03E-04 ± 2.26E-04 

 C1   9   3.85E-04 ± 2.47E-04 

 C2   9   1.89E-08 ± 6.40E-09 

 C3   9   3.74E-09 ± 2.32E-09 

 C4   9   5.93E-09 ± 1.35E-09 
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Table 2.3.1.3.b Tukey-Kramer method, (+) sign represents the D3 mRNA expression level which 

is significantly higher than p<0.05 and (-) sign represents the mRNA expression level which is 

lower than p<0.05. 
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E3 - + + + - - - - - - - - - - - - - - - - - 

E4 + + + - + + - - - - - - - - - - - - - - 

E5 - - + + + + + + + + + + + + + + + + + 

E6 - + + + + + + + + + + + + + + + + + 

E7 + - - + + + + + + + + + + + + + + 

E8 - - - - - - - - - - - - - - - - 

E9 - + + + + + + + + + + + + + + 

E10 - - + + + + + + + + + + + + 

E11 - - - - - - - - - - - - - 

E12 - - - - - - - - - - - - 

E13 - - - - - - - - - - - 

E14 - - - - - - - - - - 

E15 - - - - - - - - - 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E20 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

  

As shown in Fig 2.3.1.3 and Table 2.3.1.3.b Tukey-Kramer statistical analysis revealed 

that the D3 mRNA expression level at E3 was significantly higher (p<0.05) than E5~E7. And D3 

mRNA was significantly higher (p<0.05) than E5~E7, E9, E10 at E4.  At E5 and E6, D3 mRNA 
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were significantly higher (p<0.05) than other incubation periods except E7. At E7, D3 mRNA 

was significantly higher (p<0.05) than E3, E4, E8, E11~C4. At E9, the D3 mRNA level was 

significantly higher (p<0.05) than at E11~C4. At E10, D3 mRNA was significantly higher 

(p<0.05) than E13~C4.   
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2.4 Discussion 

Birds are excellent models for studying the role of thyroid hormones in the embryonic 

development.We have investigated the mRNA expression pattern of deiodinases, carrier proteins 

and TH transporters in early and later yolk sac membrane by RT-PCR.  

In the yolk sac membrane, all three types of deiodinases mRNA expression were found 

from early embryonic period. We found a gradual increase in D1 mRNA and D3 mRNA in yolk 

sac membrane from E3 to E10 and an increase in D2 mRNA at E4. Interestingly, D1 mRNA and 

D3 mRNA were increased at the same time of incubation. Expression of the deiodinase D1 was 

found almost throughout the 21-day incubation period (Fig. 2.3.1.1). D1 is a multifunctional 

enzyme that has both inner and outer ring deiodinating activity, but it prefers rT3 as substrate 

much more than T4 and T3 (Gereben et al., 2008). Since the yolk already contains large amount 

of T3 and T4 (discussed below), D1 could contribute, rather than to the activation of T4 to T3, to 

the recycling of iodine, which cannot be supplied from the outside of the egg, by deiodination of 

rT3 and other inactive THs. Yolk THs thus might work as a “store of iodine” after the embryonic 

thyroid gland starts fully functioning. Sechman and Bobek (1988) reported that the concentration 

of rT3 in the yolk (0.1-1.0 ng/g yolk) was 7.7-fold higher than that in the serum of hens, which 

may support our hypothesis. Of course, we have to keep into mind that mRNA expression does 

not always reflect expression and biological activity of proteins. For example, although 

deiodinase mRNA expression and activity almost paralleled in chick embryo (Van der Geyten et 

al., 2002), D1 seems not to be active in the brain in spite of its mRNA expression (Darras et al., 

2015). Although data on mRNA expression should be interpreted carefully, they provide some 

interesting clues for further investigations.  
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Expression of the deiodinase D3 between E3 and E12 (Fig. 2.3.1.3) possibly contributes 

to inactivate excess amounts of THs and prevents their unfavorable effects on the developing 

embryo and the yolk sac itself. After E12 when yolk sac D3 expression decreased, D3 in the liver 

of the developing embryo is likely to act in turn, because hepatic D3 activity was already 

increased on E14 (Darras et al., 1992) and its mRNA expression did on E10 (Shibata et al., 2016, 

unpublished data) when sampling was started respectively. Hepatic D3 is known to contribute to 

keep embryonic plasma T3 level low until the hatching process approaches and plasma THs 

increase to their peak levels (Darras et al., 1992). 

Circulating thyroid hormone in the embryonic chicken represents the remainder of what 

was deposited in the yolk before laying (Wilson et al., 1996) and to increasing extents, hormone 

synthesized by the embryo itself. Plasma T3 levels increase dramatically at the moment of 

pipping, when the embryo starts the lung respiration and remain high until hatching. These data 

are similar result by Decuypere et al., 1979; 1982 and Darras et al., 1992, Darras et al., 1992 

suggest that the rise of plasma T3 in embryonic chicken at the end of incubation is at least in part 

caused by a decreased breakdown due to the decrease in hepatic D3 activity. This decrease in 

hepatic D3 activity is caused by the simultaneous increase in plasma GH (Darras et al., 1992; 

1993). It was pointed out that hepatic D1 expression is positively correlated with both plasma T3 

and T4 during embryonic development. These results demonstrated that iodothyronine 

deiodinases, are acutely regulated during embryonic development. Also, Ven der geyten et al., 

2002 said that iodothyronine deiodinases, either D1 or D2 or D3, are expressed in most tissues; 

this indicates that most tissues are able to tightly regulate local thyroid hormone levels, 

sometimes able to regulate a large extent independently of circulating thyroid hormone levels.  

My present results show that the mRNA expression significantly occurred before the onset of 
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thyroid function. Most of ontogenic studies have been done during the last week of incubation 

period. A detailed study of deiodinase expression in early embryonic life or circulating thyroid 

hormone has not been published yet. According to my data, we understood that the mRNA 

expression pattern of iodothyronine deiodinase in the yolk sac membrane was not tightly 

correlated with plasma thyroid hormone but might be correlated with yolk thyroid hormone. 

However, more work is needed to determine how much maternal origin of thyroid hormone is 

deposited in the yolk. Also requires further investigation for plasma thyroid hormone 

concentration before the onset of thyroid function.  
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Chapter 3 

Changes of mRNA expression of carrier proteins in the yolk sac membrane 

during embryonic development of the chicken 

3.1 Introduction 

3.1. 1 Thyroid hormone binding proteins 

The thyroid hormone synthesis and secretion are appeared to be similar in all vertebrates 

studied. Thyroid hormones are stored bound to thyroglobulin in the epithelial cell layer and 

epithelial cell liberates principally T4, which diffuses into the surrounding capillaries and rapidly 

partions into lipid membranes (Dickson et al., 1987; Eales, 1985; Hillier, 1970). In the serum, 

thyroid hormones circulate bound to carrier proteins. There are three major thyroid hormone 

transport proteins, i.e. T4-binding globulin (TBG), transthyretin (TTR), formerly known as 

thyroxin-binding prealbumin (TBPA), and albumin. In humans, TBG, TTR and albumin carry 

about 75%, 15% and 10% of plasma T4 and T3 respectively (Hennemann et al., 1997; Robbins 

et al., 1986; Refetoff, 1999). Since normal adult rats lack TBG, TTR is the main plasma 

transport proteins in rat serum (Refetoff, 1999). Since thyroid hormones are fat soluble it was 

originally believed that thyroid hormone enter target cells by passive diffusion. Now it is clear 

that carrier mediated processes are necessary for cellular uptake. Hennemann et al (2001) stated 

that uptake of T4 and T3 is energy, temperature, and often sodium dependent, and represents the 

translocation of thyroid hormone over the plasma membrane. 

The major TH distributor in birds and other non-mammalian vertebrates are transthyretin 

(TTR) and serum albumin (ALB). In birds there is no thyroxin binding globulin (TBG) and the 

binding affinity of albumin is relatively weak. TTR is one of the proteins in extracellular fluids, 
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which binds the thyroid hormones T4 and T3. Thyroid hormone binds to yolk lipoproteins and 

enters embryo with non-specific uptake of yolk or by specific carrier (Mcnabb et al., 1997). TTR 

is the major thyroxine-binding protein in the extracellular space of the mammalian, avian and 

reptilian brains (Chang et al., 1999). The function of TTR is the maintenance of the appropriate 

distribution of thyroid hormones between aqueous extracellular and lipid cellular compartments 

(Schreiber et al., 1997). Some studies have demonstrated that lipoproteins in the plasma of 

chicken hens bind small but significant amounts of plasma thyroid hormones and are responsible 

for the transport of these hormones into the yolk of developing follicles (Michell, 1984; Michell 

et al., 1985; Mitchell an Stiles, 1985). 

