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Abstract 
 
Mice with a dominant negative thyroid hormone receptor (TR) α1 exhibit 

hypermetabolism due to a central overactivation of the sympathetic nervous system. To 

define the metabolic consequences in the liver, we analyzed hepatic glucose metabolism 

and the expression of thyroid hormone (TH) sensitive genes. Our results showed that the 

mutant receptor did not interfere with the expression of classical TRβ target genes such 

as deiodinase type I and spot14. However, the mutant TRa1 upregulated the hepatic 

expression of phosphoenolpyruvate carboxykinase while it suppressed the expression of 

Pyruvate Kinase in a region specific manner. This regulation is reverse from the one seen 

in T3- treated animals, demonstrating, for the first time, an opposite regulatory 

mechanism by the TR isoforms in different hepatic zones. Despite increased 

gluconeogenesis and suppressed glycolysis, the mice displayed depleted glycogen stores. 

Most remarkably, this hepatic phenotype was completely normalized when the mutant 

mice were exposed to high levels of maternal TH during pregnancy. These results 

demonstrate that genetic and maternal factors interact to determine the metabolic setpoint 

of the offspring indicating that appropriate TH levels are necessary during fetal 

development. Thus, maternal TH could affect the susceptibility for metabolic disorders 

such as obesity or type II diabetes.  
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Figure 1.1 TRH and TSH positively regulate T3 

and T4, but their own synthesis and release is 

inhibited by free circulating THs. T4 and T3 exert 

effects on target tissues as indicated at the bottom.    

 

1. Introduction 

 

1.1 The Thyroid Gland and Thyroid Hormone 

The thyroid gland is one of the largest endocrine glands in vertebrates, situated in the 

front of the trachea. It is build up of two lobules and its main function is to produce and 

secrete thyroid hormones (THs). The newly synthesized molecules are secreted into the 

bloodstream and affect target tissues such as bone, heart, liver, pituitary and brain. The 

main forms of TH produced by the follicular cells of the thyroid gland are: 3,5,3`,5`-

tetraiodothyronine (T4) and 3,5,3`-triiodothyronine (T3). T3 binds to the thyroid hormone 

receptors (TRs) with much higher affinity compared to T4, which is considered as 

prohormone (Sandler et al 2004). 

T3 affects a multitude of physiological processes in mammals such as development, 

regulation of the body temperature and metabolism of lipids and carbohydrates (Yen et al 

2001). 

Synthesis and secretion of THs is regulated by a negative-feedback system that involves 

the hypothalamic-pituitary-thyroid (HPT) axis. The hypothalamus secretes thyrotropin-  

releasing hormone (TRH) that in turn stimulates 

the release of thyroid stimulating hormone 

(TSH) from the anterior pituitary that is located 

below the hypothalamus. The latter hormone 

induces the synthesis and release of TH from 

the thyroid. The circulating T3 and T4 in turn 

exert negative feedback control on both TSH 

and TRH (Fig. 1.1). 

While T4 is secreted at higher levels from the 

thyroid gland, T3 is produced mainly via 5’- 

outer ring deiodination of T4 in the periphery, 

performed by selenoenzymes called deiodinases. 

Type 1 and type 2 deiodinases (D1 and D2) 

catalyze deiodination of the outer ring of T4 

thus leading to the activation.  



                                                                                                                                      3         
 
 

When D1 and D3 act on the inner ring, the hormone is inactivated (Fig. 1.2) (Bianco et al 

2002). 

 

 
Figure 1.2 Diverse deiodinases catalyze either activation or inactivation of thyroid hormones.  
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1.2 Thyroid Hormone Receptors  

TRs are members of the large superfamily of nuclear hormone receptors. They bind DNA 

either as monomers and homodimers or heterodimers with Retinoid X Receptor. TRs are 

encoded by two different genes, Thra and Thrb. These genes give rise to several different 

TR isoforms namely TRa1, TRa2, TRΔa1, TRΔa2 TRb1, TRb2, TRb3 and TRΔb3. The 

functional domains of TRs are a DNA binding domain that binds to thyroid hormone 

response elements (TRE) and a carboxy-terminal ligand- binding domain that binds T3. 

Other regions of the receptors can either interact with other TRs or with different types of 

nuclear receptors or with corepressors or coactivators. TRa1 and TRb are similar in 

structure and sequence, and bind T3. In contrast, TRa2 binds to DNA but not to T3 and is 

thus not a real TR. Almost all tissues express TRa1, TRa2 and TRb1 isoforms, but TRb2 

is synthesized predominantly in hypothalamus, anterior pituitary and developing ear. In 

the murine liver TRb is the most abundant receptor expressed, responsible for 85% of T3 

binding. In heart, TRa1 is the receptor playing the predominant role in TH binding 

(O`Shea et al 2002). While these four forms have been demonstrated at the protein level, 

the function of the predicted Δ-isoforms, which do bind neither DNA nor TH, remains 

enigmatic.  

Unliganded TRs can act as aporeceptors and bind to TREs even in the absence of ligand. 

They bind as dimers and together with corepressors to inhibit the expression of genes that 

are positively regulated by T3 and vice versa. The basal repression is mediated by TR 

corepressors such as NcoR and other specific silencing mediators, which interact with 

unliganded TR and Retinoid X Receptor. Some corepressor complexes have histone 

deacetylase activity, leading to repression of transcription. TH binding to TRs induces the 

release of the corepressors, recruitment of coactivators and transcriptional activation. The 

most important coactivators are members of the steroid receptor coactivators, SRCs, that 

contain nuclear hormone receptor interaction sites (O`Shea et al 2002). 

 

TH-responsive genes are found in many cellular pathways including gluconeogenesis, 

lipogenesis, insulin signalling, cell proliferation and apoptosis (Feng et al 2000; Flores-

Morales et al 2002; Yen et al 2003). TH controls basal metabolism by acting locally in 

peripheral tissues (Weinstein et al 1994) and centrally by regulating sympathetic 
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signalling (Sjögren et al 2007). In the periphery, it acts synergistically with the 

sympathetic nervous system to regulate e.g. the body temperature. In the brown adipose 

tissue (BAT) for instance, this leads to increased activity of type II deiodinase and 

increased expression of uncoupling proteins (UCPs), thus yielding heat instead of ATP 

from mitochondrial β-oxidation (Cannon et al 2004). 

 

1.3 Disorders Associated with Thyroid Hormone Signalling 

Impairments in TH signalling are a common cause of endocrine disorders affecting 

people all over the world. Changes in the availability to ligand cause hypo- or 

hyperthyroid symptoms. 

Primary hypothyroidism is usually characterized by low levels of TH and high levels of 

TSH.  An inflammation of the thyroid gland, that destroys the follicular cells responsible 

for the hormone production, is a common cause for the development of this disorder. 

Moreover, the autoimmune disease, Hashimotos Thyroidis, can cause thyroid gland 

failure that can lead to inferior production of TH. Another more rare cause of 

hypothyroidism is a dysfunction of the pituitary that fails to secrete TSH. In this so called 

secondary hypothyroidism, the thyroid gland is normal but does not receive the signal 

that would generally stimulate the follicular cells to secrete TH.  Hypothyroidism results 

in a decreased metabolism and leads to symptoms that range from dry skin, weight gain, 

loss of appetite, and cold sensitivity to depression (Roberts et al 2004). 

The condition of congenital hypothyroidism (CH) affects 1 in 3500 infants (Kopp et al 

2002) and is the second most common endocrine disorder after diabetes. Either the 

absence of the thyroid gland, its dislocation or its reduction in size leads to complete or 

partial athyroidism. Mutations that are associated with CH often inhibit the normal 

development of the thyroid gland in prenatal stage (Mansouri et al 1998). 

If not treated with TH within a few weeks after birth, severe forms of CH can lead to 

cretinism, a syndrome characterized by abnormalities in psychological and intellectual 

development, metabolic dysfunction and neurological deficiencies. On the other hand, an 

overactive thyroid gland and an overproduction of TH can lead to hyperthyroidism, 

characterized by elevated levels of circulating TH. The autoimmune condition, Grave’s 
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disease, is the most common cause of hyperthyroidism. Hyperthyroidism is recognized by 

symptoms that include weight loss, heat intolerance, and depression.  

