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Look not mournfully into the past. It comes not back again. Wisely improve the present. 
It is thine. Go forth to meet the shadowy future, without fear. 

Henry Wadsworth Longfellow 





  

ABSTRACT 
Lack of sufficient thyroid hormone during pregnancy and early postnatal 
development results in profound mental retardation and motor deficits 
whereas altered thyroid status in the adult is associated with disturbed 
metabolic homeostasis and impaired cardiac function. Thyroid hormone 
mediates its effects through the distinct thyroid hormone receptors (TR) TR 1
and TR 1-2, which are ligand-modulated transcription factors that regulate 
gene expression both in the presence and absence of hormone. Mutations in the 
TR  gene that decrease affinity to ligand are associated with the well known 
syndrome Resistance to thyroid hormone (RTH), which is characterized by 
elevated circulating levels of thyroid hormone and a mixed hyper- and 
hypothyroid phenotype. However, no patient with a corresponding mutation 
in the TR  gene has been found. 

In this thesis, I describe the developmental and physiological consequences of a 
point mutation introduced into the mouse TR 1 gene. The mutation, originally 
identified in TR  (R438C) of RTH patients, reduces affinity for T3 10-fold, and 
causes the receptor to act as an aporeceptor unless challenged with high levels 
of thyroid hormone. We report that mice heterozygous for this mutation 
(TR 1+m mice) exhibit locomotor dysfunctions caused by insufficient supply 
of thyroid hormone during fetal/postnatal development. Furthermore, 
treatment with thyroid hormone during specific stages of development 
ameliorated these deficiencies. The locomotor dysfunctions correlated with 
delayed or perturbed development of several brain regions. Notably, we report 
that specific GABAergic cells in the neocortex were affected: the appearance of 
parvalbumin-immunoreactive GABAergic interneurons was severely delayed 
whereas the numbers of calretinin-immunoreactive cells were increased.  

The TR 1+m mice also exhibited increased metabolic rate, hyperphagia and 
resistance to obesity despite their reduced body temperature. This is likely due 
to increased hypothalamic output to brown adipose tissue: adaptation to 
thermoneutrality normalized most metabolic parameters. Further analysis of 
hypothalamic function in the TR 1+m mice supports this view. Finally, we 
demonstrate that the mutant TR 1 severely affects calcium handling in mouse 
cardiomyocytes, which in larger organisms may result in heart disease.  



In conclusion, we have identified novel and important properties of the TR 1
aporeceptor in neuronal development as well as in physiological processes 
such as thermogenesis and cardiac function. That the mutant mice have 
normal serum levels of thyroid hormone offers an explanation for why 
corresponding patients have not been found. However, our data provide 
information potentially critical for identification of patients and for their 
treatment. 
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ABBREVIATIONS 
AR Adrenergic receptor 

BAT Brown adipose tissue 

CB Calbindin 

CR Calretinin 

D1, D2, D3 Iodothyronine selenodeiodinases type I, II and III 

FcT Facultative thermogenesis 

FS Fast spiking 

HPT axis Hypothalamus-pituitary-thyroid axis 

IR Immunoreactivity 

LCT Lower critical temperature 

NE Norepinephrine 

NST Non-shivering facultative thermogenesis 

ObT Obligatory thermogenesis 

PEPCK Phosphoenolpyruvate carboxykinase 

PGC1  Peroxisome proliferator activated receptor gamma coactivator 1

PPAR Peroxisome proliferator activated receptor 

PV Parvalbumin 

PVN Paraventricular nucleus 

RTH Syndrome of resistance to thyroid hormone 

SOM Somatostatin 

SNS Sympathetic nervous system 

TR Thyroid hormone receptor 

TRH Thyrotropin releasing hormone 

TSH Thyroid stimulating hormone 

UCP1 Uncoupling protein-1 

WT Wild type 
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BACKGROUND 

Thyroid hormone plays an important role for fetal and postnatal 
development as well as homeostatic regulation of many biological 
processes in adults. This is evident from the many disorders 
related to thyroid hormone imbalance, where almost every system 
in the body is affected. Endemic goiter (enlarged thyroid gland) 
and cretinism (retardation of physical and mental development), 
which are caused by severe iodine deficiency, are described 
already in the ancient Roman and Greek civilizations. For instance, 
Julius Caesar even noted that a “big neck” was characteristic of the 
Gauls (Droin 2005). However, the causes of these diseases and 
their association with the thyroid gland were not identified until 
the late 19th century. 
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CORE ELEMENTS IN THYROID HORMONE SIGNALING 

Thyroid hormones 
Thyroid hormones are produced in the thyroid, which is a butterfly-shaped 
gland located in the front of the neck. The synthesis takes place in thyroid 
follicular cells by stepwise iodination of tyrosine molecules on thyroglobulin. 
This iodination yields monoiodinated and diiodinated residues (MIT and DIT) 
that are enzymatically coupled to form L-thyroxine (T4) and 3,3',5-triiodo-L-
thyronine (T3). Upon signaling by thyroid stimulating hormone (TSH, also 
called thyrotropin), iodinated thyroglobulin is proteolytically digested, MIT 
and DIT are recaptured for recycling and T4 and T3 are released into the 
circulation. T4 represents the vast majority of thyroid hormone secreted by the 
thyroid gland whereas T3, the biologically active form of the hormone, is 
produced primarily in target tissues outside the thyroid by deiodination of T4 
(Figure 1). 

Figure 1. Structures of the thyroid hormones T4 and T3. 

More than 99% of the circulating thyroid hormones are carried in the blood by 
specific binding proteins, such as thyroxine binding globulin, thyroxine 
binding prealbumin and albumin. These proteins carry T4 and to a lesser 
extent T3 that can be liberated with great rapidity for entry into cells (Chopra 
1996; Robbins 1996). Accordingly, measures of thyroid hormone may be 
performed in two ways: total T4 and T3 (TT4 and TT3), which represents 
serum T4 and T3 bound to binding proteins, and unbound free thyroid 
hormone (fT4 and fT3) (Zoeller et al. 2007). 

Thyroid hormone transport into tissues 
It was previously thought that the entry of hormones into cells was mediated 
via passive diffusion across the plasma membrane. However, in the last 
decades, several reports have clearly demonstrated that thyroid hormones are 
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actively taken up into cells by stereoselective T4 and T3 transporters (reviewed 
by Hennemann et al. 2001). These transporters are divided into four categories: 
the Na+-dependent organic anion transporters (the NTCP family), the Na+-
independent organic anionic transporters (the OATP family), the heterodimeric 
amino acid transporters (the HAT family) and the monocarboxylate 
transporters (the MCT family) (Friesema et al. 2005). In recent years, particular 
interest has been directed towards the MCT family, as it was discovered that 
mutations in one of the members, the MCT8 that is highly selective for 
iodothyronines and that is almost exclusively expressed in neurons, are 
associated with severe neurological deficits (Friesema et al. 2004; Heuer et al. 
2005). 

Thyroid hormone acts through nuclear receptors 
Most effects of thyroid hormone are mediated by nuclear thyroid hormone 
receptors (TR) that act as ligand modulated DNA binding transcription factors. 
TRs are encoded by two distinct genes, THRA and THRB that give rise to 
several isoforms of which TR 1, TR 1 and TR 2 are the main isoforms that 
bind T3 and modulate transcription of target genes (Figure 2) (O'Shea and 
Williams 2002).  

Figure 2. Schematic overview of thyroid hormone receptor isoforms. 

Regulation of gene expression by TRs occurs both in the presence and absence 
of ligand through the recruitment of a variety of coregulatory proteins, referred 
to as coactivators and corepressors. Ligand-bound TRs (i.e. holoreceptors) 
upregulate target genes that have a positive thyroid hormone response element 
and repress those with a negative one. Importantly, target genes activated by 
T3 are often transcriptionally strongly suppressed by the unliganded TR (i.e. 
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aporeceptor) whereas genes that are downregulated by ligand are thought to 
be activated by the aporeceptor (Figure 3).  

Figure 3. Illustration of TR-mediated transcriptional activation and suppression of T3 
target genes. 

TRs are expressed in almost all tissues. However, the relative abundance of the 
different TR isoforms varies with TR 1 having a wider expression pattern than 
TR  (Zoeller et al. 2007). Studies in genetically altered mice have demonstrated 
specific functions for TR 1 in regulation of heart rate and body temperature as 
well as bone and intestinal development whereas TR  plays important roles in 
cochlea and retina development, cholesterol homeostasis in the liver and in the 
negative feedback regulation of thyroid hormone synthesis and secretion 
(Forrest and Vennstrom 2000; Forrest et al. 2002; O'Shea and Williams 2002). 

Although gene targeting in vivo clearly has demonstrated isoform and tissue-
specific roles of the various receptors, one of the most important conclusions 
from studies of TR transgenic mouse models has been the clear distinction 
between absence of ligand (hypothyroidism) and absence of receptor. 
Importantly, hypothyroidism is more deleterious than TR deficiency. For 
instance, mice devoid of all TRs are viable, as opposed to Pax8 deficient mice 
that suffer from congenital hypothyroidism due to absence of thyroid follicular 
cells and as a consequence do not survive for more than three weeks without 
thyroid hormone replacement (Mansouri et al. 1998; Göthe et al. 1999; Gauthier 
et al. 2001). In addition, neonatal hypothyroidism in the rodent is associated 
with severely defective cerebellar development with structural and functional 
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alterations (Bernal 2007) whereas no such observations have ever been 
described for a TR deficient mouse strain. Interestingly, it was recently shown 
that ablation of TR 1 prevented the cerebellar defects induced by congenital 
hypothyroidism (Morte et al. 2002), suggesting that TR 1 aporeceptor activity 
underlies the hypothyroid phenotype. Furthermore, Pax8 TR 00 compound 
mice can survive to adulthood, as opposed to the Pax8 TR  combination, 
indicating that the lethality associated with the Pax8 deletion results from the 
adverse effects of the unliganded TR 1 (Flamant et al. 2002). Evidence for a 
more complicated mechanism was however recently presented by Mittag and 
co-workers who showed that Pax8 TR 1  compound mice that still express 
the non-T3-binding isoforms 2 and 2 die around weaning unless they are 
substituted with thyroid hormone (Mittag et al. 2005). Nevertheless, taken 
together, these data highlights the importance of TR 1 aporeceptor activity and 
the deleterious consequences of the unliganded receptor for development.  