Thyroid hormone-binding protein is synthesized in the cells of the blood-cerebrospinal 

fluid barrier and liver (Schreiber et al., 1987). TTR is made by hepatocytes and by choroid 

plexus epithelium in adult and by yolk sac cells in embryogenesis (Costa et al., 1990). In rats, 

about 50 % of protein secreted by the choroid plexus and about 12% of total protein synthesized 

by the choroid plexus is TTR (Dickson et al., 1986) and all of this transthyretine is secreted 

towards the brain (Schreiber et al., 1990). TTR gene expressed at high levels in hepatocytes, 

choroid plexus epithelium in adults and in liver, visceral yolk sac cells, and choroid plexus 

primordial in the embryo but is almost absent in other adult and fetal cell types (Richardson et al., 

1996; Schreiber et al., 1987).  

3.1.2 Transthyretin Gene Expression 

TTR has a fairly restricted gene expression, to be submitted principally in the liver and 

choroid plexus of rat (Dickson et al., 1985; Fung et al., 1988; Schreiber et al., 1990), human 

(Dickson and Schreiber et al., 1986), sheep (Schreiber et al., 1990), pig (Duan et al., 1995), and 

chicken (Southwell et al., 1991) and in the liver of marsupials (Richardson et al., 1994). In the 
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turtle (Trachemys scripta) and lizard (Tiliqua rugosa), TTR is present in the brain but little 

expression has been found in the liver (Achen et al., 1993; Richardson et al., 1997). In the eye of 

cattle and sheep (Cavallaro et al., 1990; Dwork et al., 1990; Martone, 1988) and in vitro cultures 

of pigment epithelium of retina from the rat show synthesis and secretion of TTR into interphoto 

receptor space of retina (Ong et al., 1994). Low levels of TTR mRNA are also expressed in the 

rat and human pancreas (Jacobsson et al., 1990). TTR is also reported to be present in the 

visceral yolk sac during fetal rat development (Sorprano et al., 1986), in the developing rat eye 

(Mizuno et al., 1992), and in the developing chicken heart (Barron et al., 1998). At present data 

could be submitted that TTR mRNA is expressed in the yolk sac membrane as early as 4 days of 

embryo in the developing chicken.  

 In tadpoles of frog, TTR is expressed principally in the liver and has not been detected in 

choroid plexus where lipocalcin is the main protein synthesized (Achen et al., 1992). In juvenile 

sea bream, TTR is expressed in the liver and appears to be absent from the choroid plexus 

(Santos and Power, 1999). In addition, TTR has been detected abundantly in the liver, intestine 

and heart. The different locations of TTR gene expression has been suggested evolutionary 

variations and adaptations in TTR function (Power DM et al., 2000).   

3.1.3. Aim of Research 

 The objectives of this study are to observe the changes of TTR and ALB mRNA 

expression before and after the onset of thyroid function. I hypothesized that the yolk sac is a 

possible source of THs before the onset of thyroid function. TTR and ALB mRNA thus might be 

expressed in the yolk sac to carry yolk THs to the chicken embryo for its correct development.  
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3.2 Materials and Methods 

Similar in Chapter 2. 

3.3 Results 

3.3.1 Thyroid hormone carrier proteins (TTR & ALB) mRNA expression in the yolk sac 

membrane 

3.3.1.1 TTR mRNA expression level 

 As shown in Fig.3.3.1.1, the TTR mRNA expression level was significantly changed  

before the onset of thyroid function. TTR expression was significantly increased to 9.16866 

±3.084651 at E5 and 9.544444 ±3.599752 at E10. After the onset of thyroid function, around 

E12, TTR expression was significantly decreased towards the hatching and this decrease was 

stable until 4-day-old chicken. The TTR mRNA expression in the yolk sac membrane was shown 

in Table 3.3.1.1a. 
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Figure 3.3.1.1 TTR mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP= internal 

pipping) Each data presents mean ± SEM (n=7-9).  
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Table 3.3.1.1.a TTR mRNA expression level in the yolk sac membrane during incubation period 

of the chicken 

 

              Day of incubation                Number of sample                            mRNA expression level  

 E3   9   0.118867 ± 0.032831 

E4   9   4.333133 ± 2.768112 

 E5   9   9.168667 ± 3.084651  

 E6   9   5.560067 ± 2.239989 

 E7   9   5.857 ± 1.869291 

 E8                9   4.491338 ± 1.529236 

 E9                9   6.295556 ± 2.298498 

 E10   9   9.544444 ± 3.599752 

 E11   9   3.185556 ± 1.197661 

 E12                 9   4.297778 ± 4.039273 

              E13    9   7.62E-05 ± 3.38E-05 

 E14   9   0.073133 ± 0.010397 

 E15   9   0.1143 ± 0.020457 

 E16   9   0.010814 ± 0.004106 

 E17   9   0.002222 ± 0.000765 

  E18   9   0.002151 ± 0.00209 

  E19   9   8.73E-07 ± 4.92E-07 

 E20   9   0.008894 ± 0.005665 

 C1   9   0.01203 ± 0.007893 

 C2   9   5.46E-05 ± 5.08E-06 

 C3   9   7.31E-05 ± 6.02E-06 

 C4   9   0.000101 ± 2.63E-05 
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Table 3.3.1.1.b Tukey-Kramer method, (+) sign represents TTR mRNA expression level which 

is significantly higher than p<0.05 and (-) sign represents the mRNA expression level which is 

lower than p<0.05. 
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E7 - - - - - + + + + + + + + + + + + 

E8 - - - - - - - - - - - - - - - - 

E9 - - - + + + + + + + + + + + + 

E10 + - + + + + + + + + + + + + 

E11 - - - - - - - - - - - - - 

E12 - - - - - - - - - - - - 

E13 - - - - - - - - - - - 

E14 - - - - - - - - - - 

E15 - - - - - - - - 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E20 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

 

 

As shown in Fig 3.3.1.1. and Table 3.3.1.1.b Tukey-Kramer statistical analysis revealed 

that the TTR mRNA expression level at E3 were significantly higher (p<0.05) than E5, E7, E9 
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and E10. And TTR mRNA at E6, E7, E9 were significantly higher (p<0.05) than E13~C4. At E5 

and E10, their expression levels were significantly higher (p<0.05) than E11, E13~C4.  
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3.3.1.2 ALB mRNA expression level  

As shown in Fig.3.3.1.2, ALB mRNA expression level was significantly increased at day 

3 old embryo (1.1743333 ± 0.41041824) but their expression levels were significantly decreased 

at stages E4-E9. After that increased again at E10, but this increase was not stable for long time, 

then, gradually decrease again towards the hatching but not at E15.  ALB expression reached the 

peak level at three-day-old embryo (E3) and, generally, their expression was found in all of the 

incubation period. The ALB mRNA expression in yolk sac membrane was shown in Table 

3.3.1.2a.  
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Figure 3.3.1.2 ALB mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP= external 

pipping) Each data presents mean ± SEM (n=7-9).  

 

 

 

 

 

 

 

a

c
c c

c

bc bc

ab

bc

c

c

c

ab

bc

c

c c c
c

c c c
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

A
L

B
 m

R
N

A
 (V

.S
. 1

8S
)

incubation period



67 
 

Table 3.3.1.2.a. ALB mRNA expression level in the yolk sac membrane during incubation period 

of the chicken 

 

                Day of incubation      Number of sample                      mRNA expression level  

 E3   9   1.1743333 ± 0.41041824 

E4   9   0.011919 ± 0.006665 

 E5   9   0.0933 ± 0.044401  

 E6   9   0.13465556 ± 0.03845385 

 E7   9   0.2252444 ± 0.1804002 

 E8                9   0.449625 ± 0.149469183 

 E9                9   0.4156 ± 0.2091 

 E10   9   0.833444 ± 0.555711 

 E11   9   0.417667 ± 0.555711 

 E12                 9   0.282163333 ± 0.104536386 

              E13    9   0.0074811 ± 0.0036441 

 E14   9   0.26556 ± 0.07616 

 E15   9   0.934556 ± 0.146755 

 E16   9   0.4252333 ± 0.1688232 

 E17   9   0.28483 ± 0.09598 

  E18   9   0.0903778 ± 0.0331929 

  E19   9   0.030253 ± 0.040474 

 E20   9   0.0150696 ± 0.0106119 

 C1   9   0.0471156 ± 0.0678111 

 C2   9   6.1E-05 ± 4.1E-05 

 C3   9   4.7711E-05 ± 6.5812E-06 

 C4   9   6.1444E-05± 2.5651E-05 
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Table 3.3.1.2.b. Tukey-Kramer method, (+) sign represents ALB mRNA expression level which is 

significantly higher than p<0.05 and (-) sign represents the mRNA expression level which is lower than 

p<0.05. 
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E3 + + + + + + - + + + + - + + + + + + + + + 

E4 - - - - - + - - - - + - - - - - - - - - 

E5 - - - - + - - - - + - - - - - - - - - 

E6 - - - + - - - - + - - - - - - - - - 

E7 - - + - - - - + - - - - - - - - - 

E8 - - - - - - - - - - - - - - - - 

E9 - - - - - - - - - - - - - - - 

E10 - + + + - - + + + + + + + + 

E11 - - - - - - - - - - - - - 

E12 - - + - - - - - - - - - 

E13 - + - - - - - - - - - 

E14 + - - - - - - - - - 

E15 - + + + + + + + + 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E2

0 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

 

As shown in Fig 3.3.1.2. and Table 3.3.1.2.b Tukey-Kramer statistical analysis revealed 

that the ALB mRNA expression level at E3 were significantly higher (p<0.05) than E10 and E15. 