Mutations in TRb cause Resistance to Thyroid Hormone (RTH), a syndrome of reduced 

end-organ responsiveness to TH (Refetoff et al 2007) which is characterized by the 

combination of elevated levels of TH and TSH that would otherwise be suppressed 

(Refetoff et al 1993). Most patients with RTH display mutations in the ligand- binding 

domain localized in the carboxyl terminus of the TRb gene. As a result, the mutant 

receptor has reduced affinity for T3. The hallmarks of RTH are goiter, hyperactive 

behavior, learning disabilities, developmental delay and sinus tachycardia (Refetoff et al 

2007). Interestingly, all known mutations in TRs in humans were found in TRb.  

 

1.4 Thyroid Hormone Receptor a1 

Since no patients with a mutation in TRa1 have been identified to date, mice with 

dominant negative mutation in TRa1 (TRa1+m) have been generated (Tinnikov et al 

2002, Venero et al 2005, Wallis et al 2008). Besides a postnatal retardation in growth and 

development, an extreme anxiety and euthyroidism, these mutant mice exhibit 

hyperphagia, an increased basal metabolic rate and a high turnover of lipids and 

carbohydrates, which lead to resistance to high-fat diet induced obesity (Sjögren et al 

2007). Interestingly, these symptoms resemble hyperthyroidism rather than 

hypothyroidism, which should be expected in the presence of a dominant negative TRa1. 

This discrepancy is explained by a novel central action of the mutant TRa1, which 

increases sympathetic outflow from the brain to the BAT and thus overrides the 

peripheral hypothyroid effects (Sjögren et al 2007). The hyperactivity of BAT was 

supported by elevated β-oxidation and high enzymatic activities of acetyl-CoA 

carboxylase and malonyl-CoA dehydrogenase. Blockade of the sympathetic signalling at 

thermoneutrality (30°C) where BAT gets functionally deinnervated, completely restored 

this phenotype (Sjögren et al 2007). This indicates a central interaction between the 

mutant  receptor and symphathetic signalling that leads to the hypermetabolic phenotype.  

As a secondary effect of the hypermetabolic BAT, the mutant mice exhibit signs of 

increased hepatic gluconeogenesis, which is supported by an upregulated 

Phosphoenolpyruvate-Carboxykinase (PEPCK) mRNA (Sjögren et al 2007) probably to 



                                                                                                                                      7         
 
 

compensate for the high energy demand. With regard to glucose handling, TRa1+m mice 

do not exhibit hypoglycemia although glucose is rapidly cleared from the blood and liver 

glycogen stores are depleted. Under physiological conditions, levels of β- 

hydroxybutyrate (HB) are normal in the mutants suggesting that no additional 

ketogenesis is necessary. Upon 16 h of fasting, the production of HB is not as much 

increased as in the control mice, a defect not restored by T3 treatment. Taken together, 

this suggests major alterations in the liver, since both glucose metabolism and 

ketogenesis are impaired in the mutants (Sjögren et al 2007).  

 

1.5 Thyroid Hormone and the Liver 

A main function of the liver is to generate glucose for other tissues such as brain and 

BAT and to maintain energy homeostasis.  

The murine liver is supplied with blood via two larger vessels, the hepatic artery and the 

portal vein, carrying the oxygen rich blood from the aorta and digested food from the 

small intestine respectively. These vessels subdivide in the liver and terminate into small 

capillaries. The liver consists of several lobules (Fig. 1.3), which are divided into three 

zones. Zone 1 is oxygen rich and encircles the portal tracts. The blood flows from this 

zone through an intermediate zone towards zone 3, which is oxygen poor, into the central 

vein that after leaving the liver enters into the vena cava (Hailfinger et al 2006). 

 

 

Hepatic artery branch 
(portal tract, Zone 1) 
 
Portal vein branch (portal 
tract, Zone 1) 
 
 
Sinusoids 
 
Sinusoids 
 
Central veins (Zone 3) 
 
Figure 1.3 The Liver lobule as the 
functional unit of the liver 
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There is a differential gene expression in hepatocytes regarding to their location. 

Perivenous hepatocytes that occupy Zone 3 mainly express genes coding for enzymes 

involved in b-catenin signalling, bile acid synthesis, glutamine synthesis and metabolism 

of xenobiotics whereas periportal hepatocytes, located in Zone 1, express enzymes 

involved in gluconeogenesis, fatty acid degradation, cholesterol biosynthesis and amino 

acid degradation (Braeuning et al 2006). 

Although little is known about the mechanisms that regulate the zonal gene expression in 

the liver, previous studies on mice with tumors resulting from activating mutations in 

either Catnb or Ha-ras, indicate a gradient of two opposing signals that may govern the 

process of zonation. One signal is delivered by endothelial cells of the central vein and 

activates the β-catenin pathway, while the other signal is presented by blood born 

molecules on the periportal side, leading to activation of the Ras signalling pathway. 

Several proteins that are over or under represented in these mouse liver tumors are 

expressed in same differential manner within the normal liver tissue, thus supporting the 

hypothesis that an opposite gradient plays a role in the zonal regulation (Braeuning et al 

2006). 

  

TH plays an important function in regulating various processes in the liver including the 

regulation of triglycerides, cholesterol metabolism, lipoprotein homeostasis as well as the 

induction of genes involved in glycolysis and gluconeogenesis (Yen et al 2003). TRb is 

the major receptor form expressed in the liver, accounting for 85% of TH regulation, but 

TRa1 could also play a potential role in regulation of other hepatic genes (Flores- 

Morales et al 2002). Besides the regulation of the metabolic enzymes, TRa1 might exert 

an important role in the liver development, since TRa1+/m mice fail to normalize their 

liver weight when acclimated to 30°C (Sjögren et al 2002).  
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Aim 

The aim of this thesis is to investigate the hepatic consequences of the centrally induced 

hypermetabolism in mice with dominant negative TRa1. Furthermore, it aims to identify 

interactions of the impaired TRa1 signalling with the expression of classical TH target 

genes and genes involved in glucose metabolism.  

To initially characterize the activity of different metabolic pathways such as 

gluconeogenesis, glycolysis, fatty acid degradation and fatty acid synthesis, in situ 

hybridisation with specific probes for rate limiting enzymes will be applied. This 

approach will also give valuable information about potential derangement in hepatic 

zonation. To assign the identified changes to either disrupted TH signalling or to 

increased metabolism, animals will be investigated, where TH signalling has been 

restored by oral treatment with supraphysiological doses of TH, or which were reared at 

thermoneutrality, where the hypermetabolism of TRa1+/m mice is reversed. Furthermore 

the mRNA expression levels of classical TH target genes and genes involved in glucose 

metabolism will be investigated using qPCR to obtain a more quantitative result and to 

reveal targets of TRa1 signalling. To assess the physiological consequence of the mutant 

TRa1, activities of Phosphoenolpyruvate- Carboxykinase will be analyzed to determine 

the activity of gluconeogenesis and glycolysis in the animals. In addition, the glycogen 

content will be determined in these mice as a readout for the metabolic demand.   

Finally, the mutant receptor will be reactivated by high doses of TH during different 

developmental periods, to define the window in which the deranged metabolic setpoint is 

instituted. The results will not only reveal the role of TRa1in the regulation of hepatic 

glucose metabolism, but also provide new insights in the development and consequences 

of metabolic disorder which might lead to novel therapeutic approaches for obesity and 

consequently type II diabetes.  

 

 

 

 

 

 



                                                                                                                                      10         
 
 

2. Materials and Methods 

 

2.1 Animals  

The mouse model used in these experiments is heterozygous for a dominant negative 

R384C mutation in the TRa1 gene (Tinnikov et al 2002). Wild type and mutant mice 

were kept at 21°C on a 12 h light/ 12 h dark cycle and supplied with standard laboratory 

diet and tap water. If not stated otherwise, 5 animals per group were used for the 

experiments at the age of 4-7 months. To reactivate the mutant receptor, mice were 

treated for 14 days with supraphysiological doses of T3 via drinking water (0.01% 

albumin, 0.5 µg/ml T3) (Sjögren et al 2007). 

To restore the hypermetabolic phenotype, mice were transferred to thermoneutrality 

(30°C) at the age of two months and kept at this temperature for 6 weeks (Sjögren et al 

2007). To investigate the consequences of an increased glucose demand, mice were 

fasted for 24 hours.  

To determine the developmental window at which the deranged setting of glucose 

metabolism occurred, the mutant TRa1 was reactivated at different time periods of the 

development and glycogen content was analyzed in the adult animals. 