Regulation of thyroid hormone synthesis and release 
Given the adverse effects of altered thyroid status, it is evident that thyroid 
hormone levels must be under strict control. This is achieved mainly by 
feedback inhibition through the hypothalamus-pituitary-thyroid (HPT) axis, in 
which thyroid hormone negatively controls its own synthesis and release 
(Figure 4). Thyrotropin releasing hormone (TRH) is produced in the 
paraventricular nucleus (PVN) of the hypothalamus and transported via axons 
to the hypothalamic median eminence where it is released and further 
transported via capillaries of the portal system to the anterior pituitary. 
Subsequently, TRH binds to specific receptors on pituitary thyrotropes, thereby 
inducing the synthesis and release of TSH, which in turn stimulates the release 
of thyroid hormones from the thyroid gland. Importantly, both TRH and TSH 
transcription are negatively regulated by thyroid hormone and the HPT axis 
thus represents a classic example of a negative feedback loop system (Lechan 
and Fekete 2006). In addition, TRH release is controlled by neural inputs that 
relay information about a variety of physiological states including feeding 
status and body temperature (Zoeller et al. 2007). 

Previously, it was shown that TR  is the isoform responsible for thyroid 
hormone feedback regulation of TSH transcription: mice deficient of all TR
isoforms displayed increased levels of thyroid hormones as well as TSH 
(Forrest et al. 1996b). Subsequent analysis demonstrated that although TR  is 
not absolutely required for thyroid hormone-mediated negative control of TSH 
expression, it is however essential for complete suppression of TSH (Weiss et 
al. 1997). 
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Figure 4. Schematic representation of the HPT axis. Thyroid hormone negatively 
controls its own synthesis and release by inhibiting TRH and TSH in the hypothalamus 
and the anterior pituitary, respectively. 

Thyroid hormone metabolism 
The levels of thyroid hormones are also regulated by tissue-specific expression 
of iodothyronine selenodeiodinases type I, II and III (D1, D2 and D3, 
respectively), which activate or inactivate thyroid hormone locally. Two types 
of enzyme activities have been recognized: outer-ring deiodination or 5’-
deiodination (5’D) catalyzed by D1 and D2 that yields T3 from T4, and inner-
ring deiodination or 5-deiodination (5D) mediated by D1 and D3, which results 
in the inactivation of T4 and T3 by deiodination of T4 to reverse T3 (rT3) and T3 
into T2, respectively. D1 is expressed at high levels in liver, kidney and thyroid 
and it is the only selenodeiodinase that can catalyze both 5’D and 5D. It is 
generally considered that the majority of circulating T3 is derived from the 
peripheral deiodination of T4 by D1. In humans, it has been estimated that as 
much as 80% of serum T3 results from peripheral conversion of T4 to T3 by D1, 
as opposed to rodents, where it is thought that D1 and D2 play an 
approximately equal role in peripheral T3 production (Bianco et al. 2002). 
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However, it was recently shown that mice deficient of D1 (C3H or D1KO) or 
D2 (D2KO) as well as mice resulting from the cross of C3H and D2KO, all still 
maintain euthyroid serum T3 values (Berry et al. 1993; Schoenmakers et al. 
1993; Schneider et al. 2001; Schneider et al. 2006; Christoffolete et al. 2007). Thus, 
these results demonstrate a remarkable adaptive capacity of the complex 
network of thyroid hormone homeostasis.  

The tissue distribution of D2 is more restricted than for D1 and in the rat, D2 is 
expressed at high levels in the pituitary, brain and brown adipose tissue (BAT). 
In these tissues, the function of D2 is mainly to convert T4 to T3 for intracellular 
use (Yen 2001). The importance of D2 in these organs is highlighted by the 
findings that D2 is required for the feedback inhibition of TSH secretion and 
also for cochlear development as well as for adaptive thermogenesis in BAT 
(de Jesus et al. 2001; Schneider et al. 2001; Ng et al. 2004). 

D3 is the major thyroid hormone-inactivating enzyme and it contributes to 
hormone homeostasis by protecting tissues from an excess of T3 (Bianco et al. 
2002). In mammals, D3 activity is the highest in the pregnant uterus, placenta, 
embryonic and neonatal brain and neonatal skin (St Germain et al. 2005). The 
spatial and temporal expression of D3 has been shown to be of major 
importance for several developmental processes. Perhaps the clearest example 
of this is seen in T3-induced proliferation of retinal ciliary marginal zone cells in 
Xenopus laevis, which occurs exclusively in ventral and not dorsal cells since 
dorsal cells express D3 (Marsh-Armstrong et al. 1999). 

Non-genomic effects of thyroid hormone 
In addition to the effects on gene expression mediated by nuclear TRs, non-
genomic pathways of thyroid hormone action have also been described 
(reviewed by Davis et al. 2007). These pathways are characterized by a rapid 
onset of action and are unaffected by inhibitors of transcription and protein 
synthesis. The molecular mechanisms of the non-genomic actions of thyroid 
hormone have been suggested to depend upon cellular signal transduction 
systems in conjunction with either novel cell surface receptors for thyroid 
hormone, extranuclear TR  or derivatives of TR  (Davis et al. 2007). In 
addition, genomic independent action of thyroid hormone have been 
implicated in mitochondrial respiration (Goglia et al. 1999). However, the 
biological significance of the non-genomic actions of thyroid hormone remains 
incompletely understood. 
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WHY STUDY A MOUSE MODEL WITH A MUTANT TR 1? 

The syndrome of Resistance to thyroid hormone (RTH) is a familiar disease 
characterized by reduced tissue responsiveness to thyroid hormone (Refetoff et 
al 1967). The clinical phenotype can vary both between different families and 
between affected family members. In particular, patients can have mixed 
clinical features of hypo- and hyperthyroidism. For example, RTH can present 
with a mild to moderate growth retardation and delayed bone maturation, 
suggestive of hypothyroidism, along with hyperactivity and tachycardia, 
compatible with thyrotoxicosis. Common to most patients is however a 
persistent elevation of fT4 and fT3 levels in association with normal or slightly 
increased TSH concentrations that respond to TRH, absence of the usual 
symptoms and metabolic consequences of thyroid hormone excess, and goiter. 
Almost all patients are heterozygous for a mutation in the T3-binding domain 
of the TR  gene that renders the receptor with dominant-negative properties 
on transcription and reduced affinity to ligand (Refetoff et al. 1993). 

Although more than 300 RTH patient families have been shown to have a 
mutant TR  gene, no patient has been described harbouring an equivalent 
mutation in the TR 1 gene. Three possible reasons for this have been 
postulated: it may be related to the absence of obvious aberrances in thyroid 
hormone levels, be embryonic lethal, or innocuous. However, mutations in 
human TR  found in RTH have been transferred to the mouse TR 1 gene. The 
resulting mice are viable but exhibit several abnormal features such as retarded 
postnatal development, bradycardia, metabolic dysfunctions, and 
inappropriately elevated serum TSH (Kaneshige et al. 2001; Tinnikov et al. 
2002; Liu et al. 2003).  

In my studies, I have addressed the developmental and physiological 
dysfunctions observed in mice heterozygous for a point mutation in the TR 1
gene (TR 1+m mice) (Tinnikov et al 2002). The mutation, originally described 
in TR  (R438C) of an RTH patient family (Adams et al 1994), allows T3 binding 
with a 10x lower affinity, thus causing the receptor to act as an aporeceptor 
unless challenged with high levels of thyroid hormone. In the following pages, 
I will discuss our findings in relation to the current literature and with special 
emphasis on the effects of unliganded TR 1 on brain development (Paper I) 
and physiology (Papers II-IV). 
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THE IMPORTANCE OF THYROID 
HORMONE FOR NORMAL BRAIN 
DEVELOPMENT AND FUNCTION 

Thyroid hormone plays a prominent role in the developing brain. 
Reduced mental capacity as well as impaired motor performance 
are well-known consequences of hypothyroidism during fetal and 
neonatal development. In the most severe cases, as in neurological 
cretinism, severe retardation is accompanied by marked motor 
deficits with inability to sit, stand or walk, a condition that is not 
ameliorated by postnatal thyroid hormone treatment (DeLong 
1996). In contrast, early diagnosis and rapid correction of 
congenital hypothyroidism results in normal IQ scores, even 
though there may be subtle residual deficits in neuromotor, 
language and cognitive areas (Thomas P. Foley 1996).  
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IODINE DEFICIENCY DISORDERS 

The term iodine deficiency disorders includes all maladies caused by iodine 
deficiency that can be prevented by iodine supplementation (Delange and 
Ermans 1996). Populations at major risk for iodine deficiency live in geographic 
areas where the soil has been deprived of iodine as a consequence of past 
glaciation or by the leaching effects of heavy rainfall and flooding. As a result, 
crops grown in the soil are iodine deficient and do not provide adequate 
amounts of iodine when consumed (Hetzel and Dunn 1989). The most familiar 
effect of iodine deficiency is goiter, which refers to the abnormal enlargement 
of the thyroid gland resulting from increased thyroid stimulation by TSH 
(Delange and Ermans 1996). However, if iodine deficiency occurs during the 
most critical periods of brain development, i.e. during fetal and early postnatal 
stages, irreversible alterations in brain function will occur (Delange 2002). In the 
fetus, iodine deficiency is associated with a greater incidence of stillbirths, 
spontaneous abortions and congenital abnormalities. Importantly, when iodine 
intake is extremely low, a condition known as endemic cretinism will occur 
(Hetzel et al. 1990). Two types of cretinism have been described: neurological 
cretinism that is characterized by irreversible motor dysfunctions combined 
with mental retardation, and the less common myxedematous type that 
includes features such as hypothyroidism and dwarfism (Delange 1996). Cases 
of mixed endemic cretinism have also been reported (Hetzel et al. 1988). The 
different pathogeneses of neurological versus myxedematous cretinism have 
been ascribed to the combined effects of iodine and selenium deficiencies 
(Goyens et al. 1987; Golstein et al. 1988; Vanderpas et al. 1990). Selenium 
deficiency in the presence of severe iodine deficiency affects thyroid function 
by increasing the production of H2O2, which subsequently induces thyroid cell 
destruction and ultimately leads to thyroid fibrosis, resulting in myxedematous 
cretinism. In addition, selenium deficiency causes a reduced selenodeiodinase 
activity in the pregnant mothers, resulting in decreased peripheral T4 
deiodination and increased availability of maternal T4 for the fetal brain, 
thereby preventing neurological cretinism (Delange 1996).  