69 
 

And ALB mRNA at E4, E5, E6 were significantly higher (p<0.05) than E10 and E15.At E12, 

E13, E14 their expression levels were significantly higher (p<0.05) than E15. At 15, TTR 

mRNA expression were significantly higher (p<0.05) than E17~C4.  
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3.4 Discussion 

We found mRNA expression of TTR, the high affinity TH distributor protein in the yolk 

sac membrane (Fig. 3.3.1.1) from E3. In birds, both TTR and ALB are the major thyroid 

hormone binding proteins. However, TTR is the principal T3-binding protein and ALB is the 

principal T4-binding protein. In mammals, TTR has a higher affinity for T4 in comparison to T3 

(Schreiber et al., 2002). In birds, TTR has a higher affinity for T3 and this is why T4 is 

converted to T3 by deiodinases enzyme in avian development. ALB only has a low affinity for 

THs, but it is present in large amounts. Conversely, TTR has high affinity for THs, preferentially 

T3, but it is present small amounts. However, it has been proven that chicken TTR shows little 

affinity for T4, while it binds T3 very well (Chang et al., 1999). By using Northern blot, 

Southwell et al. (1991) identified TTR mRNA in the extraembryonic membranes on E2 and high 

expression in the yolk sac on E7, which is accordance with my data. While TTR was 

predominantly expressed between E4 and E12, ALB mRNA was expressed on E3-E18 (Fig. 

3.3.1.2). The data resulting from the current study shows that ALB mRNA is present throughout 

the whole embryonic life and it binds not only THs but also low molecular substances but it 

might distribute THs in a way or another. Binding of the iodothyronine of maternal origin to 

transthyretin synthesized in the chicken yolk sac may contribute the mechanism by which 

thyroid hormones become available to the embryo before the onset of thyroid function. Therefore, 

the active hormone T3 is catalyzed by D1 and D2 action in the yolk sac membrane and binds to 

TTR which allow for transporting maternal source of T3 to the embryo. Also, ALB suggests a 

possible role of a TH distributor after TTR expression decreased. 

Molecular mechanisms by which maternal THs are deposited into the yolk, yolk THs are 

taken up into the yolk sac epithelial cells and subsequently transferred to the circulation of 
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developing embryo are not yet elucidated and every theory remains speculative. It has been 

hypothesized that maternal THs are desposited in the ovarian follicle by mechanisms associated 

with the uptake of circulating lipoprotein (VLDL), vitellogenin and TTR into the yolk (Vieira et 

al., 1995; McNabb and Wilson, 1997). Mitchell et al. (1985) found, by using radiolabeled THs, 

that yolk THs were bound to VLDL, ALB and TTR-like fractions. Bauer et al. (2013) showed 

that the yolk sac epithelial cells de novo synthesized lipoproteins that differed in composition 

from those in the yolk and are targeted to the embryonic circulation. We speculate that TTR and 

ALB synthesized in the yolk sac membrane play some roles when lipoproteins are reconstructed 

in the yolk sac epithelial cells and THs are distributed to the embryo.  
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Chapter 4 

Changes of mRNA expression of transporters in the yolk sac membrane 

during embryonic development of the chicken 

4.1 Introduction 

4.1.1 Transmembrane transporters of TH 

The majority of cellular TH uptake occurs via transmembrane transporters belonging to 

different transporter families. The thyroid hormone transporters might differ in the different 

organs (Jong et al., 1993; Riley et al., 1994). Visser et al. (2008) revealed that transport of T4 

and T3 in and out of cells is controlled by several classes of transmembrane transporter, 

including members of the organic anion transporters family (OATP), L-type amino acid 

transporters (LATs) and monocarboxylate transporters (MCTs) but only OATP1C1, MCT8 and 

MCT10 have high affinities for iodothyronines. MCT8, MCT10 and OATP1C1 are the most 

efficient TH transporters, with OATP1C1 showing a high preference for T4. LAT1 has a lower 

affinity which is found in all other vertebrate classes. LAT1 transports T3 and T4 with a much 

lower affinity Chicken, as well as some other investigated birds, seem to lack the gene for LAT2. 

Most of endocrine changes that occur during late embryogenesis and hatching in the chicken 

closely resemble those observed in humans. These TH transporter proteins are not only present 

in TH target cells, but also in barrier forming cells, such as the endothelial cells in the capillaries 

forming the blood-brain-barrier (BBB), where they allow specific transport of different 

iodothyronines (Bernal et al., 2015). Thyroid hormone transporters are necessary for the uptake 

of thyroid hormone into target tissues and they regulate intracellular T3 levels in a tissue-specific 

way. This is crucial for the development and functioning of several cell types since not all of 

them are capable of activating T4 into T3 and therefore rely on direct uptake of T3.  
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4.1.2 High-affinity transporters OATP1C1 and MCT10 

Sugiyama et al. (2003), Tohyama et al. (2004) and Chu et al. (2007) revealed that the 

human SLCO1C1 gene encodes the OATP1C1 protein, which comprises 712 amino acids and 12 

putative transmembrane domains (TMDs). It is highly expressed in brain capillaries of rats and 

mice. Although the particular cell types are unknown, OATP1C1 is distributed widely in the 

human brain (Pizzagalli et al., 2002). OATP1C1-expressing cells show preferential transport of 

T4 and rT3 (Pizzagalli et al., 2002; Sugiyama et al., 2003; Tohyama et al., 2004). Iodothyronines 

are basically composed of two tyrosine residues, it is feasible that a T-type amino acid 

transporter (TAT), which mediates transport of aromatic amino acids, is also involved in TH 

transport. Specific interactions between transport of T3 and tryptophan have been described, 

supporting this view (Zhou et al., 1990, 1992). Recently, one such transporter (TAT1) was 

cloned and reported to transport aromatic amino acids, although not T3 or T4 (Kim et al., 2001 

and 2002). Its amino acid sequence indicates that it belongs to the MCT family; it is also named 

MCT10 or solute-carrier family 16 member 10 (SLC16A10). 

Chicken OATP1C1 has a high affinity for T4 and no uptake of T3 but transports rT3. The 

difference in uptake of T4 and rT3 suggested that a greater tendency of chicken OATP1C1 to 

export rT3 compared with T4. MCT10 is distributed widely, including the entire intestine, 

kidney, liver and placenta (Zhou et al., 1992; Kim et al., 2001, 2002). Recently, it was reported 

that a common polymorphism in the 3′-UTR region of MCT10 is not associated with altered 

serum TH levels (Van der Deure et al., 2007). 

4.1.3 Identification and function of MCT8 

Homology of MCT8 to the MCT family justifies its classification, although only MCT1–

4 and MCT6 are known to transport monocarboxylates (Visser et al., 2007). The human (h) 
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MCT8 (SLC16A2) gene is located on the X-chromosome (at Xq13.2) and contains six exons. 

hMCT8 encodes two hMCT8 proteins of 613 and 539 amino acids, depending on which of the 

two putative translation-start sites (TLSs) is used. It is unknown currently whether there are two 

human MCT8 proteins expressed in vivo and, if so, whether they are subject to differential 

expression and regulation. Non-primate MCT8 genes lack the first TLS but are homologous with 

hMCT8 downstream from the second TLS (Jansen et al., 2002). MCT8 has 12 putative 

transmembrane domains and a N-terminus that is enriched in proline (P), glutamic acid (E), 

serine (S) and threonine (T) residues (abbreviated as PEST domain), which is why MCT8 was 

named XPCT (X-linked PEST-containing transporter) previously. Proteins containing PEST 

sequences often undergo rapid degradation (Rechsteiner et al., 1996). It is unclear if this is 

relevant for MCT8. 