To reactivate mutant TRa1 postnatally, male TRa1+/m;TRb-/- (+/m;-/-) mice were 

crossed   with   female  TRa+/+;TRb+/-  (+/+;+/-)  mice.  The   double    mutant offspring  

(+/m;-/-) are hyperthyroid and have a reactivated mutant TRa1 receptor from birth 

(Forrest et al 1996). To   reactivate   the   mutant  receptor  during  the  fetal  development  

+/+;-/- male mice were crossed with hyperthyroid +/m;-/- dams and the double mutant 

offspring (+/m;-/-) were analyzed. Age- and gender-matched wildtype (WT) mice were 

used as controls.  All animals were killed by decapitation and trunk blood was collected 

for further analysis. The livers were isolated, frozen on dry ice and stored at -77°C. For 

kryosectioning, tissues were embedded in Tissue-Tek medium (Sakura Finetek, Torrance, 

USA) and stored at -77°C. All animal procedures were covered by the corresponding 

ethical permissions (N74/07, N21/08, N371/06).  
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2.2 Tissue Homogenization, RNA Isolation and cDNA Synthesis 

Liver homogenates were generated using a dounce homogenizer. RNA was isolated 

according to the protocol provided with RNeasy Mini Kit (QIAGEN, Sweden). The 

concentration of RNA was determined spectrophotometrically in a phosphate buffer at 

A260 and A280, using a Bio Photometer 6131. To confirm the integrity, the isolated RNA 

was separated on a 1% agarosis gel containing ethidiumbromide and 1xTBE buffer for 30 

minutes at 120 V. Subsequent cDNA synthesis of up to 4µg of RNA was carried out 

using Oligo(dT) Primers and Superscript II RT (Invitrogen, Sweden).   

 

Solutions 

 
10 x Tris-Borate-EDTA (TBE) 1 L  

108 g   Tris base 

55 g   Boric acid 

40 ml   0.5 M EDTA (pH 8.0) 

autoclave  

 

10 x DNA loading buffer 

0.25%   Bromophenolblue 

0.25%   Xylene Cyanol 

30 %   Glycerol in TBE 

 

Phosphate buffer (pH 7.4) 

0.1 ml  EDTA(0.5M) 

6 ml   Na2HPO4 (0.1M) 

4 ml   NaH2PO4   (0.1M) 
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2.3 PCR, Gel Extraction, Primer List 

PCR was performed according to standard protocols. Briefly, cDNA was obtained as 

described in 2.2 (Invitro, Sweden) and mixed with 0.5 ul Taq DNA Polymerase (2 U/ul) 

(Finnzymes, Sweden), 2.5 ul water, and 0.5 ul forward and 0.5 ul reverse primer 

respectively (50 pmol/ul). The PCR program consisted of 33 cycles and the annealing 

temperature was set to 55°C. The PCR reaction was analyzed on a gel, as mentioned in 

2.2. The primer sequences used for the PCR are listed below. 

 

PCR products of the expected size were extracted from the agarosis gel using QIAquick 

Gel ExtractionKit (Qiagen, Netherlands) according to the instructions of the 

manufacturer.   
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   Primer list 
 Primer (5’-3’) 

AcC-DH TTCCTCACCACACAGAATGG 

AGTGATGAACACCTTGCTTCC 

FAS AGAGGCTTGTGCTGACTTCC 

ACGCTCCATGGTAGAGTTGG 

G-6-PDH CCAGATCTACCGCATTGACC 

TATCCATTGGCAGCTTCTCC 

GluDH GCCAAGATCATTGCTGAAGG 

GCTGTTCTCAGGTCCAATCC 

GluS CCTTCTGCCAATTGTGACCT 

GTGACAGCTATGCCTACCG 

GlyP TCCAGATCAGGTAGCCATCC 

CTTCAGGATGTCCGAGTGG 

GlyS CCTCATCATGACCGAGAAGC 

CATCAGGCTTCCTCTTCAGC 

LDH AGACAAGGAGCAGTGGAAG 

GGGTGTGGTCTGCCTAGAAGC 

PEPCK CGTCTGGCTAAGGAGGAAGG 

CAGCAGGTGATGGTGACTCC 

Pyrk GGCTCAGAAGATGATTGGG 

TCGGTAGCGAGACAGAAGC 

Haras CATCCAGCTGATCCAGAACC 

AGCCAGGTCACACTTGTTGC 

 
   Table1: Primers designed for cloning of cDNA probes. AcC- DH = AcylCoADehydrogenase, FAS = Fatty acid 

synthetase, G-6-PDH = Glucose 6 Phosphate Dehydrogenase, GluDH  = Glutamate Dehydrogenase, GluS  = 

Glutamine Synthetase, GlyS = Glycogen Synthetase, GlyP=Glycogen Phosphorylase LDH = Lactate 

Dehydrogenase, PEPCK= Phosphoenolpyruvate- Carboxykinase, Pyrk  =  Pyruvate Kinase  
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2.4 pGEM- T-easy Ligation, Transformation 

The extracted PCR product was ligated into a T-easy vector (Promega, USA) according 

to the instructions of the manufacturer. The ligation reaction was then mixed with 100 ul 

of thermo-competent Escherichia coli cells that were made competent following the 

rubidium chloride procedure (Maniatis et al 1982), then incubated on ice for 1 hour and 

heat shocked at 42°C for 60 seconds. The suspension was plated onto LB Ampicillin  

(100 ug/ml) plates using a sterile loop, and incubated at 37°C overnight. The following 

day, isolated colonies were picked from the plate using sterile pipette tips and suspended 

in 2 ml LB medium containing ampicillin (100 ug/ml) and grown overnight at 37°C and 

125 rpm.  

 

Solutions 

 

LB medium (1L) 

10 g   Tryptone  

5 g  Yeast extract 

10 g  NaCl 

400 ul  5 M NaOH 

15 g   agar ( for plates)  

Ampicillin  100 ug/ul 

 

2.5 Mini preparation of Plasmid DNA, Restriction Analysis and Maxi preparation of the 

Plasmid DNA 

Plasmid DNA was isolated from cells by performing the mini preparation according to 

standard protocols. Briefly, 1 ml of bacterial suspension was centrifuged at 6000 rpm for 

5 minutes. The pellet was resuspended in 250 ul buffer P1. 250 ul P2 buffer were added 

to the solution and incubated for 5 minutes at room temperature (RT).  

Afterwards, 350 ul P3 buffer were added to the mixture. After 15 minutes centrifugation 

at 12000 rpm, the DNA was precipitated from the supernatant using 525 ul isopropanol, 

by centrifugation for 15 minutes at 12000 rpm. The pellet was washed with 300 ul 
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ethanol (70%), centrifuged for 5 minutes at 12000 rpm, dried at 55°C for 30 minutes and 

dissolved in 30 ul water.  

To confirm the integration of the PCR product into the vector, restriction analysis was 

performed on the purified DNA, using the enzymes SacII and SpeI or alternatively EcoRI 

(BioLabs, Sweden) according to the instructions of the manufacturer. 

If a positive insert was identified, the remaining 1 ml of bacterial suspension was 

inoculated into 100 ml LB medium supplied with ampicillin (100 ug/ml) and was allowed 

to grow at 37°C and 125 rpm overnight. This bacterial suspension was used to isolate 

plasmid DNA with a Maxi Prep Kit (Invitrogen, Sweden) according to manufacturer’s 

instructions. The concentration of the isolated plasmid DNA (ug/ul) was determined 

spectrophotometrically as mentioned in 2.2.  

 

Solutions  

 

P1 (stored at 4C)  

1 M   Tris pH 7.5 

1.5 M   NaCl 

100 ug/ml  RNase A 

 

P2  

200 mM  NaOH,  

1 %   SDS 

 

P3  

3 M   K-acetate pH 5.2 
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2.6 Sequencing of the Purified Plasmid DNA  

DNA sequencing was performed according to the protocol of BigDye Terminator v3.1 

Cycle Sequencing Kit (ABI PRISM, Sweden). The reaction was subsequently analyzed 

by the Karolinska Institute DNA sequencing service, KIseq.  