ONTOGENY OF THYROID HORMONE AND ITS RECEPTORS IN THE 
DEVELOPING BRAIN 

It is well known that thyroid hormone is essential for normal fetal brain 
development in mammals. However, until recently, it was debated whether 
thyroid hormones are already needed during early fetal development, i.e. 
before the fetus is itself able to produce them, and thus whether there is a 
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prerequisite for thyroid hormone of maternal origin for neurodevelopment. 
Findings from iodine supplementation studies have shown that to prevent the 
birth of cretins, interventions that correct iodine deficiency are required before 
the end of the second trimester (Pharoah et al. 1971; Cao et al. 1994), which is 
about the same time as the fetus starts to produce thyroid hormones (Morreale 
de Escobar et al. 2004b). In contrast, no major CNS damage is observed in 
children with congenital hypothyroidism that are promptly diagnosed and put 
on thyroid hormone replacement therapy after birth (Gruters et al. 2002). These 
seemingly paradoxal findings have been suggested to be due to maternal 
hormone supply: most fetuses with congenital hypothyroidism have a normal 
mother that supplies enough thyroid hormone to the fetus for normal brain 
development throughout gestation, as opposed to fetuses at risk for cretinism, 
where both the mother and fetus are hypothyroxinemic throughout pregnancy 
(Morreale de Escobar et al. 2004a).  

Most studies on the effects of thyroid hormone, or lack thereof, on brain 
development have been conducted in the neonatal rat. However, when 
comparing studies performed in rodents and humans, one must consider the 
prominent interspecies differences in the stages of brain development 
occurring before and after birth. The newborn rat is comparable to the human 
fetus between the fourth and fifth gestational months whilst the human 
newborn might be compared to the rat around postnatal day 10 (P10) (Bernal 
2007). However, in both the human and rodent fetal brain, TRs are expressed 
before the onset of fetal thyroid hormone production. In the human fetal brain, 
TRs are detected after approximately 8-10 weeks of gestation (Bernal and 
Pekonen 1984) whereas the thyroid gland is not fully developed and active 
until 16-20 weeks after conception (Morreale de Escobar et al. 2004b). Likewise, 
TRs can be detected in the fetal rat brain at embryonic day 14 (E14) (Perez-
Castillo et al. 1985) whereas fetal thyroid function starts on E17.5-18.0 (Morreale 
de Escobar et al. 2004b). This suggests that in both species, there is a window 
early in pregnancy where the fetus is dependent on maternal thyroid hormone 
for several neurodevelopmental processes (Figure 5). In concordance with this, 
evidence for fetal dependence of maternal thyroid hormone for 
neurodevelopment in the rat was recently put forward: Lavado-Autric and co-
workers demonstrated that early maternal hypothyroxinemia resulted in 
altered architecture of cerebral cortex of the progeny (Lavado-Autric et al. 
2003). In addition, it has been shown that even a relatively mild decrease of 
serum T4 during E12-E15 resulted in significant alterations of neocortical 
neuronal migration (Auso et al. 2004).  
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Figure 5. Schematic overview of rat and human brain development in relation to thyroid 
hormones. Adapted from (Howdeshell 2002). 

Both THRA and THRB are expressed in the developing brain. However, 
whereas TR 1 is widely expressed, TR  variants are more restricted and then 
specifically TR 2, which is located in specific brain areas and in the cochlea, 
retina and pituitary gland (Forrest et al. 2002). Previously, Schwartz and co-
workers performed immunoprecipitation studies in the fetal rat brain, which 
failed to show TR 1 and TR 2 binding activity and thus indicated that at least 
90% of the mRNA coding for T3-binding TR in the brain was accounted for by 
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TR 1 (Schwartz et al. 1992). In the adult rat brain, on the other hand, 
approximately 60% of total T3 nuclear binding has been attributed to TR 1,
30% to TR 1 and 10% to TR 2 (Schwartz et al. 1994). 

Local expression of D2 and D3 is also of major importance for thyroid hormone 
action in the developing brain. In the human fetus, expression of D2 and D3 is 
detected from midgestation whereas D1 appears later (Bianco et al. 2002). In 
the fetal rat, D3 is the predominant deiodinase expressed in most tissues (Bates 
et al. 1999) and consequently, D3 has been ascribed a major role in preventing 
premature exposure of fetal tissues to inappropriate levels of T3 (Bianco et al. 
2002). Proper D3 expression is also critical for the normal development of the 
HPT axis as demonstrated by the D3 knockout mice that suffer from neonatal 
thyrotoxicosis followed later by central hypothyroidism (Hernandez et al. 
2006). Embryonic expression of D2 on the other hand, has been suggested to 
protect the brain from states of iodine deficiency or impaired thyroid function 
since its activity is markedly induced in the fetal rat brain in response to low 
circulating and cerebral levels of T4 (Obregon et al. 2005). Recently, Galton et al.
demonstrated that mice deficient of D2 exhibited an unexpectedly mild 
neurological phenotype (Galton et al. 2007). This contrasted the general belief 
that the T3 present in neurons is produced primarily from T4 through the 
activity of D2 in glial cells. However, the authors argued that since the mice are 
euthyroid, T3 from serum and cerebrospinal fluid may compensate for the 
decreased D2 activity, which was supported by the finding that D2 deficient 
mice born from dams made hypothyroid rarely survive beyond P6 (Galton et 
al. 2007).  

STRUCTURAL AND FUNCTIONAL ALTERATIONS INDUCED BY 
HYPOTHYROIDISM 

Although the association between altered thyroid function and perturbed brain 
development has been recognized for more than a century, the primary insults 
at the tissue level have remained largely unclear. Studies of neurological cretins 
have indicated that the fundamental structure of the brain is normal. 
Abnormalities that have been reported include decreased numbers of neurons 
as well as irregular arrangement and degeneration of neural cells in many 
areas of the brain, including the neocortex, hippocampus, basal ganglia, red 
nucleus, cerebellum and motor anterior-horn cells of spinal cord (DeLong 
1993). 

Among the most classic and dramatic effects of thyroid hormone on brain 
development is the abnormal neuronal migration and differentiation in the 
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cerebellum. In rodents, thyroid hormone deprivation during the neonatal 
period results in delayed proliferation and migration of granule cells from the 
external germinal layer to the internal granular layer, stunting of the dendritic 
arborisation of Purkinje cells and diminished axonal myelination (Legrand 
1984). Recently, Morte and co-workers demonstrated that unliganded TR 1 is 
responsible for the detrimental effects of hypothyroidism on cerebellar 
development: mice deficient of TR 1 that were subjected to experimentally 
induced hypothyroidism did not develop the severe phenotype associated 
with profound hypothyroidism. Furthermore, it was shown that TR 1 is the 
isoform that mediate the effect of thyroid hormone on migration of granule 
cells whereas differentiation of Purkinje cells is a mixed TR 1 and TR
response (Morte et al. 2002). This is accordance with previous data 
demonstrating that in the cerebellum, granular cells express both TR 1 and 
TR , whereas the Purkinje cells express mainly TR (Mellström et al. 1991; 
Strait et al. 1991; Bradley et al. 1992). 

Another interesting finding is that rats made hypothyroid from early 
embryonic development showed cytoarchitectonic changes both in the 
auditory and visual cortices, with a redistribution of callosal neurons (Gravel 
and Hawkes 1990; Berbel et al. 1993). Since the vast majority of callosal cells 
represent pyramidal neurons that are innervated by GABAergic interneurons 
(DeFelipe and Farinas 1992), Berbel et al. hypothesized that the altered 
distribution of callosal cells observed in hypothyroid rats may result in changes 
of the local circuit (Berbel et al. 1996). Accordingly, the effect of hypothyroidism 
on the distribution of parvalbumin (PV) was investigated in the neocortex of 
adult rats (Berbel et al. 1996). PV is a calcium-binding protein that labels a 
subpopulation of GABAergic interneurons, which have been shown to 
modulate somatic output of cortical networks as well as excitatory granule cells 
of the dentate gyrus in the hippocampus (Nitsch et al. 1990; Hof et al. 1999). 
Intriguingly, the results showed that although no changes were seen in the 
number and radial distribution of PV-positive cells, the immunostaining of 
processes and puncta was reduced in the hypothyroid rat (Berbel et al. 1996). 
Hence, the authors concluded that thyroid hormone is required for the normal 
development of cortical circuits in which PV-positive cells are involved. 