More than a decade after characterization of the hMCT8 gene, rat MCT8 was identified 

as a specific and active TH transporter (Friesema et al., 2003). Cells transfected with hMCT8 

cDNA displayed a marked T3 and T4 uptake but there was little effect on rT3 or T2 uptake. Cells 

cotransfected with hMCT8 and one of the deiodinases exhibited a significant increase in TH 

metabolism compared with cells transfected with deiodinase only. This phenomenon is 

illustrated for T3 metabolism by cells (co) transfected with hMCT8 and/or D3. These findings 

show clearly that MCT8 increases the availability of TH for intracellular metabolism by the 

different deiodinases (Visser et al., 2007).  

4.1.4 Tissue distribution of different transporters 

MCT8 expression has been demonstrated in rat adult testis (Bonen et al., 2006). In 

human, RT-PCR data showed the highest expression of MCT8 in liver and adrenal gland, 

followed by thyroid gland, ovary, and kidney (Nishimura et al., 2008). Chicken MCT8 was 
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expressed in kidney and testis during late embryogenesis, but could not detect it in liver. Mouse 

MCT10 mRNA has been shown to be highly expressed in small intestine, mucosa, kidney, liver, 

and skeletal muscle (Ramadan et al., 2006) and in human the strongest expression of MCT10 

was found in skeletal muscle and pancreas (Nishimura et al., 2008). Similar to the adult and fetal 

human pancreas (Nakada et al., 2014) the embryonic chicken pancreas strongly expresses LAT1. 

The combined expression of LAT1and MCT10 suggests a strong need for transport of THs 

and/or amino acids in this organ. Chicken pancreas typically contains 2 types of islets: large ones, 

composed mainly of α-cells and present predominantly in the splenic lobe, and a second smaller 

type, containing mainly β-cells and disseminated throughout the pancreas (Watanabe et al., 

2014). The expression pattern for LAT1 observed at E18, confined mainly to one lobe, suggests 

that this transporter might be located in the glucagon-producing α-cells. The abundant expression 

of MCT10throughout the pancreas rather points to a localization in the exocrine acinar cells 

(Bourgeois et al., 2016).  

4.1.5 Aim of Research 

 The objectives of this study are to observe the changes of TH transporters mRNA 

expression before and after the onset of thyroid function. I hypothesized that the yolk sac is a 

possible source of THs before the onset of thyroid function. TH transporters mRNA might be 

expressed in the yolk sac membrane to transport of THs from the yolk to the chicken embryo for 

its correct development.  
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4.2 Materials and Methods 

Similar in Chapter 2. 

 

4.3 Results 

4.3.1. Thyroid Hormone transporters mRNA expression in the yolk sac membrane 

4.3.1.1. MCT8 mRNA expression 

As shown in Fig. 4.3.3.1.1 that MCT8 mRNA expression level gradually increased from 

day 3 to day 6 of incubation but decreased significantly towards E12.  After that, significantly 

increased again at E13 and this increases were not stable for long time, then, significantly 

decreased again towards the hatching. MCT8 expression reached the peak level at the two-day-

old chick (C2) and after that significantly decreased again. The MCT8 mRNA expression in yolk 

sac membrane was shown in Table 4.3.1.1.a. 
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Figure 4.3.1.1 MCT8 mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by Real time PCR. (18S was used as an internal control)  (EP= 

external pipping) Each data presents mean ± SEM (n=7-9).  
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Table 4.3.1.1.a MCT8 mRNA expression level in the yolk sac membrane during incubation 

periods of the chicken 

 

               Day of incubation                 Number of sample                           mRNA expression level  

 E3   9    0.061614 ± 0.038767 

E4   9    0.127913 ±   0.0654 

 E5   9    0.2476 ± 0.083975  

 E6   9    0.295044 ± 0.073585 

 E7   9    0.000152606 ± 4.43505E-05 

 E8                9    0.000183988 ± 5.27147E-05 

 E9                9    0.000145543 ± 5.46081E-05 

 E10   9    2.94889E-08 ± 1.38337E-09 

 E11   9    3.27E-08 ± 3.38667E-09 

 E12                 9    4.7632E-08 ± 3.71312E-08 

              E13   9    0.154 ± 0.024801 

 E14   9    0.118822 ± 0.026681 

 E15   9    0.223222 ± 0.054015 

 E16   9    0.002485889 ± 0.000944747 

 E17   9    0.001702667 ± 0.000364053 

  E18   9    0.00122505 ± 0.000708054 

  E19   9    80.005474556 ± 0.004646659 

 E20   9    0.007771111 ± 0.003991962 

 C1   9    0.005061 ± 0.006198 

 C2   9    0.360222 ± 0.161248 

 C3   9    1.06667E-05 ± 6.56295E-06 

 C4   9    3.28967E-05 ± 4.42201E-05 
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Table 4.3.1.1.b Tukey-Kramer method, (+) sign represents MCT8 mRNA expression level which 

is significantly higher than p<0.05 and (-) sign represents the mRNA expression level which is 

lower than p<0.05 
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E3 - + + - - - - - - - - + - - - - - - + - - 

E4 - + - - - - - - - - - - - - - - - + - - 

E5 - + + + + + + - - - + + + + + + - + + 

E6 + + + + + + + + - + + + + + + - + + 

E7 - - - - - + - + - - - - - - + - - 

E8 - - - - + - + - - - - - - + - - 

E9 - - - + - + - - - - - - + - - 

E10 - - + - + - - - - - - + - - 

E11 - + - + - - - - - - + - - 

E12 + - + - - - - - - + - - 

E13 - - + + + + + + + + + 

E14 - - - - - - - + - - 

E15 + + + + + + + + + 

E16 - - - - - + - - 

E17 - - - - + - - 

E18 - - - + - - 

E19 - - + - - 

E20 - + - - 

C1 + - - 

C2 + + 

C3 - 

C4 

 

 

As shown in Fig 4.3.1.1. and Table 4.3.1.1.b Tukey-Kramer statistical analysis revealed 

that the MCT8 mRNA expression level at E5was significantly higher (p<0.05) than E7~E12, 
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E16 ~C4 except C2. And MCT8 mRNA at E6 was significantly higher (p<0.05) than E7~C4 

except E15 and C2.At E13, E15, C2 their expression were significantly higher (p<0.05) than 

E7~E12.  
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4.3.1.2 MCT10 mRNA expression 

As shown in Fig. 4.3.1.2 that MCT10 mRNA expression level was significantly increased 

to show 2.8969 ±3.463475 at day 3 of incubation but decreased significantly towards hatching. 

MCT10 mRNA expression was slightly increased again to 0.909972 ±1.535444 at E12 and after 

that, there was no significantly changes occurred. MCT10 expression reached the peak level at 

E3 and after that significantly decreased throughout the whole incubation period. The MCT10 

mRNA expression in the yolk sac membrane was shown in Table 4.3.1.2.a. 
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Figure 4.3.1.2 MCT10 mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (EP= external 

pipping) Each data presents mean ± SEM (n=7-9).  
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Table 4.3.1.2.a MCT10 mRNA expression level in the yolk sac membrane during incubation 

periods of chicken 

 

             Day of incubation                 Number of sample                                    mRNA expression level  

 E3   9    2.8969 ±3.463475 

E4   9    0.007640741 ±0.003192731 

 E5   9    0.016221 ±0.006817  

 E6   9    0.026376 ± 0.006524 

 E7   9    0.013467778 ±0.005238762 

 E8                9    0.0139025 ±0.004295706 

 E9                9    0.017421 ±0.00225886 

 E10   9    0.00436 ±0.00225886 

 E11   9    0.001406778 ±0.000911454 

 E12                 9    0.909972 ±1.535444 

              E13   9    0.0178 ±0.002995969 

 E14   9    0.011268889 ±0.002616343 

 E15   9    3.28778E-06 ±1.9361E-06 

 E16   9    0.002622556 ±0.00190783 

 E17   9    0.000522333 ±0.000155542 

  E18   9    0.000345 ±6.9332E-05 

  E19   9    0.076742 ±0.074373 

 E20   9    0.065733 ± 0.036845 

 C1   9    0.265758 ±0.334014 

 C2   9    0.041411± 0.015115 

 C3   9    9.39778E-07 ± 2.16021E-07 

 C4   9    1.32078E-06 ±4.25421E-07 
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Table 4.3.1.2.b Tukey-Kramer method, (+) sign represents the MCT10 mRNA expression level 

which is significantly higher than p<0.05 and (-) sign represents the mRNA expression level 

which is lower than p<0.05. 
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E3 + + + + + + + + + + + + + + + + + + + + + 