 

2.7 Linearization, Purification of the Linearized Plasmid 

The purified plasmid was linearized with the corresponding restriction enzyme to 

generate a template for an antisense RNA probe (table 2). Briefly, 60 ul of the maxi prep 

(0.5 ug/ul) were mixed with 9 ul enzyme (SpeI or SacII, BioLabs, Sweden), 10 ul buffer 

2 (BioLabs, Sweden) and 21 ul water. The linearization reaction was incubated at 37°C 

over night. The reaction was purified from salt and proteins using membrane 

microdialysis (Millipore Type HA 0.45 mm). The linearized plasmid was diluted to a 

final concentration of 0.5 ug/ul. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                      17         
 
 

2.8 List of plasmids with cDNA inserts, used for probe generation 
cDNA Vector size fragment NCBI 

Accession no 

Linearized 

with 

RNA 

polymerase  

AcC-DH pGEM 

Teasy 

397bp nt 236-633 NM_007381 SpeI T7 (antisense) 

D1* pGEM 

Teasy 

1015bp nt 40- 1055 NM_007860 SpeI T7 (antisense) 

FAS pGEM 

Teasy 

400bp nt 5789-6189 BC046513 SpeI T7 (antisense) 

GDH pGEM 

Teasy 

418bp nt 1337-1755 BC057347 SpeI T7 (antisense) 

G-6-

PDH 

pGEM 

Teasy 

376bp nt 589-965 DQ992397 SacII SP6 (antisense) 

LDH pGEM 

Teasy 

398bp nt 863-1261 NM_010699 SpeI T7 (antisense) 

PEPCK pGEM 

Teasy 

412 bp nt 1066-1478 NM_011044 SpeI T7 (antisense) 

Pyrk pGEM 

Teasy 

400 bp nt 5789-6189 BC_152327 SpeI T7 (antisense) 

 
Table 2: AcC-DH  = Acyl CoA Dehydrogenase, D1 = Deiodinase 1, FAS  = Fatty Acid Synthetase, GDH = Glutamate 

Dehydrogenase, G-6-PDH = Glucose-6-phosphate Dehydrogenase, LDH = Lactate Dehydrogenase, PEPCK = 

Phosphoenolpyruvate- Carboxykinase, Pyrk: Pyruvate Kinase *: D1 was a kind gift of Professor K.Bauer at Max 

Planck Institute, Hannover, Germany 

 

2.9 In Situ Hybridization (radioactively labelled probes) 

Tissues embedded in Tissue- Tek medium were cut on a cryostat at – 20°C and the 20 µm 

sections were mounted on microscope slides (Super Frost Plus) and stored at – 77°C until 

further processing. Frozen sections were fixed in 4% phosphate- buffered 

paraformaldehyde (PFA) for 1 hour at RT and then washed three times with phosphate 

buffered saline (PBS) for 10 minutes each. The sections were permeabilized in 0.4% 

Triton in PBS for 10 minutes followed by wash with PBS and water, for 5 minutes and 1 

minute respectively. In proceeding step the sections were transferred to Triethanolamine 

buffer adjusted with 1.33 ml HCl to pH 8.0. While stirring, 1.25 ml Acetic Acid 

Anhydride were added and the sections were incubated for 10 minutes. After washing 
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with PBS and water for 10 and 5 minutes respectively, the sections were dehydrated 

through increasing concentration of ethanol (50%, 70%) for 1 minute each and stored at  

 -77°C.  

 

Radioactive labelled probes were generated from linearized cDNA fragments in pGEM 

Teasy plasmids (table 2).  In vitro transcription was carried out using 7.5 ul (α35S)- UTP 

labelled nucleotides (Hartmann Analytic, 37 TBq/mmol, Germany) 4 ul linearized 

plasmid (0.5 ug/ul), 2 ul DTT (100 mM) 1 ul Rnasin (GE Healthcare, Sweden), 4 ul 

transcription buffer (4x) (Invitrogen, Sweden), 2 ul NTPs (ATP, CTP, GTP 10mM each) 

(GE Healthcare, Sweden) and 1 ul RNA Polymerase (SP6 or T7, BioLabs Sweden).  

The solution was incubated for 2 hours at 37°C (T7) or 40°C (SP6). The reaction was 

stopped by the addition of 1 ul RNase free DNase (Invitrogen, Sweden) for 15 minutes at 

37°C. The solution was diluted with 38 ul RNase-free water and unincorporated 

nucleotides were removed using spin columns (GE Healthcare, Sweden). To determine 

the incorporation efficiency, 1 ul of the radioactive RNA probe was transferred to 10 ml 

scintillation cocktail (Zinsser analytic, Sweden) for analysis in a β-counter. The probe 

was then diluted in hybridization buffer (90%) and DTT (0.2%) to a final concentration 

of 25000 cpm/µl.  

For hybridization, 100 ul riboprobe were applied on prehybridized sections and stored in 

a humid chamber (50% formamid) at 55°C overnight. The posthybridization was carried 

out by rinsing the sections in decreasing concentration of SCC (2x, 1x) for 20 minutes 

each, followed by incubation in RNase Buffer for 30 minutes at 37°C. After additional 

rounds of washing in decreasing concentration of SCC (1x, 0.5x and 0.2x) for 20 minutes 

each, the sections were incubated in 0.2x SCC for 60 minutes at 68°C. The incubation 

step was followed by wash with 0.2x SCC and water for 15 minutes each. The sections 

were afterwards dehydrated through increasing concentrations of ethanol (50% and 70%) 

for 2 minutes each.  

To visualize the signal, an X-ray film was applied (Kodak BioMax MR, U.S.A) for 24 

hours. The sections were thereafter dipped in photoemulsion  (NTB2, Kodak, U.S.A) and 

stored at 4°C for 2-10 weeks depending on the signal intensity. After developing the 

sections using developer and fixer (Sigma Aldrich, Germany) for 10 min each, the 
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sections were dehydrated through increasing concentration of ethanol (70%, 96% and  

100%) respectively xylene and coverslipped with pertex (HistoLab, Sweden).   

 

2.10 In Situ Hybridization ( DIG labelled probes) 

The probes were generated from linearized cDNA fragments in pGEM Teasy plasmids 

(table 2).  In vitro transcription was carried out using 3 ul linearized DNA (0.5 ug/ul), 

2 ul DIG mix (10x) (Roche, Sweden), 4 ul buffer (5x) (Stratagene, Sweden), 2 ul DTT, 

0.5 ul Rnasin (GE Healthcare, Sweden), 7.5 ul water and 1 ul RNA polymerase (SP6, T7, 

BioLabs, Sweden). The proceeding steps were performed as described in 2.9. 

Unincorporated nucleotides were removed using spin columns (GE Healthcare, Sweden). 

Concentration and integrity of the probe were confirmed spectrophotometrically and by 

electrophoresis as described previously and diluted in hybridization buffer and DTT (1M) 

to a final concentration of 10 ng/ul  

 

2.11 Posthybridization 

Posthybridization was carried out as for radioactive probes (see 2.9), except that instead 

of dehydration, the sections were washed in P1 for 15 minutes followed by 2 hours block 

in P2. Anti-DIG antibody conjugated with alkaline phosphatase (Roche, Sweden) and 

diluted 1:2000 in P2 was applied on the sections for overnight at 4°C.  

The following day, the sections were placed at 37°C for 2 hours. The coverslips were 

then removed in P1 and the sections washed twice in P1 for 15 minutes each, followed by 

single wash with P3 for 10 minutes. The slides were stained using 5-bromo-4-chloro-3-

indolyl    phosphate   ( BCIP)    (175 ug/ml)    and     nitro     blue    tetrazolium     (NBT)  

(340 ug/ml) (Roche Sweden) diluted in 100 mM Tris HCl, 100 mM NaCl and 50 mM 

MgCl2 for 24-48 hours depending on the signal intensity.  
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Solutions  

 

PBS 10 x 

80 g   NaCl 

2 g   KCl 

26.8 g   Na2HPO4*7H2O 

2.4 g   KH2PO4  

in 800 ml, set pH 7.4, ad 1l 

 

TEA buffer 

480 ml  water 

1,67 ml Triethanolamine 

adjust to pH 8 

 

Hybridization Buffer (50 ml) 

10 ml   50%-Dextranesulfate  

25 ml   Formamide  

6 ml   NaCl 5 M                 5 M in DEPC: 292.2 g/l 

100 ul   EDTA 0.5 M (1 mM)       0.5 M in DEPC: 186.12 g NaEDTA*2H2O  

+ 20 g NaOH (pH 8.0), add 1l 

2,5 ml   tRNA E. coli 10 mg/ml  

500 ul   heared heringssperm DNA 10 mg/ml (100 ug/ml) 