In addition to PV, there are other neurochemical markers that are commonly 
used to distinguish between separate populations of GABAergic interneurons, 
such as the two calcium-binding proteins calbindin (CB) and calretinin (CR) 
and the neurohormone somatostatin (SOM) (Hof et al. 1999). However, very 
little is known about the influence of thyroid hormone on these classes of 
interneurons. 
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EFFECTS OF THE MUTANT TR 1 ON BRAIN DEVELOPMENT AND 
FUNCTION (PAPER I) 

TR 1+m mice exhibit locomotor dysfunctions 
Previously, it was shown that TR 1+m mice performed poorly in the Rotarod 
test, which correlated with a postnatal delay in cerebellar development: thyroid 
hormone treatment during P10-35 fully restored the locomotor activity in the 
adult mice and also normalized the morphological impairments to the 
cerebellum (Venero et al. 2005). In the study described in paper I, further 
analysis of the locomotor dysfunction was performed. This revealed that the 
mutant mice exhibited neuromuscular impairments as well as an abnormal 
gait. Intriguingly, thyroid hormone treatment during the postnatal period did 
not normalize these motor defects, suggesting that the locomotor dysfunctions 
observed were founded during earlier development. However, the unique role 
for TR  in the T3-dependent feedback regulation of TSH transcription (Forrest 
et al. 1996b) allowed us to study the effect of high thyroid hormone levels 
during specific developmental stages in embryonic and early postnatal life. By 
crossing the TR 1+m mice with mice devoid of TR , TR 1+m  progeny 
that have a 10-fold increase in serum thyroid hormone levels was obtained 
(Tinnikov et al. 2002). The results showed that some of the motor functions, as 
demonstrated by the beam walk test and footprint analysis, were indeed 
ameliorated by the consequences of the TR  null allele. Similarly, the influence 
of maternal thyroid hormone was examined using crosses between 
TR 1++ +  males and TR 1+m  females, where the progeny are exposed 
to high levels of maternal thyroid hormone throughout gestation (Forrest et al. 
1996a). Importantly, the results demonstrated that the neuromuscular capacity 
required for the hanging wire test was only fully reversed in TR 1+m  mice 
born by dams with high thyroid hormone levels or dams treated with thyroid 
hormone between E10.5-13.5, i.e. mice that were exposed to high levels of 
thyroid hormone during early gestation and throughout life. These data thus 
identified the gestational time point when thyroid hormone is critically needed 
for development of the locomotor function required for this specific test. 

Differential effect of the unliganded receptor on GABAergic cell 
development in neocortex and cerebellum 
Subsequent analysis of tissues controlling motor function excluded a solely 
muscular effect as well as a defected muscle innervation or myelination of 
motor or sensory neurons. Hence, we theorized that the locomotor 
dysfunctions originated from insults in brain areas controlling motor function. 
Previously, we demonstrated that adult TR 1+m mice had a reduced 
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immunostaining of PV cells in the CA1 region of the hippocampus that 
correlated with increased anxiety and reduced cognition (Venero et al. 2005). 
We therefore investigated the effect of the mutant TR 1 on GABAergic cell 
function in the neocortex, focusing on development. At P14, the TR 1+m mice 
showed a prominent reduction in parvalbumin-immunoreactivity (PV-IR) in 
the motor as well as somatosensory cortices whereas, in the adult mice, the cell 
density was restored to wild type (wt) levels. Interestingly, increased thyroid 
hormone levels through additional TR  deletion partially rescued the late 
appearance of PV-IR cells. In contrast, high maternal thyroid hormone had no 
further effect than what was already seen in the TR 1+m  mice. Thus, these 
data correlate with the normalization of motor functions observed with thyroid 
hormone treatment from around birth, suggesting that the aberrant 
development of cortical PV-IR cells plays an important role for the impaired 
motor function observed in the mutant mice. 

Further support for the notion that the reduced number of PV-IR interneurons 
contributes to the locomotor phenotype was obtained from 
electrophysiological studies of GABAergic cells in the TR 1+m mice. PV-IR 
cells correspond to interneurons that have a fast spiking (FS) firing pattern 
(Kawaguchi and Kubota 1997). Mutant mice had a 10-fold reduction in FS 
neurons in the neocortical layers II/III at P19-21 as compared to wt mice, thus 
corroborating the immunohistochemical findings. Furthermore, the kainate-
induced oscillation in the gamma frequency range was lower in the TR 1+m 
mice, indicating that the mistimed development of PV-IR cells affects the 
characteristics of rhythmic network oscillations. 

Neocortical PV-IR interneurons are born in the medial ganglionic eminence 
(MGE) during embryogenesis and migrate tangentially to the developing 
cortical plate (Marin and Rubenstein 2003; Wonders and Anderson 2006) 
where they first appear at P10 in the mouse (Hof et al. 1999). As demonstrated 
by a three-day treatment with thyroid hormone, the delayed appearance of PV-
IR cells in the mutant mice was not caused by dysregulation of antigen 
expression. We therefore concluded that the effect of the unliganded TR 1 on 
PV-IR interneurons was likely to be on the birth, the migration or the 
maturation process of the cells. Recently, early maternal hypothyroxinemia in 
the rat was shown to result in abnormal radial migration of cortical neurons in 
the progeny (Lavado-Autric et al. 2003). In addition, maternal 
hypothyroxinemia alters the tangential migration of neurons born in the 
medial ganglionic eminence (MGE) in vitro (Cuevas et al. 2005). This raises the 
possibility that the late appearance of PV-IR expressing cells in the TR 1+m 
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mice could result from inadequate expression of cues that guide their 
migration.  

As mentioned above, very little is known about the influence of thyroid 
hormone on neurochemical markers for GABAergic interneurons other than 
PV. Our study demonstrates that in contrast to PV-IR cells, the number of CR-
IR cells was increased in the adult TR 1+m mice whereas no changes were 
found for SOM-IR, indicating that the delayed appearance of PV-IR cells was 
specific to this subclass of GABAergic interneurons. Furthermore, at P14, a 
decreased density of CB-IR cells in layers II/III was observed, which was 
accompanied by a reduced thickness of these layers. This suggests that the 
mutant receptor, similarly to maternal hypothyroxinemia, induces aberrancies 
in neocortical layering (Lavado-Autric et al. 2003). Thus, the uncoordinated 
consequences of the development of GABAergic cells may be further enhanced 
by the mistimed layering events. 

The previous demonstration that the mutant TR 1 caused a delayed migration 
of cerebellar external granular layer cells to the internal granular layer (Venero 
et al. 2005) prompted us to investigate if the cortical abnormalities in 
immunoreactivity to calcium binding proteins would also be seen in the 
cerebellum. Intriguingly, the results showed that in contrast to the subtype-
specific delay of PV-IR interneurons identified in the cortex, cerebellar 
development exhibited a general retardation with all three markers showing a 
co-ordinately delayed appearance. These findings are consistent with the 
retardation in postnatal development described earlier (Tinnikov et al. 2002). In 
addition, they further strengthen the observation that the unliganded receptor 
induces a delayed maturation of the cerebellum (Venero et al. 2005). 

What causes the locomotor dysfunctions of the TR 1+m mice? 
The results summarized above demonstrate that an unliganded TR 1 has 
deleterious effects on brain development that present as locomotor disabilities 
in the adult mouse. The neuromuscular defects were similar to the types of 
insults seen in neurological cretinism and could be rescued by treatment with 
thyroid hormone during specific developmental stages, ranging from early 
embryonic until the postnatal period. Importantly, the locomotor dysfunctions 
correlated with alterations in the GABAergic system of the neocortex and the 
cerebellum. However, whereas the abnormalities observed in motor and 
somatosensory cortices were subtype-specific, with a developmental delay of 
PV-IR cells and increased density of CR-IR cells in the adult mice, cerebellar 
development exhibited a general delay of calcium binding protein expressing 
cells. Thus, we consider it highly likely that several distinct developmental 
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aberrances contribute to the locomotor phenotype: the aberrant GABAergic cell 
development, the mistimed cortical layering and the retarded cerebellar 
maturation. These events occur normally at distinct time periods during 
development, and our data on the efficacy and consequences of hormone 
treatment support this notion. 
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PHYSIOLOGICAL 
CONSEQUENCES OF ALTERED 
THYROID STATUS 
Thyroid hormone is a critical regulator of many physiological 
processes. Basal energy expenditure, thermogenesis and cardiac 
function are all dependent on thyroid hormone for normal 
function (Loeb 1996b; Silva 2003; Kahaly and Dillmann 2005). 
Thus, it is not surprising that altered thyroid status is frequently 
associated with changes in metabolic function. Hyperthyroidism is 
clinically manifested by a slightly elevated basal body 
temperature, heat intolerance, weight loss, increased appetite, 
tachycardia and palpitations (Loeb 1996b; Kahaly and Dillmann 
2005). In hypothyroidism, on the other hand, the fall in basal 
metabolic rate results in clinical features such as cold intolerance 
and weight gain. Other symptoms are bradycardia, slightly raised 
blood pressure, increased cholesterol and general tiredness (Loeb 
1996a; Kahaly and Dillmann 2005).  



PHYSIOLOGICAL CONSEQUENCES OF 
ALTERED THYROID STATUS 

 20 

THE THERMOGENIC EFFECT OF THYROID HORMONE 

Regulation of body temperature: obligatory and facultative 
thermogenesis 
Homeothermic species are able to maintain their body temperature within a 
narrow physiological range independent of environmental temperatures. For 
this, two types of heat production are recognized (Figure 6) (Randall et al. 
1997). Intriguingly, thyroid hormone is known to have major impact on both 
types (Silva 1995). Obligatory thermogenesis (ObT) is the heat released by 
processes needed for sustaining vital functions. For each species, a 
thermoneutral zone can be defined that comprises a limited range of ambient 
temperatures where ObT is sufficient to maintain core body temperature. 
However, when ambient temperatures fall below the lower critical 
temperature (LCT) of the thermoneutral zone, additional thermogenesis is 
required. This supplementary heat production, initiated by the hypothalamus 
in response to cold exposure, is referred to as facultative thermogenesis (FcT) 
(Randall et al. 1997). 