E4 - - - - - - - - - - - - - - - - - - - - 

E5 - - - - - - - - - - - - - - - - - - - 

E6 - - - - - - - - - - - - - - - - - - 

E7 - - - - - - - - - - - - - - - - - 

E8 - - - - - - - - - - - - - - - - 

E9 - - - - - - - - - - - - - - - 

E10 - - - - - - - - - - - - - - 

E11 - - - - - - - - - - - - - 

E12 - - - - - - - - - - - - 

E13 - - - - - - - - - - - 

E14 - - - - - - - - - - 

E15 - - - - - - - - 

E16 - - - - - - - - 

E17 - - - - - - - 

E18 - - - - - - 

E19 - - - - - 

E20 - - - - 

C1 - - - 

C2 - - 

C3 - 

C4 

 

As shown in Fig 4.3.1.2. and Table 4.3.1.2.b Tukey-Kramer statistical analysis revealed 

that the MCT10 mRNA expression level at E3 were significantly higher (p<0.05) than the whole 

incubation period.  
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4.3.1.3 OATP1C1 mRNA expression 

As shown in Fig. 4.3.1.3 that OATP1C1 mRNA expression level significantly changed 

after the onset of thyroid function. Before the onset of thyroid function, their expressions were 

lowered compared to E12. The OATP1C1 expressions were significantly increased at E12 but 

decreased significantly to 0.000317233 ± 0.000227191 at E13, 8.18556E-05 ± 3.4252E-05 at 

E14 and 0.002792978 ±0.003852839 at E15 respectively.  After that, significantly increased 

again at E16 and reached the peak level around E18, then this increased level was stable until 

hatching. After hatching, their expressions were significantly decreased again towards the young 

day-old- chicks. The OATP1C1 mRNA expression in the yolk sac membrane was shown in 

Table 4.3.1.3.a. 
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Figure 4.3.1.3 OATP1C1 mRNA expression level in the yolk sac membrane during embryonic 

development of the chicken by RT-PCR. (18S was used as an internal control) (NP=Non-pipping, 

IP= internal pipping) Each data presents mean ± SEM (n=7-9).  
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Table 4.3.1.3.a OATP1C1 mRNA expression level in the yolk sac membrane during incubation 

period of the chicken 

 

                Day of incubation                Number of sample                             mRNA expression level  

 E3   9    0.162844444 ± 0.086635367 

E4   9    4.32333E-06 ± 1.96238E-06 

 E5   9    4.36656E-06 ± 2.36647E-06  

 E6   9    1.79789E-06 ± 7.76194E-07 

 E7   9    0.036162 ± 0.023664 

 E8                9    0.012615 ± 0.009504 

 E9                9    0.055442 ± 0.042008 

 E10   9    0.000236433 ± 0.000228206 

 E11   9    5.55956E-05 ± 4.34802E-05 

 E12                 9    0.49117 ± 0.846295 

              E13   9    0.000317233 ± 0.000227191 

 E14   9    8.18556E-05 ± 3.4252E-05 

 E15   9    0.002792978 ± 0.003852839 

 E16   9    0.626889 ± 0.429174 

 E17   9    0.465 ± 0.11052 

  E18   9    0.77578 ± 0.302767 

  E19   9    0.720333 ± 0.692631 

 E20   9    0.738667 ± 0.315568 

 C1   9    0.7479 ± 0.679133 

 C2   9    1.35289E-05 ± 3.72449E-06 

 C3   9    1.75667E-05 ± 4.80373E-06 

 C4   9    2.11667E-05 ± 7.50433E-06  
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Table 4.3.1.3.b Tukey-Kramer method, (+) sign represents the OATP1C1 mRNA expression 

level which is significantly higher than p<0.05 and (-) sign represents the mRNA expression 

level which is lower than p<0.05. 
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E3 - - - - - - - - + - - - + + + + + + - - - 

E4 - - - - - - - + - - - + + + + + + - - - 

E5 - - - - - - + - - - + + + + + + - - - 

E6 - - - - - + - - - + + + + + + - - - 

E7 - - - - + - - - + + + + + + - - - 

E8 - - - + - - - + + + + + + - - - 

E9 - - + - - - + + + + + + - - - 

E10 - + - - - + + + + + + - - - 

E11 + - - - + + + + + + - - - 

E12 + + + - - - - - - + + + 

E13 - - + + + + + + - - - 

E14 - + + + + + + - - - 

E15 + + + + + + - - - 

E16 - - - - - + + + 

E17 - - - - + + + 

E18 - - - + + + 

E19 - - + + + 

E20 - + + + 

C1 + + + 

C2 - - 

C3 - 

C4 

 

 As shown in Fig 4.3.1.3. and 4.3.1.3.b Tukey-Kramer statistical analysis revealed that the 

OATP1C1 mRNA expression level at E12, E16~C1 were significantly higher (p<0.05) than 

E3~E11, E13~E15 and C2~C4. 
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4.4 Discussion 

During the early stages of development, embryos are not yet able to synthesize their own 

THs. Therefore, they rely on maternal THs that are deposited in the yolk or supplied via the 

placenta in case of mammals. THs enter the cell by simple diffusion through the plasma 

membrane depends on specific transmembrane transporter proteins. This study documented 

mRNA expression of transmembrane TH transporters (MCT8, MCT10 and OAPT1C1) that were 

found throughout the incubation period. Nakazawa et al., (2011) carried out a gene expression 

profiling analysis of the isolated yolk sac epithelium between E2 and E4 and found expression of 

MCT8, MCT10 and OATP1C1. It is therefore suggested that these mRNAs found in the present 

study were expressed indeed in the yolk sac epithelial cells, while this does not exclude the 

possibility that these transporters are also expressed in other cells that compose the yolk sac 

membrane such as the capillary endothelial cells (In this study were not separate epithelial cell 

layer and vascular layer when sampled the yolk sac membrane due to its technical difficulties). 

More than two types of transporters were often expressed on the same day. This resembles the 

situation in the brain of developing chick embryos, where more than two types of TH 

transporters are expressed in the same location (Van Herck et al., 2012, 2015). 

High MCT10 mRNA expression was found at E3 and E12 but generally, MCT8 mRNA 

expression was found in early stages and mid-stages of embryonic development. Interestingly, 

high expression of OATP1C1 mRNA was found in the later stages of embryonic development. 

This results show that MCT10 is restricted to specific areas and that could be depend on the 

cellular distribution pattern of different TH transporters in and out of cells. The present data was 

expression of mRNA in the yolk sac membrane but specific location of the cells expression these 

TH transporters within the yolk sac are not studied. There have been so many papers studied 
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about TH transporters in different cell types. For example, LAT1 has been shown in the 

microvessels of the spinal cord and the brain in mouse (Kageyama et al., 2000; Muller et al., 

2014). However, the apparent absence of the other TH transporters and presence of the type 2 

deiodinase (DIO2) in the barrier-forming endothelial cells of the embryonic chicken differs 

substantially from the mammalian situation (Van Herck et al., 2015; Geysens et al., 2012). There, 

MCT8 and in rodent also OATP1C1, were shown to be crucial for TH transport across this 

barrier, and D2 is located in the surrounding astrocytes. Nakao et al., (2006) and Geysens et al., 

(2012) have shown chicken OATP1C1 is strongly expressed in the choroid plexus, hypothalamus, 

and adenohypophysis. However, it could not be detected in the chicken embryonic trunk and this 

closely resembles the situation in rodents and humans where apart from brain, OATP1C1 only 

seems to be present in the Leydig cells of the human testis (Pizzagalli et al., 2002; Tohyama et 

al., 2004). 

Based on RT-PCR LAT1 mRNA has been found in the cornea of human and rabbit (Jain- 

Vakkalagadda et al., 2003) and the protein has been localized to the capillary endothelium cells 

of the retina in human and rat (Nakada et al., 2014; Tomi et al., 2005) and in addition in neural 

cells in the retinal ganglion cell layer and inner nuclear layer in rat (Tomi et al., 2005). Also, in 

chicken, LAT1 expression was shown in the retina, together with MCT8. OATP1C1 expression 

has been shown in the pars plana of the human ciliary body epithelium (Gao et al., 2005). In the 

embryonic chicken, the need for THs at this location, seems to be provided for by LAT1 and 

MCT10. 

Present findings indicate that increased mRNA expression of OATP1C1 in the later 

stages of incubation could lead to a relative increase in uptake of T4 from the embryo circulation 

into the yolk sac while MCT8 mRNA was decreasing. Increased mRNA expression of MCT8 
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and MCT10 in early stages of incubation might help exporting maternal source of T3 to the 

circulation for embryo development and yolk sac development. MCT10 appears to be a better T3 

exporter than both MCT8. OATP1C1 seem to better transport T4 and rT3. Therefore, a possible 

role of these TH transporters expressed in the first week of incubation is a contribution to the 

vascular layer of the yolk sac membrane which is forming around the same period. The next and 

essential step needed to examine the specification of cell types and function of other TH 

transporters will focus on yolk sac development.  
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Chapter 5 

Changes of yolk thyroid hormone concentration during embryonic 

developmnet of the chicken 

5.1 Introduction 

Thyroid hormones are essential for the control of development in all classes (Gorbman et 

al., 1983; McNabb, 1992; McNabb and King, 1993). However, some early mammalian studies 

suggested that maternal thyroid hormones did not cross the placenta, and therefore they were 

presumed not to play a role in embryonic development (Fisher et al., 1977; Schwartz, 1983). It is 

now known that maternal thyroid hormones are available to embryos of many vertebrates. 

