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ABSTRACT
This thesis has two main parts. The first is based on the first three papers with a focus on
understanding the etiology and pathogenesis of thyroid malfunction and its effects on different
organs. The second is about gaining an in-depth understanding of the role of the TSHr in
adipose tissue and, for this purpose, a tissue-specific knockout mouse model of TSHr in
adipocytes was generated and used as an experimental tool. In Paper I, a family meeting
clinical and biological criteria for autosomal dominant non-autoimmune hyperthyroidism was
enrolled; we investigated the pathogenesis of severe neuromuscular symptoms in the index
patient. The TSHr gene was investigated by direct sequencing. Sequence analysis revealed a
heterozygous missense mutation, glycine 431 for serine in the first transmembrane segment.
Functional properties of the mutant TSHr revealed constitutive activity when investigated
during transient expression in COS-7 cells. There was no indication of autoimmune disorder.
All symptoms disappeared upon treatment. The data imply that neuromuscular symptoms can
be caused by excessive thyroid levels rather than by autoimmunity In Paper II, we addressed
the questions of whether TSHr antibody-negative Graves’ disease is associated with somatic
mutations in the TSHr or GsĮ genes and whether histopathologically defined thyroid lesions are
associated with such mutations. We investigated 43 patients undergoing thyroid surgery. The
patients were diagnosed with sporadically occurring TSAbs-negative Graves’ disease (n = 11),
TSAbs-positive Graves’ disease (n = 4), hyperfunctioning follicular adenoma (n = 9), nonfunctioning follicular adenoma (n = 5), and toxic (n = 9) or non-toxic multinodular goiter (n =
5). The diagnoses were based on the clinical, biochemical, radiological, and histopathological
criteria. Antibody detection assays were performed using porcine TRAb. In the thyroid tissue
DNA, all exons of the TSHr gene were sequenced from the 15 cases of Graves’ disease; in the
remaining 28 cases, exons 9 and 10 of the TSHr gene were sequenced. Exons 8 and 9 of the
GsĮ gene were sequenced in all 43 cases. No mutations, but three germ-line polymorphisms,
were found in patients withTSHr antibody-negative Graves’ disease. Two heterozygous
somatic TSHr mutations were found in two hyperfunctioning adenomas and in two toxic
multinodular goiters. The lack of TSHr and GsĮ mutations in TSHr antibody-negative Graves’
disease patients indicates that such mutations are neither primary nor secondary events in this
disease. In Paper III, we studied the effect of hypothyroidism and thyroxin therapy on renal
function in children with long-term follow-up. The glomerular filtration rate (GFR) and
effective renal plasma flow (ERPF) were studied in 31 patients with symptomatic acquired
hypothyroidism. Children with hypothyroidism were examined before starting thyroxin therapy
and 1 week and 1, 3, and 6 months after starting thyroxin therapy. Thirteen patients were
reinvestigated at 6, 12, 18, 36, and 60 months after initiating thyroxin therapy. In children
investigated before or within 1 week after starting thyroxin therapy, GFR and ERPF were <–2
SD in 58% and 45%, respectively. 31% and 6% of the children studied 1 to 6 months after
thyroxin therapy had a GFR and ERPF <–2 SD. At the last investigation, 1 to 5 years after the
start of treatment, the GFR was still significantly lower in children with hypothyroidism than in
controls. The data imply that acquired hypothyroidism during childhood may have a longterm impact on renal function. In Paper IV, we have selectively removed the TSHr gene in
adipocytes by using the Cre-loxP recombination system. Mice lacking TSHr in adipocytes were
apparently normal. In epididymal adipocytes, TSH-induced sensitivity was ten times lower in
the targeted animals. However, TSH-induced maximum response, catecholamine-induced
lipolysis, and insulin-induced inhibition of lipolysis were unaltered. Adipocyte sizes were
increased in the targeted animals. Thus, our results indicate that TSHr has a physiological role
in adipocyte growth and development.
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Introduction

1 INTRODUCTION
1.1

HISTORICAL BACKGROUND

The discovery of thyroid-stimulating activity in the pituitary gland was made in 1926
[1]. It was not until about 30 years later that these initial findings were followed by the
purification and determination of the primary structure of the thyroid-stimulating
hormone (TSH) subunits [2]. In the 1980s, the cloning of the human D-subunit [3] and
TSHE-subunit genes [4-6] played an important role in studying TSH expression,
regulation, and action.
Thirty-five years ago it was found that TSH exerts its biological effects by binding to a
protein on the thyroid cell membrane [7]. Following the molecular cloning and
sequencing of luteinizing hormone (LH) receptor cDNA [8, 9], several groups reported
cloning and functional expression of thyroid-stimulating hormone receptor (TSHr)
cDNA [10-17]. Today much is known about the three- dimensional structure of the
TSHr [18-21] which helps us to understand the function, molecular genetics, and
pathophysiology of TSH and the TSHr.
1.2