Figure 6. Schematic overview of the two types of heat production in homeothermic 
species. Obligatory thermogenesis represents the constitutive heat production from 
metabolic processes required for sustaining life whereas facultative thermogenesis is the 
extra heat produced on demand in cold environments. 
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Thyroid hormone increases ObT by increasing ATP consumption and by 
reducing the efficiency of ATP synthesis (Silva 2006). Thus, it appears that the 
thermogenic effect by thyroid hormone is achieved by reducing the 
thermodynamic efficiency of basal metabolism. The increased substrate 
utilization seen in hyperthyroidism, which is manifested as accelerated lipid, 
glucose and protein turnover, is a typical example for how thyroid hormone 
can increase ATP consumption. However, the energy cost of stimulating these 
metabolic cycles is small and other mechanisms have been suggested to 
contribute to the thermogenic effects of thyroid hormone on basal energy 
expenditure (Silva 2006).  

The primary response to induce FcT in response to cold is through shivering. 
However, shivering consumes large amounts of energy and thus represents an 
uneconomical form of heat production. This is of particular importance for 
small animals as they have a large surface area relative to volume and 
consequently lose heat at much higher rates than large animals. Hence, during 
prolonged cold exposure, the more efficient and long-lasting form of non-
shivering facultative thermogenesis (NST) is activated. This form of 
thermogenesis uses pure metabolic mechanisms to produce heat and 
represents the most important heat source in small animals, including the 
human newborn (Randall et al. 1997). In rodents and other small mammals, the 
major site of NST is brown adipose tissue (BAT). The thermogenic capacity of 
BAT is due to its unique expression of uncoupling protein-1 (UCP1), which is a 
mitochondrial protein that short-circuits the proton gradient linking the 
respiratory chain to ATP synthase. Uncoupling allows the energy from fatty 
acid oxidation to be dissipated as heat rather than being converted to ATP 
(Cannon and Nedergaard 2004). As touched upon earlier, there is ample 
evidence that thyroid hormone is of major importance also in NST. For 
instance, hypothyroid rats do not survive acute exposure to cold (Sellers and 
You 1950). However, the mechanisms for how thyroid hormone affects the 
thermogenic function of BAT have only recently started to be unravelled. 

Norepinephrine directs the thermogenic process 
FcT is initiated by stimuli from the hypothalamus that triggers vigorous 
stimulation of the sympathoadrenal system, constituted by the sympathetic 
nervous system (SNS) and the adrenal medulla. This results in increased 
release of catecholamines throughout the body, particularly in BAT, which is 
densely innervated by the SNS (Silva 1996b). Sympathetic signaling in BAT 
involves all three types of adrenergic receptors, 1, 2 and  ( 1-AR, 2-AR 
and -AR) (Cannon and Nedergaard 2004), which couple to and activate only 
certain G protein subtypes, thus leading to specific intracellular signals. NE 
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signaling through -ARs is mediated via stimulatory G proteins to activate 
adenylyl cyclase and the production of cyclic adenosine monophosphate 
(cAMP). The increase in cAMP induces the thermogenic process by rapidly 
activating lipolysis and UCP1 expression as well as increasing the intracellular 
levels of T3 via D2. In contrast, 2-ARs interact with inhibitory G proteins of 
the Gi/G0 family to inhibit adenylyl cyclase, thus resulting in decreased cAMP 
levels and the subsequent inhibition of thermogenesis. The third group of 
adrenoreceptors, 1-ARs, are coupled to Gq/G11-mediated pathways, which 
increase intracellular inositol 1,4,5-trisphosphate (IP3) and Ca2+concentrations 
that in turn influences cellular processes through the activation of Ca2+-
calmodulin-dependent protein kinases (Squire et al. 2003; Wettschureck and 
Offermanns 2005). Although it was previously shown that NE induction of D2 
depends on both 1- and -ARs and that activation of 1-ARs enhances the 
cAMP effect induced by -ARs (Raasmaja and Larsen 1989), the importance of 
the pathways activated by 1-ARs for BAT is not clear (Cannon and 
Nedergaard 2004). 

Catecholamine-thyroid hormone interactions 
The physiological significance of the two counteracting effects of adrenergic 
signaling on BAT, as well as other tissues, is presently not understood. It has 
been suggested that the balance between the stimulatory -AR and the 
inhibitory 2-AR allows the tissue subjected to sympathetic signaling to 
modulate its response. Importantly, thyroid hormone has been put forward as 
a critical player for the adrenergic responsiveness in many tissues (Silva 1996b). 
In accordance with this, many of the clinical features of hyperthyroidism, such 
as heat intolerance, weight loss, tachycardia and palpitations mimic the 
manifestations of excessive sympathetic activity (Geffner and Hershman 1992). 
In addition, the reduction in heart rate and the improvement of other clinical 
manifestations of thyrotoxicosis induced by -AR blockers in patients with 
hyperthyroidism has further supported the suggestion of an increased 
sympathetic tone in hyperthyroidism. However, early studies examining 
plasma levels of catecholamines, together with their synthesis, secretion and 
degradation in hyperthyroid patients, reported normal or even reduced 
plasma levels and turnover of NE and epinephrine. Furthermore, urinary 
excretion of catecholamines have been shown to be equal or lower in 
hyperthyroid patients as compared to euthyroid control subjects (Levey and 
Klein 1990). Thus, the clinical impression of increased adrenergic stimulation in 
thyrotoxicosis cannot be explained by enhanced sympathetic activity. Instead, 
it has been suggested that the sympathomimetic features in hyperthyroidism 
are the consequences of the disrupted interactions between thyroid hormone 
and the sympathoadrenal system (Silva 1996b). At the cellular level, thyroid 
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hormone increases the number of -ARs and reduces the number of -ARs. 
Furthermore, thyroid hormone enhances the –adrenergic effects of 
catecholamines by a number of mechanisms that can be divided into two 
groups; the mechanisms in which thyroid hormone increases the accumulation 
of cAMP in response to adrenergic stimulation, and the mechanisms in which 
thyroid hormone potentiates the effects of cAMP (Silva 1996b). 

In contrast, hypothyroidism results in reduced adrenergic responsiveness at 
the cellular level whereas plasma levels of catecholamines in general are 
enhanced. The mechanisms resulting in reduced responsiveness or sensitivity 
to catecholamines are variable and include reduced number of -ARs and 
increased number of -ARs, as well as lack of thyroid hormone potentiation of 
cAMP effects at the gene level (Silva 1996a). 

Thyroid hormone and BAT thermogenesis 
For many years, thyroid hormone was considered to play only a permissive 
role for cold-induced NTS. This concept originated from studies that showed 
that small doses of T4 sufficed to normalize BAT response to cold in 
thyroidectomized rats whereas T4-treatment with doses that induced 
thyrotoxicosis in intact animals did not further stimulate the tissue but rather 
resulted in suppression of BAT thermogenic function (Triandafillou et al. 1982). 
However, the finding of D2 and its activation by adrenergic stimulation in BAT 
(Silva and Larsen 1983) and later the discovery that T3 and NE act 
synergistically to stimulate the UCP1 gene (Bianco et al. 1988) pointed to a 
more decisive role for thyroid hormone action in the complex interaction with 
the SNS. In accordance with this, BAT D2 was previously ascribed a key role in 
the thermogenic response to cold: T4-treated hypothyroid rats responded 
normally to cold exposure whereas inhibition of D2 with iopanoic acid 
prevented the normalization of both cold tolerance and UCP1 levels by T4 
(Bianco and Silva 1987). The importance of BAT D2 for the cold-induced 
thermogenic process was further verified in D2 knockout mice, which show 
impaired NST and develop hypothermia when exposed to 4°C (de Jesus et al. 
2001). Interestingly, D2 is deactivated by high levels of T4, which may then 
explain the reduced UCP1 responsiveness seen in animals treated with doses 
of T4 greater than the daily production rate (Triandafillou et al. 1982). As 
elaborated upon by Silva, this multiple-level synergism makes biological sense 
as it provides means to prevent excessive BAT thermogenesis in the 
hyperthyroid state where ObT is already increased (Silva 1995). 

Another important role of thyroid hormone in BAT thermogenesis was 
recently demonstrated by Christoffolete and colleagues with the finding that 
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local T3 production by D2 is required for inducing lipogenesis during cold 
exposure (Christoffolete et al. 2004). Upon cold exposure, D2 deficient mice 
exhibit a marked increase in adrenergic activity that is sufficient, together with 
the basal TR saturation provided by serum T3, to induce UCP1 expression. 
However, in the absence of D2-catalyzed T3 production, induction of 
lipogenesis is impaired. As a result, BAT of D2 deficient mice is rapidly 
depleted of the triglyceride stores that provide the fatty acids needed for the 
thermogenic process (Christoffolete et al. 2004).  

TR isoform specificity in BAT thermogenesis 
Studies in knockout mouse models have demonstrated that TR 1 plays an 
important role in the control of body temperature. Mice deficient of TR 1 have 
a body temperature that is 0.5°C lower than control animals (Wikstrom et al. 
1998). A similar deficit has also been shown for mice deficient of all TR
products (Gauthier et al. 2001). In contrast, the body temperature of TR
deficient mice do not differ from control animals (Johansson et al. 1999; 
Gauthier et al. 2001), suggesting that the maintenance of normal body 
temperature is dependent on TR 1. Surprisingly, there was a remarkable 
difference in body temperature deficits when comparing TR 1  (-0.5°C) 
and TR 00  mice (-4°C) (Johansson et al. 1999; Gauthier et al. 2001). It was 
concluded that TR 1, TR 2 and TR  gene products exercise redundant 
functions in the control of basal body temperature and that one functional TR is 
required to maintain body temperature within a physiologic range (Gauthier et 
al. 2001). It was later shown that TR 2 deficient mice have a slightly increased 
body temperature, which however was assumed to be an effect of elevated 
TR 1 expression (Salto et al. 2001). Further support for the importance of the 
TR 1 isoform in the control of body temperature was recently presented in a 
study by Marrif and co-workers in which they showed that the lower body 
temperature of the TR 00 mice at room temperature was due to a down 
setting of the hypothalamic thermostat (Marrif et al. 2005). 