Maternal thyroid hormones influence fetal development in rats prior to the time of appreciable 

fetal thyroid gland function (Morreale de Escobar et al., 1985, 1988). Although thyroid 

hormones are known to affect development of avian embryos and chicks (review: McNabb and 

King, 1993), few studies have investigated maternal thyroid hormones in avian eggs. During the 

early stages of development, embryos are not yet able to synthesize their own THs. Therefore, 

they rely on maternal THs that are deposited in the yolk or supplied via the placenta in the case 

of mammals. The yolk of hen’s egg contains both T4 and T3 in amounts that would represent an 

important maternal contribution of thyroid hormones to the developing embryo (Mitchell et al., 

1985; Sechman et al., 1988). If utilized by the embryo, maternal thyroid hormones in egg yolk 

could influence development, especially before appreciable synthesis and release of hormones by 

the thyroid gland. During the first one-third to one-half of incubation, the thyroid gland appears 
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to possess a very limited capability to synthesize hormones (chicken: Thommes, 1987; Japanese 

quail: McNichols and McNabb, 1988).  

5.1.1. Aim of Research 

 The objectives of this study are to observe the changes of the concentration of yolk 

thyroid hormones. I hypothesized that the yolk sac is a possible essential source of THs before 

the onset of thyroid function. Thyroid hormone concentration might change before and after the 

onset of thyroid function in the yolk of embryonic chicken.  
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5.2 Materials and Methods 

5.2.1. Experimental design 

Animals 

Fertile eggs (White Leghorn hens) were obtained from GHEN Corporation, Gifu and kept 

in an artificial incubator by controlling temperature and relative humidity. The day of onset of 

incubation is considered incubation day 0. The age of each embryo, expressed in days of 

incubation and if there was a discrepancy, the embryos were discarded. 

Samples 

At the day 3 of incubation, started the sampling of yolk and separated with yolk sac 

membrane and yolk, then yolk was weighted and stored at -20 °C for further use. Everyday used 

10 eggs for taking the samples from 3-day-old embryo to 4-day-old chick. We measured thyroid 

hormone concentration in yolk by enzyme immunoassay. Before taking the sample, we prepared 

autoclaving of tips, tubes, scissors, forceps, dish, syringe, etc. 

5.2.2. Collection of the sample 

5.2.2.1 Composition of the reagents  

1. Phosphate buffered saline (PBS) 

 80 gm NaCl, 20 gm KCl, 14.4 gm Na2HPO4 were dissolved in 800 ml of distilled water 

and toping up to 1 liter. And the pH was adjusted to 7.5. The stock solution was diluted 

accordingly before use of each experiment. 

2. 70% ethanol 

 700 ml absolute ethanol (Nacalai tesque, Inc, Japan) was mixed with distilled water and 

was made it up to 1 liter. It was preserved in the refrigerator and used as an antiseptic. 

5.2.2.2. Methods used for collection of the samples 
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The yolk was separated from the white portion (albumen) by 5 ml injection syringe 

(Terumo Ltd.). Then the yolk sample was transmitted into the 15 ml tube and was cooled with 

ice. After taking the sample, all of them were allowed to store at -20 °C for further analysis. 

5.2.3 Extraction of thyroid hormone in egg yolk 

5.2.3.1 Methanol/Chloroform extraction  

Composition of reagents 

1. Scissors 

2. 50 cc glass syringe with 18-gauge needle 

3. 50 ml tube & 13- ml tube (NEST BIOTECHNOLOGY CO., Ltd)  

4. 10 ml pipette (GILSON pipetman) 

5. 10 ml tips (BIO-BIK, INA-OPTIKA CO., Ltd) 

6. Multi-tube shaker (150 oscillations/ min) (Tokyo Rikakikai Co., Ltd) 

7. Centrifuge machine (KUBOTA 5900) 

8. Chloroform (KANTO CHEMICAL CO., INC) 

9. Methanol (SIGMA-ALDRICH) 

10. 6-Propyl-2-thiouracil (SIGMA-ALDRICH) 

11. Ammonia solution (KANTO CHEMICAL CO., INC) 

12. 75% ethanol (V/V) 

75 ml absolute ethanol (Nacalai tesque, Inc, Japan) was mixed with autoclaved 

distilled water and made it up to 100 ml and was preserved it below 4°C until use. 

Procedure 

Thyroid hormones were extracted from the egg yolk by using a methanol/chloroform 

extraction procedure by Denver (1993) and thyroid hormones were measured by enzyme 
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immune assay for a range of hormone standards test kit. Whole yolks (n=7-9) taken from the 

same incubation day were pooled, thoroughly homogenized by 50-cc glass syringe with an 18-

gauge needle. A 2g sample of homogenised yolk was transferred to a 15 ml tube and 8 ml of 

methanol containing 1mM propylthiouracil (PTU; an inhibitor of deiodination; Sigma Chemical 

Co.) was added. After a 10 minutes extraction on multi-tube shaker (150 oscillations/minute), the 

sample was centrifuged (1700g, 4, 10 minute) and the supernatant was decanted into a 50-ml 

graduated conical polypropylene tube. The precipitate was re-suspended in 4 ml of methanol 

(with 1mM PTU), shaken for 10 minutes, and centrifuged, and the supernatant decanted into a 

second 50 ml tube. The two separate supernatants each received 20 ml of chloroform (CHCl3) 

and 2 ml ammonium hydroxide (2 N NH4OH) and were shaken and centrifuged as above. The 

upper phase (methanol/aqueous phase) from both tubes was collected and combined in a 15 ml 

tube. The CHCL3 remaining in each tube was extracted again with NH4OH as above and the 

upper phase from each was added to the methanol/ aqueous pool for each sample and then dried 

under a filtered air stream in a fume hood. When dry, the sample was re-suspended in 4 ml 2N 

NH4OH, briefly vortex, shaken, and centrifuged as above, and the supernatant decanted into a 15 

ml tube. The general extraction procedure was then repeated with 4 ml CHCl3, and the upper 

phase (aqueous phase) was collected, dried, resuspended in 150 μl 75% ethanol (EtOH). The 

reconstituted extracts were stored at -20C until analysis.  

 

5.2.4. Quantitative Determination of the thyroid hormone: Triiodothyronine (T3) and 

thyroxine (T4) by enzyme immunoassay  

Immunoassay kits 
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T3 and T4 enzyme immunoassay test kits (Immunospec Corporation, CA, USA) were 

purchased from a local dealer. 

Composition of Reagents 

1.  Distilled water 

2. Precision pipettes: 40 μl-200 μL,200-1000 μL,1.0-5.0 ml 

3. Disposable pipette tips 

4. Microtiter well reader 

5. Absorbent paper 

6. Voltex mixer or equivalent 

7. Microplate mananger 

Materials Provided with Test Kit 

1. Antibody-Coated microtiter Wells                                             96 wells 

2. T3 /T4HRPO Conjugate Concentrate                                         0.8 ml 

3. T3/T4 HRPO Conjugate Dilute                                                   15 ml 

4. TMB Substrate                                                                            12 ml 

5. Stop Solution                                                                               12 ml                               

6. Wash Buffer Concentrate                                                           15 ml 

7. Reference standard set, contains 0, 0.5, 1.0, 2.5, 5.0 and 10 ng/ml of T3 and 0, 1.0, 2.5, 5.0, 15, 

30 μg/dl of T4 in liquid form (ready to use) or lyophilized form.  

Reagent Preparation 

  All reagents were allowed to reach room temperature (18-22 °C) before use. To prepare  

T3-HRPO Conjugate Reagent, 0.1 ml of T3-HRPO Conjugate was added to the concentration  
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of 2.0 ml of T3 Conjugate Diluent (1:20 dilution), and was mixed well. The amount of conjugate 

diluted depends on assay size. The Conjugate Reagent was stable at 4 °C at least for two weeks. 

If reference standards were lyophilized, each standard was reconstituted with 0.5 ml distilled 

water and the reconstituted material was allowed to stand for at least 20 minutes. Reconstituted 

standards were sealed and stored at 2-8 °C. 1 volume of Wash Buffer (50×) was diluted with 49 

volumes of distilled water. For example, 15 ml of Wash buffer (50×) was diluted into distilled 

water to prepare 750 ml of washing buffer (1×) and then was allowed to mix well before use.  