1ml   50x Denhardt’s Reagent (1x) prepare 100x in DEPC: 2 g BSA, 2 g Ficoll,  

2 g Polyvinylpyrrolidon, add 100 ml 

 

500 ul   1 M Tris HCl pH 7.5 (10 mM)  
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DTT 1M (20 ml) 

3.085 g   in NaAc pH 5.2 

 

RNase Buffer (700 ml) 

14 mg  RNase A (20 ug/ml) 

700 U   RNase T (1 U/ml) 

20.5 g  NaCl (0.5 M) 

1.4 ml  EDTA 0.5 M (1 mM) 

7 ml   Tris HCl 1 M pH 8.0 (10 mM) 

 

SSC 20x (1l) 

175.3g  NaCl (3M) 

88.2g   NaCitrate (0.3M)  pH 7.2 

 

P1 10x (1l) 

121,14 g   Tris pH 7.5 (1 M) 

87 g          NaCl (1.5 M) 

 

P2         

1%   Blocking- Reagent (Roche) in P1 

 

P3 (100 ml) 

10 ml  Tris pH 9.5 

2 ml  NaCl 5 M 

5 ml  MgCl2 1 M 

 

Staining (100 ml) 

250 ul  BCIP  (Roche, Sweden) 

250 ul  NBT (Roche, Sweden) 

in  100 mM Tris HCl, 100 mM NaCl and 50 mM MgCl2 
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Phosphate- buffered paraformaldehyde (PFA) (600 ml) 

480 ml  water (72°C) 

24 g  PFA 

60 ml  10x PBS 

Adjust to pH 7.4 by adding NaOH (1 M) 

 

2.12 Glycogen Determination 

10 to 20 mg of liver tissue were homogenized in 2 ml of 5% TCA and incubated 30 

minutes at RT, followed by centrifugation at 12000 rpm for 10 minutes to precipitate the 

proteins.  

50 ul of the supernantant were separated and the glycogen precipitated with 100 ul EtOH 

(70%). The mixture was allowed to incubate 30 minutes at RT followed by centrifugation 

at 12000 rpm for 30 minutes. The supernantant was discarded and the precipitate allowed 

to air-dry at RT.  

Afterwards the precipitate was resuspended in 75 ul of Lugol Reaction mix and incubated 

for 10 minutes. The OD was measured at 600 nm and normalized against tissue weight. 

 

Solutions  

  

Lugol Reaction Mix: 

30 ml  KCl (25 % w/v) 

500 ul  Lugol Reagent (Sigma-Aldrich, Germany) 

200 ul  5 M HCl 

 

2.13 Quantitative Real-Time PCR (qPCR) 

The qPCR was performed by 7300 Real Time PCR System (Applied Biosystems, UK). 

Detection system used was Power SYBR Green PCR Master Mix (Applied Biosystems, 

UK). To generate the PCR fragments, the following primers were used (Table 3). HPRT 

served as housekeeping gene. 
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Gene Primer (5`-3`) 
Aldolase B GAAACCGCCTGCAAAGGATAA 

GAGGGTGTCGTGGAAAAGGAT 

b-catenin  TACCAGCACATCAGGACACCT 

GTGGAGAGGTCCAGTACACC 

D1 GCTGAAGCGGCTTGTGATAT 

TGTTGTCAGGGGCGAATCGG 

G-6-PDH ATGAAGCACACAGGCATTTGGTC 

CAGGTATAGCTGAAACAGTCC 

HPRT GCAGTACAGCCCCAAATGGAA 

CAAAGTCTGGCCTGTATCCAA 

LDH CATTGTCAAGTACAGTCCACAC 

TTCCAATTACTCGGTTTTTGGGA 

MCT8 CTTGCAGGTCCTCTCATTCCT 

GAAGAAGCCATCACATAGGC 

PEPCK ATCTTTGGTGGCCGTAGACC 

TGCCAGTGGGCCAGGTATTT 

Pyrk TCAAGGCAGGGATGAACATT 

TGCACGGGTCTGTAGCTGAGT 

Spot 14 AAGGTGGCTGGCAACGAAA 

AGGGTCAGGTGGGTAAGGAT 

 
Table 3: Primers used for design of cDNA fragments for RT PCR. D1 = Deiodinase type 1, G-6-PDH = Glucose-6-

phosphate Dehydrogenase, HPRT =Hypoxanthine-guanine phosphoribosyltransferase, LDH = Lactate 

Dehydrogenase, MCT8 = Monocarboxylate Transporter 8, PEPCK = Phosphoenolpyruvate-Carboxykinase, Pyrk = 

Pyruvate Kinase  
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2.14 Phosphoenolpyruvate- Carboxykinase (PEPCK) Activity Assay  

The principle of this assay is the enzymatic conversion of oxalacetate (OxAc) to 

phosphoenolpyruvate by PEPCK and further to pyruvate. Pyruvate is in turn converted to 

lactate by lactate dehydrogenase (LDH), using NADH as a cosubstrate. This conversion 

of NADH to NAD can be monitored at 340 nm.  

The procedure was performed as described elsewhere (Walker et al 2002) with minor 

modifications. Briefly, the tissue was extracted from 3-5 animals per group and the tissue 

was shockfrozen in liquid nitrogen. After homogenization in 1200 ul icecold 

homogenizing buffer, the solution was centrifuged for 20 minutes at 12000 rpm (4°C). 

The fatty compound on the top was discarded and the infranatant collected. This mixture 

was centrifuged for 60 minutes at 100.000 g (UZ Rotor SW55 27000 rpm). 340 ul of the 

supernatant were taken and used for the enzyme assay.  

The sample buffer (SB) was prepared and stored at RT for 15 minutes. 175 ul of each SB 

were incubated in spectrophotometer until a constant slope was achieved. In proceeding 

step, 25 ul of oxalacetate were added, and the step was followed by subsequent addition 

of 75 ul homogenate. To determine nonenzymatic decay of oxaloacetate, one well was 

supplied with a corresponding volume of homogenizing buffer. Slopes were followed in 

Versal Max 96 well plate reader (Molecular Devices, 30°C). The decrease of NADH at 

340 nm was detected every 30 seconds, during 15 minutes. 

 

Solutions  

 

Homogenizing Buffer (50 ml) 

450 ul  1 M KH2PO4 (1.36 g/10 ml)     

4.25 ml 1 M K2HPO4 (8.7 g/50 ml)        

50 ul  100mM DTT (15.4 mg/ml)       

1ul  leupeptin (1 mg/ml) 
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Sample Buffer (SB) (4 ml = 25 samples) 

260 ul             1 M TrisHCl pH 8  

24 ul               1 M MgCl2                                   

88 ul   0.5 M EDTA                               

3 mg   BSA                                            

160 ul             100 mM ADP (15.6 mg/250 ul)   

40 ul  50 mM NADH (3.7 mg/100 ul)     

37 U  LDH (1.9 ul of 12.2 U/ul)          

37 U   PK    (12 ul of 1.85 U/ul)            

OxAc :  5 mM OxAc (1 mg/1500 ul)  

 

2.15 Pyruvate Kinase Activity (Pyrk) Assay 

The principle of this assay is the enzymatic conversion of phosphoenolpyruvate (PEP) to 

pyruvate by Pyruvate Kinase (Pyrk) and further to lactate by lactate dehydrogenase 

(LDH) using NADH as cosubstrate. 

The procedure was performed as described above with few modifications. The sample 

buffer did not contain MnCl2, ATP and Pyrk and 0.5 mM PEP were used as a substrate.   

 

Solutions  

 

Homogenizing Buffer (50 ml) 

450 ul  1 M KH2PO4 (1.36g/10 ml)      

4.25 ml 1 M K2HPO4 (8.7 g/50 ml)       

50 ul   100 mM DTT (15.4 mg/ml)         

1 ul  leupeptin (1 mg/ml) 

adjust to pH 7 
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Sample Buffer (SB) (4 ml = 25 samples) 

224 ul             1 M TrisHCl pH 8                       

40 ul             1 M MgCl2                               

88 ul             0.5 M EDTA                             

3 mg  BSA                                           

160 ul  100 mM ADP (15.6 mg/250 ul)  

40 ul  50 mM NADH (3.7 mg/100 ul)    

37 U   LDH (1.9 ul of 12.2 U/ul)         

PEP:  5 mM PEP (0.7 mg/625 ul)  

 

2.16 Protein Determination (Bradford) 

5 ml Bradford Stock (BioRad, Sweden) were diluted with 15 ml water. 200 ul of this 

solution per well were mixed in a 96-well-plate with 5 ul of Standard (1 mg/ml BSA, 

dilution series 1:2) and 5 ul of 1:50 and 1:2500 diluted homogenate in triplicate 

determinations. The plate was stored at RT for 20 minutes and the OD was measured at 

595 nm.  