Previously, it was shown that mice deficient of all T3-binding TRs are cold 
intolerant (Golozoubova et al. 2004). However, as no impairment in BAT 
recruitment could be detected, the authors argued that the cold sensitivity was 
due to low total heat production rather than defects in the BAT response. 
Hence, it was suggested that the underlying mechanism for the impaired heat 
production might be a decreased muscular shivering capacity. Another study 
recently showed that TR 00 mice exhibit impaired BAT thermogenesis, even 
though UCP1 and other relevant genes responded well to cold (Marrif et al. 
2005). This is in accordance with the study by Ribeiro and co-workers, which 
showed that although the TR -selective agonist GC1 was able to restore UCP1 
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in the hypothyroid mouse, the NE-induced increase in BAT temperature was 
not normalized (Ribeiro et al. 2001).  

EFFECTS OF THE MUTANT TR 1 ON METABOLISM (PAPER II) 

TR 1+m mice exhibit an unexpected hypermetabolic phenotype 
In the study presented in Paper II, we report that the TR 1+m mice are 
hypermetabolic with markedly reduced fat depots, hyperphagia and resistance 
to diet-induced obesity. This phenotype was surprising since the mutation 
reduces receptor affinity to ligand and consequently induces a receptor-
mediated hypothyroidism. The high energy expenditure, as observed by 
increased oxygen consumption, was accompanied by induction of genes 
involved in glucose handling and lipid metabolism in liver and adipose tissues. 
In addition, increased lipid mobilization and -oxidation occurred in adipose 
tissues. However, inhibition of sympathetic stimulation of BAT thermogenesis 
by acclimation to 30°C normalized the metabolic phenotype. Hence, we 
concluded that defective thyroid hormone signaling by the mutant TR 1
results in an increased sympathetic outflow, thus enhancing basal metabolism 
and causing the lean phenotype. 

Consequences for thermogenesis 
Despite the enhanced sympathetic stimulation of BAT, the mutant mice have a 
reduced body temperature, indicating that BAT thermogenesis is impaired in 
the TR 1+m mice. Interestingly, the TR 1+m mice are able to successfully 
defend their body temperature during a cold challenge. Yet, the mutant mice 
fail to increase UCP1 and PGC1  mRNA levels to the same extent as wt mice, 
suggesting that they rely in part on different mechanisms than BAT 
thermogenesis to maintain body temperature during cold stress. Furthermore, 
the defective response to cold challenge was accompanied by a delayed 
increase in oxygen consumption during an NE challenge, an effect that was 
even further accentuated in mutant mice acclimated to 30°C. Taken together, 
these data suggests that iBAT function in the TR 1+m mice is somewhat 
impaired, a defect that is however partially compensated by increased basal 
sympathetic tone. As mentioned previously, the TR 00 mice also exhibit 
impaired BAT thermogenesis when exposed to a cold challenge (Marrif et al. 
2005). However, in contrast to the TR 1+m mice, the TR 00 mice respond 
normally to the cold exposure with regard to the increased expression of 
thermogenic genes, such as D2, UCP1 and PGC1 , and the limited FcT has 
instead been ascribed to the inability of BAT to generate heat in response to NE 
(Marrif et al. 2005). 
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Another intriguing finding is that the reduced body temperature is not 
reversed when the mutant animals are habituated to thermoneutrality: in 
contrast, the difference in body temperature is even more pronounced (A. 
Alkemade, B. Vennström, unpublished observation). This suggests that the 
mutant mice, similarly to the TR 00 mice, have a down-setting of the 
hypothalamic thermostat (Marrif et al. 2005). Surprisingly, the difference in 
body temperature remains also after treatment with thyroid hormone (A. 
Alkemade, B. Vennström, unpublished observation), indicating that the effect 
of the mutant receptor on the hypothalamic thermostat is developmental. 

Consequences for carbohydrate metabolism 
In addition to the thermogenic effect of thyroid hormone, altered thyroid status 
is also well known to influence glucose homeostasis (Dimitriadis and Raptis 
2001; Chidakel et al. 2005). Hyperthyroidism is associated with increased 
plasma glucose and insulin levels, enhanced gluconeogenesis, and increased 
insulin-mediated glucose disposal into skeletal muscle and adipose tissue. In 
contrast, hypothyroidism results in a decreased rate of hepatic gluconeogenesis 
as well as reduced synthesis and secretion of insulin. Both hyper- and 
hypothyroidism are associated with insulin resistance although the 
mechanisms for how the insulin resistance is obtained differ. In 
hyperthyroidism, the observed insulin resistance is the result of impaired 
suppression of glucose production by insulin whereas the insulin resistance 
that occur in hypothyroidism is caused by reduced skeletal muscle and 
adipose tissue sensitivity to insulin, resulting in decreased glucose disposal 
(Chidakel et al. 2005). 

Interestingly, the TR 1+m mice showed increased gene expression of hepatic 
PGC1  and PEPCK, which are signs of an elevated gluconeogenesis, as well as 
lack of histological signs of glycogen in the liver. Considering the high energy 
expenditure observed in the mutant mice, it was suggested that the depleted 
carbohydrate stores were the result of the metabolically active BAT. This is 
supported by the finding that glycogen content in the liver appears to 
normalize upon acclimation to 30°C (A. Alkemade, B. Rozell, B. Vennström, 
unpublished observation). Another striking feature of the TR 1+m mice is 
their improved insulin sensitivity, as manifested by increased glucose clearance 
during a glucose challenge and increased insulin-stimulated glucose-uptake in 
muscle (Paper II), which was suggested to be related to their reduced body fat. 
In concordance with this, the increased glucose clearance is normalized in 
animals that have been acclimated to 30°C and thus have normalized fat 
depots (A. Alkemade, J. Mittag, B. Vennström, unpublished observation).  
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THYROID HORMONE AND HYPOTHALAMIC SIGNALING 

The hypothalamus has been likened with a coordination center for the 
endocrine system. It is responsible for receiving and coordinating information 
on body temperature, energy reserves, and feeding status and for delivering 
appropriate signals to modify behaviour and metabolic processes to maintain 
homeostasis (Randall et al. 1997). There are several nuclei in the hypothalamus, 
among which the PVN and specifically the hypophysiotropic TRH neurons of 
the PVN, have been ascribed an essential role in the classical thyroid hormone 
feedback system (Nishiyama et al. 1985; Segerson et al. 1987). In addition, 
hypothalamic TRH neurons are involved in the metabolic adaptation to food 
deprivation, which is characterized by decreased thyroid hormone levels in the 
peripheral blood accompanied by a seemingly paradoxical reduction in the 
expression of TRH in the PVN (reviewed by Lechan and Fekete 2006). 

EFFECTS OF THE MUTANT TR 1 ON HYPOTHALAMIC SIGNALING 
(PAPER III) 

The study presented in Paper III was undertaken to examine the effect of the 
mutant TR 1 on the neuroendocrine response to fasting. For this, gene 
expression profiling was performed on hypothalamus and pituitary of 
TR 1+m mice subjected to different physiological conditions. Previous studies 
had shown that the serum thyroid hormone levels as well as the fasting 
induced decrease of total T4 and total T3 concentrations of TR 1+m mice are 
largely normal (Tinnikov et al. 2002; Sjögren et al. 2007). In accordance with 
this, baseline expression of hypothalamic and pituitary genes reflected a 
normal HPT axis function. However, upon fasting, the TR 1+m mice failed to 
increase hypothalamic D2 expression, which was reflected by unaltered TRH 
expression. In wt animals on the other hand, exposure to the 16-h fast increased 
expression of D2 significantly. Notably, the decrease in TRH expression only 
reached borderline significance, probably due to the short fasting time. The 
impaired fasting response in the mutant mice was also manifested in the 
pituitary where TSH  expression was unexpectedly increased in the mutant 
mice in response to food deprivation. The observation that fasted TR 1+m 
mice displayed reduced serum thyroid hormone levels, although the central 
response was disrupted, thus suggests that the fall in thyroid hormone levels 
during fasting is not caused by altered neuroendocrine stimulation.  

Hypophysiotropic TRH neurons are innervated by two separate populations 
of neurons in the arcuate nucleus (ARC) that contain either the orexigenic 
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peptides neuropeptide Y (NPY) and agouti related protein (AgRP), or pro-
opiomelanocortin (POMC) and cocaine- and amphetamine regulated 
transcript (CART) that have anorexigenic properties. Interestingly, 
pharmacologic ablation of the ARC abolishes the fasting induced 
downregulation of the HPT axis (Legradi et al. 1998). Accordingly, it has been 
suggested that the interactive inputs from both AgRP/NPY and 
POMC/CART contribute to the HPT-axis response to fasting (Lechan and 
Fekete 2006). However, markers for the ARC as well as the ventral medial 
nucleus were not altered in the TR 1+m mice, indicating that the disrupted 
response of the HPT-axis to fasting does not result from indirect effects via 
other TR expressing hypothalamic nuclei. 

Another interesting finding was that D3 expression was increased in wt mice in 
response to T3 treatment, leading to the suggestion that D3 protects the 
hypothalamus against excessive T3. In contrast, D3 expression was only 
minimally increased in the mutant mice, indicating either defective gene 
activation by TR 1 or interference of the mutant receptor with TR  action. 
However, subsequent analysis of D3 expression in TR 1+mTR  mice 
implicated TR  as the isoform responsible for mediating the D3 response to 
excess T3. It is therefore likely that the impaired D3 response observed in the 
TR 1+m mice was caused by the dominant negative effect of the mutant TR 1
on TR .