Assay Procedure 

Firstly, the desired number of coated well in the holder was secured and data sheet with 

sample identification was made. 50 μl of standard, yolk thyroid hormones extraction samples, 

and controls were dispensed into appropriate wells. The sample wells were allowed thoroughly 

mixed for 10 seconds, and then 100 μl of Enzyme Conjugate Reagent was dispensed into each 

well. The plate was mixed for 30 seconds. (It is important to have a complete mixing in this step). 

After that was incubated at room temperature for 60 minutes. Incubation mixture was removed 

by rinsing and flicking of the microtiter wells 5 times with Washing Buffer (1×). To remove 

residual water droplets, the wells were stroked sharply with absorbent paper. And 100 μl TMB 

solution was dispensed into each well. It was allowed to mix for 5 seconds. The sample well-

plate was incubated at room temperature in the dark for 20 minutes without shaking. Finally, the 

reaction was stopped by adding 100 μl of Stop Solution to each well and gently mixed for 15 

seconds. Optical density at 450 nm was read with a microtiter reader (BIO RAD Model-680) 

within 15 minutes. The procedures are totally same in both of T3 and T4. 
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5.2.5 Statistical analysis 

Data were expressed as mean ± SEM. Data from experiments were analyzed by Tukey-Kramer 

to identify statistical significant differences within the yolk weight at a given developmental 

stages. P<0.05 was used throughout as the criterion to accept a significant difference.  
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5.3. Results 

5.3.1 Yolk thyroid hormone concentration 

As shown in Fig 5.3.1. (A) yolk TH contents were determined and T4 contents found 

95.75568 ng/yolk and T3 contents found 18.14082 ng/yolk respectively at E3. After E11, their 

contents were slightly decreased (35.00499 ng/yolk T4 and 9.292166 ng/yolk T3) around at E13 

and slightly increased again at E15 (Fig 5.3.1.B). Thereafter, their contents were gradually 

decreased until hatching.  

 

 

 

Figure.5.3.1. (A) Yolk thyroid hormone contents in egg yolk during embryonic development of 

chicken by enzyme immune Assay. Each data presents mean ± SEM (n=1). 
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Figure.5.3.1. (B) Yolk thyroid hormone contents in one gram of yolk during embryonic 

development of chicken by enzyme immuno Assay. Each data presents mean ± SEM (n=1).  
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5.3.2 Yolk weight 

As shown in Fig. 5.3.2.a yolk weight (wet weight without yolk sac membrane) decreased 

gradually almost linearly with embryonic development. Total yolk TH contents showed a 

decreasing tendency quite parallel to that of yolk weight (Fig. 5.3.2.b). Yolk weight decreased 

approximately 7.3-fold and T4 content decreased approximately 6.2-fold and T3 decreased 

approximately 5.5-fold from E3 to C1. 

 

 

Figure 5.3.2.a Yolk weight during embryonic development of the chicken. Each data presents 

mean ± SEM (n=7-9). 
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Figure 5.3.2.b Yolk weight and thyroid hormones contents during embryonic development of the 

chicken. Thyroid hormones were extracted from pooled yolk of eggs (n=7-9) collected at each 

day of incubation.  
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5.4 Discussion 

Changes in yolk TH contents (Fig. 5.3.2.b) are in line with the report of Michell et al. 

(1985) where yolk TH contents were reduced by about 65% between E13 and E19 chick embryo. 

Wilson and McNabb (1997) also reported that yolk T4 contents in T4 supplemented quail eggs 

significantly decreased in the course of incubation. Decrease of yolk weight (Fig. 5.3.2.b) is also 

in line with previous reports (Romanoff, 1967; Yoshizaki et al. 2004). However, profiles of the 

yolk weight and yolk TH decrease throughout the incubation period have never been compared 

before. The present study demonstrated that the yolk weight decreased significantly and almost 

linearly along with development and TH contents decreased in parallel with the yolk weight (Fig. 

5.3.2.b). These results raise a possiblilty that yolk THs are distributed to the developing embryo 

by a mechanism closely associated with the distribution of the yolk. During the incubation, the 

egg yolk is known to be absorbed by endodermal cells of the yolk sac membrane (yolk sac 

epithelial cells) and transported to the liver via yolk blood vessels. Although there is an 

anatomical communication between the yolk sac and the embryonic gut, normally no yolk passes 

into the gut, at least not until very close to the end of the incubation period (Romanoff, 1960). 

Microscopic examinations suggested that absorption of yolk components to the epithelial cells 

occurred via non-specific phagocytosis or receptor-mediated endocytosis. Then the yolk 

components are often structurally altered, released from the epithelial cells by exocytosis into the 

extracellular space and taken up by the vascular cells into circulation (Lambson, 1970; Juurlink 

and Gibson, 1973; Feher, 1975; Bauer et al., 2013). 

 The principal hormone release from the thyroid gland of chicken embryo is between days 

10 and 11, when the thyroid comes under the influence of the hypothalamic-pituitary-thyroid 
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axis (Thommes et al., 1977). However, the thyroid gland differentiates and takes up iodide 

during the first few days of embryonic development, and T4 has been detected biochemically in 

thyroid tissue as early as day 2 and immunocytochemically by day 5.5 (Thommes et al., 1992). 

Others reported that thyroid hormones in chicken embryos were in the brain at day 6 (Prati et al., 

1992) T4 in the plasma at day 6.5 (Thommes et al., 1978).  Prati et al. (1992) provided that yolk 

stores maternal thyroid hormone entering the embryo. McNabb et al. (1997) report that thyroid 

hormones were transferred into oocytes bound to lipoproteins and transthyretin, both of which 

are taken up by receptor-mediated process. It is difficult to determine when exactly the 

embryonic thyroid gland starts hormone secretion, due to the difficulty of discriminating 

circulating THs derived from the yolk and the thyroid gland. However, approximately between 

E10 and E12, the chick embryo completes vascular connection between the hypothalamus and 

the pituitary (Daikoku et al., 1973) and hence the top-down control of thyroid function become 

possible (Thommes, 1987; De Groef et al., 2008). As clearly shown in Fig. 5.3.2.b, yolk THs 

were not yet depleted around E10-E12. Since TH contents went on to decrease further, it is 

postulated that yolk THs are supplied to the embryo also after the thyroid gland becomes 

functional. 

The yolk thyroid hormone content was heightened at between E3 and E12; this content 

should be dependent on the thyroid status of the hen or how much maternal THs was deposited 

in the yolk by the hen. The hypothyroid hens would produce eggs with low thyroid hormone 

content, while hyperthyroid hens would produce eggs with high T4 content in the yolk (McNabb 

et al., 1997). Embryonic TH uptake could increase or decrease in response to the amount of 

hormone available in the yolk and environmental factors influencing embryonic development. 

However, more work is needed to further document the capability of yolk hormones regulation 
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and to determine how much regulation of yolk hormones is achieved.  Prati et al., 1992 showed 

that in the egg yolk, the concentration of T4 was 2.5 times higher than the concentration of T3. It 

was similar with the results of present study. The present results indeed confirm previous studies 

regarding the presence of T4 and T3 in the egg yolk of chicken embryo. The concentrations 

reported in the present study for T4 & T3 in yolk is 5.4 ng T4 and 1.0 ng T3 per gram of yolk on 

E3. T3 in egg yolk rapidly decreased between day 13 and day 21 day of incubation period of the 

chicken embryo. These results pointed out that yolk absorption is rapid during at that period for 

yolk sac retraction into the body cavity or T4 degrading in the yolk.  
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General Summary and Discussion 

 

In this study I have documented the mRNA expression pattern of iodothyronine 

deiodinases, carrier proteins and THs transporters in the yolk sac membrane of chicken embryo 

during the embryonic development. Also, I have examined yolk thyroid hormone concentration 

during the embryonic development. Previously there were some studies based on the activity of 

these enzymes not on the mRNA expression level.  

Generally, thyroid gland starts their function on 10 days of incubation, however, present 

results show that yolk T4 and T3 were found in as early as 4-day-old embryo (Fig 5.3.1.A). Prati 

et al., (1992) revealed that both the T4 and T3 concentration were found low amount at 4-day-

old whole embryos and could be measured in other organs at days 6 of incubation. Without 

thyroid, 55% of thyroid hormones were found in the chicken at day 6 of incubation (Prati et al., 

1992). Therefore, this result pointed out to consider maternal origin of thyroid hormone 

mechanism in the chicken yolk sac. However present study documented that yolk TH was found 

since 3-day-old embryo and their concentration was 5.4 ng T4 and 1.0 ng T3 per gram of yolk on 

E3. Yolk contents were reduced between day 13 and day 21; this result are in line with the report 

of Mitchell et al. (1985) where yolk TH contents were reduced by about 65% between E13 and 

E19 chick embryo. Wilson and McNabb (1997) also reported that yolk T4 contents in T4 

supplemented quail eggs significantly decreased in the course of incubation. Therefore, the 

recent data suggests that decrease yolk contents between E13 and E21 were cause rapid yolk 

absorption from embryo for yolk sac retraction into the body cavity.  