 

Calculation: 

The activity in Units was calculated and normalized against the protein content of the 

samples. The calculation was performed in Excel Software using the formula: 

dc = dE * x * Ve/ (e(NADH)*Vs) where 

dE = change in absorption/ min 

x = correction factor for pathlenght in 96 well plate 3,045  

Ve = end volume 

e(NADH) = Extinktioncoeffizient NADH 6178 l/(mol*cm)  

Vs = sample volume 

 

 

 

 

 



                                                                                                                                      27         
 
 

2.17 Statistical Analysis:  

The data are presented as means +/- SEM. P values were calculated by a two-tailed 

Student’s ttest (Excel Software) and considered significant at p<0.05 and marked: 

*:p<0.05, **: p<0.01, ***: p<0.001: (compared to untreated wt). #: p<0.05, ##:p<0.01, 

###: p<0.001 (compared to untreated mutants).  
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3. Results 

 

3.1 Cloning of cDNA Probes for In Situ Hybridization 

RNA was successfully isolated from liver homogenates as seen by the integrity of the 

28S and 18S ribosomal RNA (fig. 3.1 A), and used for cDNA synthesis. After performing 

the PCR with gene specific primers (fig. 3.1 B), the products of expected size were 

extracted and cloned into the expression vector. Successful cloning was confirmed by 

plasmid preparation and restriction analysis (fig. 3.1 C) as well as the subsequent 

sequencing (fig. 3.1 D).  

 

              A   B   C 

 
            D 

 
 

 

 

 

 

 

 

 

 
Figure 3.1 (A) Electrophoresis of 

isolated liver RNA shows intact 28S and 

18S bands of ribosomal RNA. (B) 

Electrophoresis of the PCR product with 

DNA marker on the left side and LDH 

band on the right side.  (C) The upper 

band indicates the pGEM-T Easy 

plasmid, cut with EcoRI. The lower 

band represents the inserted LDH 

fragment. (D) Partial sequencing of the 

cDNA probe for LDH.  
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3.2 Expression Pattern of Enzymes Involved in Glucose, Fat and Thyroid Hormone 

Metabolism in the Liver 

To examine what effects the mutated TRa1 had on the expression of different liver 

enzymes, analysis of liver sections was performed by In Situ Hybridization (ISH) using 

radioactive (not shown) or DIG labeled probes (fig. 3.2). While the overall zonation did 

not seem to be affected in the liver of the mutant mice when compared to wt littermates, 

the mRNA expression levels were quite variable between the different conditions and the 

genotypes.  

PEPCK is a rate-limiting enzyme in the process of gluconeogenesis.  Its expression was 

increased in TRa1+/m compared to wt mice. Wt and mutant animals that received 

supraphysiological doses of T3 displayed higher expression of the gene when compared 

to untreated wt and TRa1+/m mice. At acclimation to 30°C a pronounced zonation was 

observed, with higher levels of PEPCK mRNA in the mutants.  

Pyrk is the rate-limiting enzyme involved in glycolysis. The expression of this gene was 

increased in wt mice when compared to mutants. T3 treatment normalized this phenotype 

in TRa1+/m. Wt reared at 30°C did not show any particular changes in the gene 

expression when compared to wt kept at room temperature, whereas the expression of 

mutant mice was still lower at this condition when compared to wt mice.   

The expression of the AcC-DH, involved in fatty acid breakdown, was slightly elevated 

in TRa1+/m compared to wt. T3 treatment induced gene expression in both genotypes but 

the expression was still more pronounced in the mutant mice. At 30°C, the phenotype of 

wt and TRa1+/m was normalized to the one seen in the wt under physiological condition. 

The expression of FAS, the enzyme involved in the synthesis of fatty acid, was 

diminished in the mutants as compared to the wt controls.  T3 treatment of the mutant 

mice did not seem to completely revert the expression to the same level that is seen in wt 

animals. T3 treatment of wt led to lower expression of FAS as compared to untreated wt. 

At this condition, the mRNA expression in either genotype was intermediary between the 

untreated wt and mutants. Animals acclimated to 30°C exhibit the same expression 

between the two genotypes, comparable with that seen in wt mice.  
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As compared to the wt, the expression of D1 was higher in heterozygous mice with a 

prominent induction upon T3 treatment that was more pronounced in TRa1+/m than in wt 

mice. An acclimation to 30°C did not reverse this phenotype in TRa1+/m. 
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Figure 3. 2 mRNA expression of liver enzymes in wt and TRa1+m mice under different conditions was analyzed by in 

situ hybridization using DIG labeled probes. Scale bar (500µm) is shown at lower right corner. PEPCK 

=Phosphoenolpyruvate- Carboxykinase, Pyrk =Pyruvate Kinase, AcC-DH = Acyl CoA- Dehydrogenase, FAS= Fatty 

Acid Synthase, D1 = Deiodinase 1 
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3.3 Expression Analyzes of TH Target Genes 

To investigate in greater detail the effects of the mutant TRa1 regarding the gene 

expression in the liver we analyzed genes that are known to be targets of TH (Feng et al 

2000).  

D1, one of the enzymes that generates the active form of TH, is abundantly expressed in 

the liver and induced by T3 (Toyoda et al 1995). To investigate if the mutant TRa1 

affected the expression of this gene, we analyzed the mRNA levels using qPCR. As 

figure 3.3 A shows, there was no significant difference between the two genotypes. A 

remarkable upregulation was observed when the mice were treated with T3, which 

correlates with the results obtained by ISH, but no difference was observed between the 

two genotypes. 

Spot14 is another target gene of TH in the liver, which is potentially involved in TH- 

stimulation of lipogenesis (Campbell et al 2003). Our results (fig. 3.3 B) show a 

significant downregulation in TRa1+m mice compared to wt. T3 treatment enhanced the 

expression of this gene approximately two fold in both genotype underlining that spot14 

is induced by TH (Flores- Morales et al 2002).  

The MCT8 gene encodes an important thyroid hormone transporter. Figure 3.3 C 

indicates no change in the expression of this gene in the mutant animals when compared 

to wt. No response in the mRNA expression was observed upon T3 treatment.  

It has been shown that b- catenin is under direct regulation of TRa1 in the mouse 

intestine, being induced by the TH- TRa1 complex (Plateroti et al 2006). To determine if 

the expression of the beta catenin is suppressed in the mutants, which could contribute to 

the lower liver weight of these mice, we examined the expression of beta- catenin in the 

liver. As figure 3.3 D indicates, there was no difference in expression between wt and 

mutants. T3 treatment did not induce any significant upregulation of the gene. 
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Figure 3. 3 Analyzes of the mRNA expression of TH target genes by qPCR. The expression was normalized against the 

housekeeping gene HPRT. 5 animals were used per each group. The values are presented as mean + SEM. *:p<0.05). 

D1 = Deiodinase 1, MCT8 = Monocarboxylate Transporter 8 
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3.4 Expression Analyzes of Genes Involved in Glucose Handling 

TRa1+/m mice maintain normal serum glucose level although their liver glycogen stores 

are depleted (Sjögren et al 2007).  To determine how the mutants manage to maintain 

euglycemia, we examined the mRNA expression of glucose handling enzymes. 

As figure 3.4 A shows the mutant animals exhibit an induction of PEPCK, the rate 

limiting enzyme in gluconeogenesis. Upon T3 treatment the phenotype is equivalent in 

both genotypes and comparable to untreated TRa1+/m. 

Pyrk is the rate-limiting enzyme in glycolysis, the pathway where the glucose is broken 

down. Figure 3.4 B shows a significant downregulation of the gene in the mutant animals. 

T3 treatment had no effect on the expression in mutant mice. In wt animals, the hormone 

treatment suppressed gene expression.  

LDH is an enzyme responsible for conversion of lactate to pyruvate. Lactate is produced 

by glycolysis under anaerobic condition and migrates to the liver where it is reused for 

gluconeogenesis by LDH. To examine if the expression of this enzyme was affected by 

the mutant receptor, we measured the mRNA level of the LDH gene. As Figure 3.4 C 

shows the expression of this gene was comparable in all animals, suggesting that this 

gene was not affected by the hypermetabolism or T3.  