THYROID HORMONE ACTION IN THE HEART 

Thyroid hormone exerts a direct effect on heart function by influencing cardiac 
gene expression. Proteins that are up-regulated by T3 include sarcoplasmic 
reticulum Ca2+ ATPase (SERCa), Na+-K+ ATPase, and the fast cardiac isoform 
of myosin heavy chain ( -MyHC), whereas down-regulated proteins are the 
SERCa inhibitory protein phospholamban (PLB) and the slow –myosin heavy 
chain ( -MyHC ) (Klein and Ojamaa 2001; Carr and Kranias 2002). In addition 
to direct effects, thyroid hormone also has indirect effects on the cardiovascular 
system, the most important being to decrease peripheral vascular resistance 
(Kahaly and Dillmann 2005). 

Wikström et al. (1998) was the first to suggest a central role for TR 1 in the 
heart. Their study showed that mice deficient of TR 1 have a lower heart rate 
and a prolonged repolarisation. Bradycardia has also been shown for mice 
deficient of all TR  isoforms (Gloss et al. 2001; Macchia et al. 2001). In contrast, 
the TR 1+m mice only display a mild bradycardia during basal conditions. 



PHYSIOLOGICAL CONSEQUENCES OF 
ALTERED THYROID STATUS 

  29 

However, the cardiac response to isoprenalin, a strong -adrenergic receptor 
agonist, was reduced in the mutant mice (Tinnikov et al. 2002). 

EFFECTS OF THE MUTANT TR 1 ON CARDIAC FUNCTION 
(PAPER IV) 

Impaired cardiac function in the TR 1+m mice was further confirmed in the 
study described in paper IV, where TR 1+m isolated cardiomyocytes were 
shown to exhibit a marked slowing of voltage-activated Ca2+ transients and 
contractions. Protein expression analysis revealed increased PLB expression, 
whereas SERCa2 protein content was not changed. Interestingly, the increase 
in PLB expression was correlated with slowed Ca2+ reuptake under basal 
conditions. However, when TR 1+m cardiomyocytes were stimulated at 
increasing frequencies, they showed a significantly larger increase in the rate of 
Ca2+ reuptake and relaxation as compared to control animals. This may be 
related to the elevated PLB expression in TR 1+m cardiomyocytes and 
subsequent increased PLB-induced inhibition of SERCa Ca2+ reuptake in the 
basal state. The defective Ca2+ handling was however not normalized, not even 
at the highest stimulation frequency studied, suggesting that hearts of TR 1+m 
mice most probable will display impaired diastolic relaxation, a prominent 
feature of hypothyroidism (Fazio et al. 2004). 
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GENERAL DISCUSSION 

IS THE MUTANT RECEPTOR REALLY EQUIVALENT TO AN 
APORECEPTOR? 

Previously, Tinnikov and co-workers demonstrated that TR 1R384C has 
dominant negative properties in trans: the mutant receptor was impaired in 
inducing T3-activated target gene expression and it strongly suppressed 
transactivation by TR 1 and TR 2 and to a lesser extent TR 1 in vitro (Tinnikov 
et al. 2002). Two possibilities for how the mutant TR 1 acts on the 
transcriptional level need to be considered: does it function as a bona fide
aporeceptor, or does the mutation alter its properties? Evidence that some 
effects result from the mutation per se has been presented. For instance, we 
recently showed that the impaired D3 response to T3 in the hypothalamus was 
caused by the dominant effect of the mutant receptor acting on TR  (Paper III). 
However, several findings support the notion that the detrimental effects of the 
mutant receptor are caused by TR 1 aporeceptor activity: i) target genes 
known to be inhibited by a TR aporeceptor are also suppressed in the TR 1+m 
mice (Tinnikov et al. 2002), ii) TR 1+m mice exhibit a delayed cerebellar 
development, an effect that is normally seen in congenital hypothyroidism and 
that was recently ascribed to TR 1 aporeceptor activity (Morte et al. 2002; 
Venero et al. 2005) and iii) treatment with high levels of thyroid hormone 
effectively reactivate target genes, both in vitro and in vivo (Tinnikov et al. 2002; 
Venero et al. 2005). Importantly, the rescue of both the neurological and 
hypermetabolic phenotypes with appropriately timed thyroid hormone 
treatments confirms that the phenotypes are caused by the unliganded TR 1
(Paper I; Paper II).  

COMPARISON OF THE DIFFERENT MOUSE MODELS OF MUTANT 
TR 1 

As touched upon in the introduction, two additional transgenic mouse models 
with a mutant TR 1 have been described: one with the TR 1PV mutation that 
has no T3-binding and transactivation capacity and the other with the 
TR 1P398H mutation that has a 50% reduction in nuclear T3 binding capacity 
(Zavacki et al. 1993; Kaneshige et al. 2001; Liu et al. 2003). Interestingly, none of 
the TR 1 mutant mice exhibit major dysfunctions in the HPT axis, consistent 
with the fact that no TR 1 mutations have been identified in RTH patients 
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(Kaneshige et al. 2001; Tinnikov et al. 2002; Liu et al. 2003). Similar to the 
transgenic mice investigated in the present study (TR 1R384C mice), mice 
with the TR 1PV and TR 1P398H mutations display reduced fertility, 
elevated mortality and impaired cardiac function (Tinnikov et al. 2002; Liu et al. 
2003; Esaki et al. 2004; Paper IV). In addition, both TR 1PV and TR 1R384C 
mice exhibit a delayed skeletal development (O'Shea et al. 2005; Bassett et al. 
2007), whereas the TR 1P398H mice have not been analyzed in detail for this. 
The growth abnormality is quite severe in the TR 1PV mice, resulting in 
postnatal dwarfism, whereas the retardation in postnatal growth seen in the 
TR 1R384C mice is normalized in the adult mouse (Kaneshige et al. 2001; 
Tinnikov et al. 2002; Bassett et al. 2007). In contrast, the P398H mice show a 
normal weight during the first two to three months but subsequently display 
an increased body weight (Liu et al. 2003).  

Intriguingly, the symptoms presented in the three transgenic mouse models 
appear to be very similar but with one notable exception: metabolism. Both 
TR 1PV and TR 1R384C mice are lean, whereas TR 1P398H mice display 
increased body fat accumulation accompanied by higher serum levels of leptin, 
glucose and insulin (Kaneshige et al. 2001; Liu et al. 2003; Paper II). The diverse 
phenotypes thus suggest that the type and location of the induced mutation is 
of critical relevance for the ultimate phenotype conferred by a mutation in 
TR 1. In accordance with this, differential interactions with PPARs have been 
implicated in the different mouse models: the TR 1PV has been shown to 
interfere with PPAR  action and the TR 1P398H with PPAR  (Liu et al. 2007; 
Ying et al. 2007). However, no interference with any of the PPARs has been 
seen for the TR 1R384C. Hence, these data suggest that the position of the 
mutation will determine how the mutant receptor will interact with hormonal 
response elements and/or transcriptional coregulators, parameters that 
ultimately will result in differential transcriptional regulation of target genes 
and the manifestation of different phenotypes. 
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CONCLUDING REMARKS 
More than 300 patient families with mutations in the THRB gene have been 
described in RTH. These patients are usually easily identified as they show 
symptoms of a perturbed HPT axis. The perplexing question why no patient 
with a mutant TR 1 has been identified is probably explained by the 
experiments with mice carrying a mutation in their THRA genes: no major 
aberrancies in the HPT axis was found (Kaneshige et al. 2001; Tinnikov et al. 
2002; Liu et al. 2003). The efforts to identify patients harbouring a mutant TR 1
have been directed towards characterizing the phenotypical features of mice 
strains containing a mutation in the THRA allele. The work described in this 
thesis was aimed at providing further insights into the effects of the 
TR 1R384C mutation, since the equivalent mutation in RTH patients is quite 
common. We report that the mutant receptor has severe consequences for both 
development and physiology, with locomotor dysfunctions that are caused by 
aberrant thyroid hormone signaling during fetal/postnatal development and 
physiological anomalies such as increased energy expenditure and impaired 
cardiac function. Importantly, we show that although the phenotypes are 
severe, they are treatable if T3 levels are raised at appropriate times. Thus, our 
data provide two significant results: i) the identification of characteristics that 
may help in the process of identifying candidate groups of patients and ii) that 
these patients are likely to benefit from hormone replacement treatments. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

Vad är sköldkörtelhormon och vad har det för funktion i kroppen? 
Sköldkörteln (också kallad tyroidea) är en fjärilformad körtel som återfinns på 
framsidan av halsen i anslutning till struphuvudet. I denna körtel produceras 
de jodinnehållande sköldkörtelhormonerna T3 och T4, vilka har stor betydelse 
för många olika processer i kroppen såsom exempelvis hjärnans utveckling 
och ämnesomsättningen. Utan jod kan sköldkörteln inte producera dessa 
hormoner och i Sverige och andra länder tillsätts därför jod i en del livsmedel, 
till exempel salt, för att vi inte ska få jodbrist. Hos den vuxna individen kan 
jodbrist leda till struma, eller förstorad sköldkörtel, medan jodbrist under 
utvecklingen medför allvarliga skador på barnet, såsom mentala och 
kroppsliga funktionshinder och i värsta fall grava utvecklingsstörningar. Trots 
de ödesdigra konsekvenserna av jodbrist och trots att det lätt kan förebyggas är 
nästan en tredjedel av jordens befolkning drabbade av olika sjukdomstillstånd 
relaterade till jodbrist. 