 The mRNA expression of TTR, the high affinity TH distributor protein in the yolk sac 

membrane was found at E4. Thyroid hormones bound to yolk lipoproteins is taken by non-
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specific endocystosis or they may be transported into the embryo by specific carriers (Mcnabb  

and Wilson C, 1997). Southwell et al. (1991) identified that TTR gene in extra embryonic 

membranes by 2 days of incubation and high expression occur in the yolk sac by 7 days of 

incubation, which is in accordance with my data. As shown in this study, TTR mRNA expression 

was increased from 4 day to 11 day-old-embryo in the yolk sac membrane but after 12 days of 

incubation there was no significant changes occurred (Fig. 3.3.1.1). However, ALB mRNA was 

expressed on E3 and E18 (Fig 3.3.1.2). Therefore, this suggests that TTR might be a THs 

binding protein before the onset of thyroid function and ALB might be possible role as a TH 

distributor after TTR expression decreased. 

The present experiments showed the presence of mRNAs for all three types of 

deiodinases in the yolk sac membrane during incubation period. Interestingly, gradual increase of 

D1 mRNA and D3 mRNA was found in yolk sac membrane from E3 to E12. However, TH 

activating deiodinase D2 found prominently at E3 (Fig 2.3.1.2) may act in coordination with TH 

transporters, to increase local T3 concentration in the yolk sac membrane and contribute to the 

formation of its vascular layer. D1 mRNA expression was found almost the whole incubation 

period (Fig 2.3.1.1). The D1 enzymes could stimulate not only the activating as well as the 

inactivating pathway but it also could contribute recycling of iodine, rather than the activating to 

T4 to T3, by deiodination of rT3 and other inactive THs. Expression of D3 mRNA between E3 

and E12 (Fig. 2.3.1.3) possibly contributes to inactivate excess amounts of THs and prevents 

their unfavorable effects on the developing embryo and the yolk sac itself. After E12, yolk sac 

D3 expression decreased because of hepatic D3 activity seems to turn functioning at E12 

onwards. Darras et al. (1992) revealed that hepatic D3 is known to contribute to keep embryonic 
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plasma T3 level low until the hatching process approaches and plasma THs increase to their peak 

levels. 

 This study was also first to report on changes of gene expression of the TH transporters in 

the yolk sac membrane. The monocarboxylate transporters (MCT) 8 and 10, the organic anion 

transporting polypeptide (OATP) 1C1 have high affinity transporters mediating TH transport 

across the plasma membrane (Veerle et al., 2009). LAT1 has a lower affinity which is found in 

other vertebrates classes. But we didn’t detect LAT1 transporter mRNA in the yolk sac 

membrane; it means lack of this transporter in the yolk sac membrane or it may present in other 

tissues. We found three TH transporters (MCT8, MCT10, OATP1C1) throughout the incubation 

period. Nakazawa et al. (2011) carried out a gene expression profiling analysis of the yolk sac 

epithelium between E2 and E4 and found these transporters. It is therefore suggested that these 

mRNAs found in the present study were expressed indeed in the yolk sac epithelial cells, while 

this does not exclude the possibility that these transporters are also expressed in other cells that 

comprise the yolk sac membrane such as capillary endothelial cells.  

The present data indicates that increased MCT8 at the time of early incubation period 

favors a contribution of the required TH to the formation of the vascular layer of yolk sac 

membrane. The yolk sac membrane begins to extend over the surface of the yolk after the 

embryo starts development. The surface area of the yolk sac membrane increases drastically 

between E3-E6 (Romanoff, 1960). In the development of Xenopus laevis, T3 is known to 

activate gene expression of Sonic hedgehog (Shh), thereby activating its target gene, bone 

morphogenetic protein 4 (BMP-4), a process which is thought to play important roles also in the 

organogenesis of other vertebrates, including chicken (Roberts et al., 1995; Ishizuya-Oka and 

Shi, 2005). This hedgehog-BMP signal transduction system works as an important regulator of 
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vascular development in a marine animal model (Astorga and Carlsson, 2007). The TH 

activating deiodinase D2 that was expressed prominently on E3 (Fig 2.3.1.2), may act in 

coordination with the TH transporters (Fig. 4.3.1.1), to increase local T3 concentration in the 

yolk sac membrane and contribute to the formation of its vascular layer. Expression of TH 

receptors that are necessary for the THs to regulate gene expression has been reported on E4-E19 

in the yolk sac membrane of chick embryos (Forrest et al., 1990). 

 TH transporters expressed in the last week of incubation (Fig. 4.3.1.3) may have a role in 

the retraction of the yolk sac. The weight of the yolk sac membrane begins to decrease on E16 

and the remainder is finally retracted into the abdominal cavity of the embryo on and after E19 

(Romanoff, 1960). In coordination with changes in TH transporters (Fig. 4.3.1.3), this TH 

activating pathway may play a role in yolk sac retraction via apoptotic pathways.  

The present study revealed time-specific expression of TH regulator genes and warrants a 

detailed study of these factors at the protein and activity level. Overall, present results suggest 

that the yolk sac membrane not only transfer of yolk THs to the embryo but also metabolizes 

THs, thereby possibly meeting demands of the developing embryo as well as the yolk sac 

membrane itself.  
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General Conclusion  

 

I have shown that deiodinases, TH binding proteins and TH transporters are present and 

active in the embryonic chicken yolk sac membrane at least from days 4 of development. Yolk 

thyroid hormone found as early as 4-day-old embryo and this data possible to say that the yolk 

sac is a possible essential source of thyroid hormone during early development of the chicken 

embryo. Yolk TH contents decrease almost linearly parallel with embryonic yolk weight. Also, 

TTR may play an important role in transporting maternal origin of THs to the embryo before the 

onset of thyroid function. In addition, deiodinases expression in the yolk sac membrane are 

essential for maintaining maternal origin of THs and also important for preventing the risk of 

excess amount of T3 for development of the embryo and yolk sac itself.   

Taking all this findings together, I conclude that iodothyronine deiodinases, TH binding 

protein (TTR) as well as TH transporters are necessary to uptake and transport of THs along the 

circulation to the targets organs to the chicken. We will be able to examine the concentration of 

serum thyroid hormones in the early embryonic development in near future. 
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Appendix 

Determining the DNA bands 

 As shown in Figure (7), the D1, D2, D3, TTR, ALB, MCT8, MCT10, OATP1C1 DNA 

bands appeared between 100bp and 300bp respectively at E3. According to my data, we 

examined three type of deiodinases, carrier proteins, TH transporters mRNA expression levels in 

the yolk sac membrane by RT-PCR. 

 

Figure 7. D1, D2, D3, TTR, ALB, MCT8, MCT10, OATP1C1 DNA bands in the yolk sac 

membrane (an agarose gel with bands of DNA stained with ethidium bromide and visualized 

under UV light on a UV transilluminator) 
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Selecting a suitable housekeeping gene for the yolk sac membrane  

For comparative determination of the target gene (deiodinase mRNA), it was needed to 

normalize the amount of reference gene (housekeeping gene). In my experiment, I ideally used 

the optimal gene in each organ from the candidates of multiple housekeeping genes (18S, 

GAPDH) during the embryonic development of the chicken yolk sac membrane. Housekeeping 

genes were used as internal standards as they were supposed to indicate the rate of transcription 

of genes which were not affected by physiological conditions. Their levels are presumed to be 

proportional to the total amount of mRNA being examined. A matched loading based on internal 

controls is critical for the quantitative comparisons of gene expression among different tissue 

types, varying developmental stages and experimentally treated cells. In here, I selected the best 

housekeeping gene for the yolk sac membrane by calculation of coefficient of variation 

percentage (CV%), the lowest significant variation and the most stable expressed gene between 

the groups. As shown in Fig. 8, GAPDH has high a significant variation between the incubation 

periods but 18S rRNA has low variation and found the most stable gene between  the incubation 

periods (Fig. 9), with a difference of 12.4 ±7.5% (mean ± SD) between the mean expression 

value of each day. Therefore, I selected  the most stable housekeeping (18S ) for  RT-PCR.  
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Figure8. GAPDH housekeeping gene (Error bar indicates n=9) 

 

 

 

 

Figure 9.18S housekeeping gene (Error bar indicates n=9) 
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