Aldolase B cleaves fructose-1-phosphate into glycerinaldehyde-3-phosphate and 

dihydroxyacetone phosphate. The latter can than either enter the glycolysis or the 

gluconeogenetic pathway. According to the microarray approach performed by Flores-

Morales et al, TH negatively regulates Aldolase B. This down-regulation was also 

observed in T3 treated hypothyroid TRb knockout mice, indicating that TRa1 could be 

responsible for the expression of this gene. As the figure 3.4 D implies, there was no 

difference in expression between T3 treated and untreated animals in either genotype.  

Next, we examined the expression of glucose-6-phosphatase that is  positively regulated 

by TH (Flores Morales et al 2002). This enzyme is an important player in the regulation 

of blood glucose levels since it catalyzes the hydrolysis of glucose-6-phosphate to 

glucose thus allowing glucose in the liver to enter the blood. In figure 3.4 E, the 

expression of this enzyme did not differ between wt and mutants, but went down upon T3 

treatment, although significance was only reached in TRa1+m mice.   
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Glucose-6-phosphate Dehydrogenase, positively regulated by TH, (Flores- Morales et al 

2002) is the rate- limiting enzyme of the pentose phosphate pathway, a metabolic 

pathway that provides energy and generates NADPH and ribose for synthesis of e.g. 

DNA. As figure 3.4 F indicates, no significant difference was seen between treated and 

untreated wt and mutants.  

Next, we examined the expression of fructose-1,6–bi phosphatase, an enzyme involved in 

gluconeogenesis and also a potential target of TRa1 (Flores- Morales et al 2002). As 

shown in figure 3.4 G, a slight increase in expression of the gene was seen in mutant 

mice. However significance was not reached. Hormone treatment did not have any effects 

on the expression in neither wt nor mutant mice.  

Figure 3.4 H shows the induction of glucokinase, an enzyme involved in 

glycogenogenesis and glycolysis, in the hormone treated animals. No significant 

difference could be observed in either condition between the untreated wt and TRa1+/m.  
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Figure 3.4 The mRNA expression of glucose metabolism enzymes was analyzed by qPCR and normalized against 

HPRT. 5 animals were used per each group. PEPCK =Phosphoenolpyruvate-Carboxykinase, Pyrk = Pyruvate kinas, 

LDH =Lactate Dehydrogenase,G-6-PH = Glucose-6-Phosphatase, G-6-PDH= Glucose-6-Phosphatate 

Dehydrogenase, F-1,6-bPH = Fructos-1,6-biPhosphatase, GK = GlukoKinase * :p< 0.05 to untreated wt, # : p<0.05 to 

untreated mutants.  
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3.5 Activity Assay of the Enzymes Involved in Gluconeogenesis and Glycolysis  

Since rate-limiting enzymes involved in gluconeogenesis and glycolysis are usually post-

transcriptionally regulated, an enzyme assay provides a better readout of the activity than 

mRNA expression levels. Therefore, we analyzed PEPCK and Pyrk enzyme activity. 

Figure 3.5 A indicates no difference in PEPCK activity in the liver homogenates of the 

mutant mice as compared to their wt littermates. Wt animals that were exposed to fasting 

decreased the activity of the enzyme whereas this activity was higher in fasted mutants. 

Mice treated with T3 and acclimated to 30°C slightly increased the activity of PEPCK in 

either genotype as compared to wt however no significance was achieved. A more 

dramatic change was observed in figure 3.5 B. The heterozygote mice displayed a 

pronounced reduction in Pyrk activity. Also fasted wt and mutant mice suppressed this 

activity. A slight upregulation was seen in T3 treated animals of both genotypes, but 

neither the hormone treatment nor the acclimation to 30°C could revert this phenotype to 

the level of the wt.  

Figure 3.5 C shows the netto glucose production in different genotypes indicated by the 

PEPCK/Pyrk ratio. Untreated mutants have a pronounced increase in this proportion, 

which is comparable with that seen in fasted animals. However, thyroid hormone 

treatment and acclimation to 30°C did not reverse the ratio between the enzymes when 

compared to wt suggesting a complex interplay between TRa1 signalling and secondary 

effects of the hypermetabolism. 
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Figure 3.5 Enzyme activity assay performed on enzymes involved in glucose metabolism and normalized against 

protein content in the liver homogenates.5 animals were used per each group: untreated wt and mutant mice, wt and 

mutants exposed to 24 h fasting, wt and mutants treated with T3, wt and mutants reared at 30°C. PEPCK 

=Phosphoenolpyruvate-Carboxykinase, Pyrk = Pyruvate Kinase, * :p<0.05, ** : p<0.01, *** : p<0.001 
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3.6 Glycogen Content as Readout for the Glucose Need 

To more closely investigate the metabolic demand in the mice we measured the glycogen 

content in the livers of wt and mutant animals at four different conditions As figure 3.6 A 

indicates, TRa1+/m mice displayed a dramatic decrease in their glycogen content that 

was comparable to the depleted store in fasted animals of either genotype. Hormone 

treatment significantly increased the glycogen stores in TRa1+m mice, while decreasing 

it in wildtype animals An acclimation to 30°C induced a strong induction of the glycogen 

content in both wt and mutants.  

To examine when in the development the mutant receptor causes the impairment in 

glucose metabolism, we analyzed the glycogen content in the liver of adult wt and mutant 

animals with additional inactivation of TRb gene (Wallis et al 2008) that causes high 

levels of TH after birth (Gauthier et al 1999). As figure 3.6 B indicates, this inactivation 

led to partial restoration of the glycogen content in the double mutant mice whereas wt/ 

TRb-- mice had an almost 50% less glycogen content, comparable to situation found in 

T3 treated animals.  

Intriguingly, the reactivation of the mutant TRa1 during embryonal development, by high 

levels  of  maternal  TH,  completely  normalized   the  glycogen   content   in   the   adult, 

independent of an additional TRb inactivation.  
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Figure 3.6 Glycogen content in the liver of 5 animals per each group A) wt and mutant mice, wt and mutants exposed 

to 24 h fasting, wt and mutants treated with T3, wt and mutants reared at 30°C. B) wt and mutants, wt and mutants that 

were exposed to high maternal (HM) levels of TH during the fetal development, wt and mutants with inactivation of 

TRb that causes high TH levels after birth and a combination of the latter two treatments. * :p<0.05, ** : p<0.01, *** : 

p<0.001, # :p<0.05, ## : p<0.01, ### : p<0.001 
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4. Discussion 

 

4.1 Effects of TH on the Expression of Hepatic Genes 

The liver is an important target organ for TH, as more than 5% of all hepatic genes are 

regulated by this hormone  (Flores Morales et al 2002). Since 85% of all TH binding 

capacity in the liver is provided through TRb (Feng et al, 2000), we aimed to determine 

the role of TRa1, especially in its aporeceptor state, on hepatic gene expression.  

It is known that b- catenin is critical for early postnatal liver growth and development 

(Apte et al 2007) and furthermore a direct target of TRa1 in the mouse intestine (Plateroti 

et al 2006). Moreover, liver-specific b- catenin knockout mice exhibited smaller livers at 

postnatal day 30 (Apte et al 2007). As the liver weight of the TRa1+/m mice remained 

lower even after acclimation to 30°C (Sjögren et al 2007), which could point to a 

developmental defect, we decided to test if beta catenin signalling is involved in the 

defects observed in TRa1+/m mice. Thus, we analyzed the expression of this gene in 

untreated and TH treated wildtype and mutant mice. However, as neither the mutant 

receptor nor TH affected the expression of this gene, we concluded that dysregulation of 

b- catenin is unlikely to be responsible for the hepatic phenotype.  

Another crucial gene in hepatic TH metabolism, MCT8, is one of the most important TH 

transporters (Friesema et al 2003). Our results show that there was no difference in 

mRNA expression regardless of the genotype or condition. Heuer et al (2005) obtained 

similar results for MCT8 in the mouse brain, where no TH inducible change in the 

expression was observed. 

Spot14 is a further classical target of TRb in the liver (Flores Morales et al 2002). Our 

results show reduced expression in the mutant mice suggesting that this gene is 

suppressed by apo-TRa1. Alternatively spot14 may be regulated by dietary and other 

hormonal factors in a similar way as lipogenic enzymes (Campbell et al 2003). Thus the 

poor nutritional status of the mutant mice could lead to reduced spot14 mRNA levels, 

which is in agreement with the downregulated expression of FAS in the mutant mice.  