Sköldkörtelhormon utför sina effekter i kroppen via så kallade 
sköldkörtelhormonreceptorer, dvs. mottagarproteiner som binder till 
sköldkörtelhormon och sedan påverkar cellens uttryck av gener genom att 
aktivera eller stänga av dem (se figur). Människan har ca 22 000 olika gener, 
vilka finns representerade i identiska kromosomer i cellkärnan i kroppens alla 
celler. Det är den specifika kombinationen av genuttryck som bestämmer vilka 
egenskaper och funktioner en specifik cell har. Med andra ord har vi likadana 
gener i våra blodceller som i våra hjärnceller och det är den unika 
kombinationen av aktiverade och avstängda gener som gör att cellerna skiljer 
sig så från varandra. Till exempel bär alla celler i kroppen omkring på 
informationen om hur man producerar hemoglobin, vilket är det protein som 
binder syre i de röda blodkropparna i blodet. Trots detta är det bara de röda 
blodkropparna som uttrycker genen för hemoglobin. Anledningen till detta är 
att uttrycket av olika gener i cellen är mycket strängt reglerat. Denna reglering 
av genuttrycket utförs av så kallade transkriptionsfaktorer, vilka är specifika 
proteiner som har till funktion att aktivera eller stänga av generna. Därigenom 
bestämmer dessa transkriptionsfaktorer vad cellen har för funktion och också 
hur cellen ska reagera på förändringar i dess miljö. Uppskattningsvis så utgör 
5-10% av människans alla gener av transkriptionsfaktorer. 
Sköldkörtelhormonreceptorer tillhör en klass av transkriptionsfaktorer som 
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kan reglera genuttryck både i närvaro och i frånvaro av hormon. 
Hormonbundna sköldkörtelhormonreceptorer kan både aktivera vissa gener 
och stänga av andra. Viktigt är också att gener som aktiveras av 
sköldkörtelhormon ofta inaktiveras av icke hormonbundna 
sköldkörtelhormonreceptorer medan gener som inaktiveras av 
sköldkörtelhormon tros aktiveras av den icke hormonbundna receptorn.  

Genuttryck är den process som översätter informationen i en gens DNA-sekvens till 
proteiner. Processen består huvudsakligen av tre olika steg: 1) kopiering av DNA till 
RNA (transkription), 2) mognad och transport av RNA till cytoplasman och 3) 
översättning av mRNA till protein (translation). Sköldkörtelhormon (T3) har sin roll i 
steg 1 där det agerar via sköldkörtelhormonreceptorer (TR) för att reglera 
transkriptionen.  

Varför har jag studerat en musmodell med en genmodifierad TR 1
receptor?
Två olika gener, TR  och TR , ger upphov till ett antal olika 
sköldkörtelhormonreceptorer, varav framförallt TR 1 och TR  binder till 
sköldkörtelhormon och påverkar genuttrycket i cellen. 
Sköldkörtelhormonresistans (också kallad RTH) är en sjukdom som beror på 
mutationer eller genförändringar i en av dessa sköldkörtelhormonreceptorer, 
nämligen TR . Dessa mutationer medför att receptorn binder sämre till 
hormon och därmed kan inte receptorn reglera gener på ett normalt sätt. 
Sjukdomen karakteriseras av att patienten har mycket höga nivåer av 
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sköldkörtelhormon i blodet men trots detta så kan patienten ha symptom som 
indikerar att patienten lider av hypotyreos (underproduktion av 
sköldkörtelhormon). Trots att fler än 300 patientfamiljer med en mutation i TR
har identifierats så har man aldrig funnit någon patient som har en 
motsvarande mutation i TR 1. För att förstå anledningen till detta skapade vi i 
vårt laboratorium en transgen musstam som har en mutation i TR 1 (TR 1+m 
möss). Liksom de mutationer som finns beskriva för TR  så medför denna 
mutation en minskad bindningseffektivitet till sköldkörtelhormon. Tidigare 
studier på dessa möss har funnit att anledningen till att ingen patient med en 
mutant TR 1 har identifierats troligen beror på att mutationer i TR 1 inte 
orsakar några symptom som är lätta att korrelera med en defekt 
sköldkörtelhormonsignalering. Nivåerna utav sköldkörtelhormon är normala 
och mössen lider inte heller av några andra symptom som leder tankarna till 
onormal sköldkörtelfunktion. 

I min avhandling har jag studerat dessa genmodifierade möss för att försöka 
förstå hur en mutant TR 1 påverkar utveckling och olika fysiologiska 
processer i kroppen.  

Första artikeln – utveckling 
Man har länge känt till att låga nivåer av sköldkörtelhormon under 
utvecklingen medför allvarliga skador på barnet. Emellertid är det fortfarande 
oklart vad det är som sker på molekylär nivå som orsakar dessa skador. I den 
första studien visade vi att de mutanta mössen uppvisar funktionshinder, 
vilket innebär att de har problem med att utföra vissa motoriska tester. Vi 
visade också att dessa funktionshinder kunde förebyggas om man behandlade 
mössen med sköldkörtelhormon under specifika utvecklingsstadier före och 
efter födseln. Detta tyder på att många av de skador som uppstår hos barn som 
har varit utsatta för låga nivåer av sköldkörtelhormon under utvecklingen 
beror på en avvikande TR 1 signalering. Vidare så har vi studerat olika 
vävnader involverade i motoriska funktioner för att ta reda på var skadorna 
uppstår. Bland annat har vi tittat på funktionen hos skelettmusklerna, 
innerveringen utav skelettmusklerna samt de delar av hjärnan som styr våra 
rörelser: cerebellum (också kallad lillhjärnan) och motorcortex. Resultaten visar 
att den bakomliggande orsaken till de motoriska störningarna hos TR 1+m 
mössen troligen är en kombination av de avvikelser som observerades i 
cerebellum samt motorcortex.  

Andra artikeln – metabolism 
Sköldkörtelhormon är också känt för att påverka ämnesomsättningen. 
Hypertyreos (överproduktion av sköldkörtelhormon) medför symptom såsom 
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värmeintolerans, viktminskning och ökad aptit. Hypotyreos å andra sidan 
karaktäriseras av en minskad ämnesomsättning, vilket medför symptom 
såsom frusenhet, viktökning och en allmän trötthetskänsla. I den andra studien 
studerade vi effekten utav den mutanta TR 1 på metabolismen. Överraskande 
så fann vi att TR 1+m mössen uppvisar en hypermetabol fenotyp med en 
ökad ämnesomsättning, kraftigt reducerade fettdepåer samt en minskad 
benägenhet att gå upp i vikt. Denna observation var häpnadsväckande 
eftersom mutationen kan sägas medföra en så kallad receptormedierad 
hypotyreos. Emellertid kunde vi visa att den ökade ämnesomsättningen 
resulterade från en ökad sympatiskt aktivering och således inte var en direkt 
effekt av den mutanta receptorn på vävnadsnivå.  

Tredje artikeln – hypotalamus 
Nivåerna utav sköldkörtelhormon i blodet är noga reglerad genom negativ 
återkoppling via den så kallade HPT-axeln. Höga nivåer av 
sköldkörtelhormon medför att mekanismer sätts i gång så att produktionen av 
hormonet minskar och vice versa. En komponent i denna reglering är 
hypotalamus, vilket är en del av hjärnan som också har ansvaret för att 
bibehålla kroppstemperatur, ämnesomsättning och sömn. När nivåerna av 
sköldkörtelhormon minskar ökar uttrycket utav ett protein som kallas TRH i 
hypotalamus, vilket så småningom leder till att produktionen av 
sköldkörtelhormon ökar. I den tredje studien har vi tittat närmare på vilka 
effekter den mutanta TR 1 har på genuttrycket i hypotalamus under olika 
fysiologiska situationer, såsom fasta och behandling med sköldkörtelhormon. 
Våra resultat visar att den normala responsen till fasta, som karaktäriseras av 
både minskade nivåer av sköldkörtelhormon i blodet och minskat uttryck av 
TRH i hypotalamus, inte äger rum hos de mutanta mössen. Detta innebär att 
induktionen av de minskade nivåerna av sköldkörtelhormon som vanligen 
uppvisas under fasta inte beror på TRH signalering i hypotalamus, utan att det 
istället är en effekt som medför att nivåerna av sköldkörtelhormon hålls nere 
på längre sikt.    

Fjärde artikeln – hjärta 
Sköldkörtelhormon är också vida känt för sina effekter på hjärtat. Vem har inte 
läst på löpsedlarna om bantningspillret som också gav upphov till 
hjärtklappningar? I många av dessa fall var det just sköldkörtelhormon som 
var det verksamma ämnet i pillret. Som tidigare nämnts har 
sköldkörtelhormon mycket riktigt en höjande effekt på ämnesomsättningen. 
Emellertid har det också samma effekt på hjärtat. Att TR 1 har en viktig roll för 
sköldkörtelhormonets effekter på hjärtat har varit känt i snart ett decennium. 
Transgena möss som saknar TR 1 uppvisar en lägre hjärtfrekvens och en 
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onormal hjärtfunktion. I överensstämmande med detta visade vi i den fjärde 
studien att hjärtceller isolerade från TR 1+m mössen hade en defekt 
kalciumhantering karaktäriserat av ett långsammare återupptag av kalcium. 
Kalcium behövs för att dra ihop muskulaturen i hjärtat och den defekta 
kalciumhantering som observerades hos de mutanta mössen tyder således på 
att mössen har en nedsatt hjärtfunktion.  

Sammanfattningsvis… 
… har vi studerat konsekvenserna av en mutant TR 1 i utvecklingen samt för 
fysiologiska processer såsom ämnesomsättning och hjärtfunktion. Vi har visat 
att den mutanta receptorn inducerar motoriska störningar som grundläggs 
redan under den embryonala utvecklingen. Vidare har vi visat att mössen 
uppvisar en överraskande hypermetabol fenotyp samt en nedsatt 
hjärtfunktion. Viktigt är att samtliga störningar som observerats kan 
förebyggas alternativt behandlas om en ökning av nivåerna av 
sköldkörtelhormon sker vid en lämplig tidpunkt. Dessa resultat bidrar till vår 
förståelse av sköldkörtelhormonsignalering. Tillsammans med andra resultat 
ökar de vår kunskap dels om hur sköldkörtelhormon påverkar kroppen och 
dels om vilka symptom man kan förväntas se hos presumtiva patienter, något 
som är nödvändigt om vi ska kunna identifiera dessa patienter.  
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