  

D1 is known to be positively regulated by T3 (Amma et al. 2001), which is in 

concordance with our results. That no difference was seen between wt and mutant mice 
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indicates that TRa1 does not play a major role for D1 regulation at physiological 

conditions. As D1 is not regulated by the autonomic nervous system (Klieverik et al 

2008) and the liver is only partly innervated (Uyama et al. 2004), the high sympathetic 

output in TRa1+m animals is unlikely to contribute to the regulation of D1 mRNA 

expression.  

 

4.2 Effects of TRa1 on Glucose Metabolism 

TH is central in regulation of the basal metabolic tone (Kim et al 2008). The hormone 

accelerates metabolism by increasing intracellular cAMP (Ribeiro et al 2001). To 

determine effects of the mutant receptor on glucose metabolism, we analyzed the 

expression of genes involved in glucose handling, which could be targets of TRa1 (Flores 

Morales et al 2002).  

The expression of aldolase and LDH did not change in neither hormone treated nor 

untreated wt and mutant mice, which indicates an absence of regulation by TH and apo-

TRa1. This was not surprising since these enzymes are not rate limiting in the pathways 

involved in glucose metabolism (Berg et al 2002) and thus generally not subject to 

regulation. 

Although T3 treatment generally enhances gluconeogenesis (Müller and Seitz 1981), our 

results showed that glucokinase, the first enzyme in glycolysis, was also induced by T3 

treatment. This finding is in accordance with previous reports (Narkewic et al 1990); 

however, the physiological function of this remains enigmatic. 

The observation that apo-TRa1 in the mutant mice increased the expression of PEPCK 

when compared to wildtype is highly interesting, since the gene is induced by T3 as seen 

by our ISH and qPCR data (Müller and Seitz et al 1980; Chidakel et al 2005; Kim et al 

2008). Similarly, the expression of Pyrk was oppositely regulated by apo-TRa1 and thus 

lower in TRa1+/m mice. As the same regulation was observed in livers of mice 

acclimated to 30°C, where BAT is denervated and the hypermetabolic phenotype is 

normalized (Sjögren 2007), the altered expression is most likely due to a direct effect of 

the mutant TRa1 and not as a consequence of hypermetabolic BAT using energy stores 

from the liver. Together with the fact that the expression of PEPCK and Pyrk was highly 

zonated at thermoneutrality, the results might indicate that PEPCK and Pyrk are 
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differentially regulated by the two TR isoforms in distinct hepatic zones. Accordingly, 

the high expression of PEPCK in the mutant mice would be due to a specific apo-TRa1 

upregulation in one zone, most probably periportally, whereas T3 treatment induces an 

overall induction of PEPCK in the entire liver. This would indicate that the positive 

regulatory effects of T3 are mediated by TRb.  Consequently, we do not see any changes 

in the expression between the untreated and T3 treated TRa1+m animals in the qPCR-  

thus, suppression of PEPCK by the reactivated TRa1 in one zone and induction of 

PEPCK by TRb in the other zone balance each other out. 

This suggestion would also hold true for Pyrk, except that the expression of this gene is 

negatively regulated by apo-TRa1 and T3 (Flores Morales et al 2002), which is in good 

agreement with our ISH and qPCR data.  

Our hypothesis is supported by the fact that TRb is mainly expressed at the areas that 

surround the central vein (Zandieh-Doulabi et al 2002), while at the periportal region, 

TRa1 is the only isoform expressed (Zandieh-Doulabi et al 2003).  

In connexion with the enzyme activity data, we observed a pattern that mainly reflected 

the mRNA expression data. Mutant mice display a switch from glycolysis to 

gluconeogenesis as reflected by the increased PEPCK/Pyrk ratio, which is most likely to 

compensate for the hypermetabolism (Sjögren et al 2007). The increased gluconeogenesis 

in TH treated animals could be due to an excess of metabolites, such as alanine, as 

consequence from the catabolic actions of T3 (Chidakel et al 2005). Surprisingly, the 

PEPCK/Pyrk ratio in wt and mutant animals was not reversed at 30°C, indicating a high 

need for gluconeogenesis at this condition. The cause and the physiological consequences 

of this finding require further investigations. 
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4.3 Physiological Consequences of Changed Glucose Metabolism 

Glycogen, stored in the liver in order to provide energy, is a good readout for the 

metabolic situation of an organism. The TRa1+/m mice have a depleted glycogen store, 

which is only partly replenished upon T3 treatment, but completely restored at 

thermoneutrality. This demonstrates that the lack of glycogen is due to the 

hypermetabolism of the mutant mice. Wt animals treated with T3 displayed a halved 

increase in their glycogen content, which is likely explained by the fact that the hormone 

induces overall basal metabolism (Kim et al 2008).  

Glycogen is synthesized from glucose, which originates not from serum as thought 

previously, but mostly from the substrates of the gluconeogenic pathway (Katz et al 

1984). Thus, it may seem contradictory that TRa1+/m mice have a pronounced 

gluconeogenesis while the glycogen stores are deplete. However, it is possible that 

glucose produced by this pathway in the mutant animals is exported to fuel other tissues 

such as the hyperactive BAT (Sjögren et al 2007).  

A phenotype similar to that of the TRa1+m mice is found in fasted wt mice, namely a 

high PEPCK/Pyrk ratio and depleted glycogen store, which underlines the fact that 

TRa1+/m mice are in a chronically fasted state. This condition resembles what found in 

human disorders such as cancer cachexia (Esper and Harb et al 2005) and glycogen 

storage disease type 0 (Shin et al 2006). TRa1+/m mice may therefore serve as an 

excellent animal model to examine the consequence of chronic fasting and to identify 

potential therapeutic approaches. 

 

4.4 The Hepatic Phenotype is Restored by High Maternal TH Levels 

Whereas oral T3 treatment or the inactivation of TRb, which raises the endogenous TH 

levels postnatally, only partially restored the phenotype in the mutant mice, acclimation 

to 30°C normalized this phenotype entirely, suggesting a developmental defect caused by 

the interaction between TRa1 and the symphathetic signalling (Sjögren 2007). Most 

interestingly, however, exposure to high levels of maternal TH, in the mutant mice 

completely restored the phenotype of the offspring.  

It is well known that TH deficiency during embryonal development causes severe and 

permanent neurological damage (Delange et al 1996; Venero et al 2005; Wallis et al 
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2008), as it is important for proper migration and differentiation of neurons in the central 

nervous system (CNS). Its actions mostly occurs through TRa1, the predominant isoform 

expressed in the mammalian brain (Bernal et al 2005). However, since the absence of 

TRa1 has less severe effects on brain function as compared to TRa1+m mice (Venero et 

al 2005; Wallis et al 2008), it can be assumed that the deleterious effects on the CNS seen 

in the offspring of hypothyroid parents (de Escobar et al 2000) are the effect of prenatal 

apo-TRa1 action.  

 

The action of the apo-TRa1 in the mutant mice mimics the human condition of maternal 

hypothyroxinemia, which is known to have devastating effects on brain development 

(Venero et al 2005; Wallis et al 2008; Escobar et al 2000). Furthermore, maternal TH 

levels during the pregnancy are known to have a major importance for proper 

establishment of endocrine functions, such as the HPT axis (Alonso et al 2007). 

Therefore, it is not surprising that apo-TRa1 during pregnancy also affects the metabolic 

setpoint, most probably by a yet unidentified action in the hypothalamus that needs to be 

further elucidated. 

 

The fact that high maternal TH rescues the metabolic phenotype of TRa1+/m mice 

emphasizes the necessity of proper TH supply during pregnancy. Moreover, it indicates 

an important role of prenatal TH for the establishment of the metabolic setpoint in the 

offspring, which could contribute to an altered susceptibility for obesity and type II 

diabetes.  

 

In summary, we have shown that the hepatic glucose metabolism in TRa1+m mice is 

affected on one hand by direct effects of the mutant receptor on the level of PEPCK and 

Pyrk mRNA expression and on the other hand by adaptational mechanisms due to the 

overactive sympathetic signalling in these animals. Whether the metabolic consequences 

of the latter, namely the depleted glycogen stores, are caused by direct sympathetic 

stimulation of the liver or secondary to BAT hypermetabolism will be subject of further 

studies. 
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