THYROID-STIMULATING HORMONE (TSH)

TSH is a member of the glycoprotein hormone family, each consisting of tightly bound
Į and ȕ subunits. The alpha subunits of TSH, LH, FSH, and HCG are identical and
consist of 92 amino acids residues. The beta subunits vary. TSH has a beta subunit of
118 amino acid residues that confers its specific biologic action and is responsible for
interaction with the TSHr [6, 22, 23]. The common human D-subunit and TSH Esubunit are encoded by genes located on chromosomes 6 and 1, respectively [24].
1.3

THYROID-STIMULATING HORMONE RECEPTOR (TSHR)

The TSHr consists of 765 amino acid residues in both humans and mice and belongs to
the superfamily of G protein-coupled receptors [25-29]. The gene is localized on
chromosome 14q31 in humans [30] and 12 in mice [31]. The gene spans more than 60
Kb and is divided into ten exons. The TSHr promoter contains functional binding sites
for several transcription factors, including GABP [32], TTF1 [33], TR/RXR [34],
CREB, and ICER [35]. The levels of TSHr mRNA and the regulation of functional
TSHr are mainly exerted at the posttranslational level [36]. The TSHr contains two
subunits [37], a large ectodomain (A or D subunit) encoded by exons 1–9 and an
intracellular domain (B or E subunit) encoded by the last exon, and includes 7
transmembrane domains (TM), 3 intracellular loops (ICLs), 3 extracellular loops
(ECLs), and cytoplasmic tail [29, 38, 39]. The transmembrane (TM) domains are
anchored to the basolateral plasma membrane of the cells (Figure 1).

1

Aziz Elgadi
1.4

TSH-TSHR INTERACTIONS

The presence of the TSHr ectodomain inhibits the otherwise constitutively active E
subunit [32, 40], and the interactions between the ectodomain D subunit, the
extracellular loops, and transmembrane domain TM6 (in the E subunit) are critical for
the maintenance of the TSHr in an inactive state [41].
The nature of an interaction between TSH or stimulatory or blocking antibodies and
TSHr and the mechanism of transmembrane signaling remain largely unknown. It is
anticipated from multiple studies that both subunits of the TSH heterodimer interact
with several portions of the TSHr and that the receptor-binding sites of TSH and TSHr
antibodies may overlap [42, 43].
The amino terminal two thirds of the TSHr ectodomain consists mainly of 9 leucinerich repeats (LRR) [44]. The concave surface formed by LRR is chiefly responsible for
ligand binding [21]. Although there is no consensus regarding the direct binding of the
TSH to the extracellular loops of the TSHr [45, 46], several studies have proposed a
multistep process starting with high affinity interactions between TSH and the internal
concave surface of LRR, followed by an interaction with several other portions of the
receptor that are of low affinity including the TSHr hinge region [47-49]. Moreover,
ligand-induced dimerization has been suggested to be an important step in the
activation [50, 51]. Analysis of the TSHr using the TSHr LRR antibody complex
indicates that dimer formation and receptor-to-receptor interaction involving the first
260 amino acids are unlikely to be important in any formation of dimer [21].
The E subunit interacts selectively with G proteins when the TSHr is activated [41,
52]. As with other members of the G protein-coupled receptor family, the third
intracellular loop and the cytoplasmic tail are most closely involved in G protein
coupling and in the selectivity of coupling to specific types of G proteins [53, 54]. The
G-protein-coupled receptors control the on/off state of the heterotrimic guanidine
triphosphate binding protein (GDEJ ) family by stimulating the exchange of GDP to GTP
on the D subunit (GD ) [25, 26, 29]. This results in dissociation of the trimer to a GEJ
dimer and GsD, which can then interact with the downstream effectors of the receptor.
The D subunit also carries GTPase activity; and GsD GTP is inactivated by hydrolysis
of GTP to GDP, leading to the reformation of the trimeric Gs complex.
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Figure 1. Structural organization of the human TSHr gene. (A) The 10 exons are
connected to the corresponding amino acid regions of the receptor. (B) TSHr large
ectodomain (A or D subunit) with leucine-rich repeats and an intracellular domain (B or
E subunit), which include 7 transmembrane domains (TM), 3 intracellular loops (ICLs),
3 extracellular loops (ECLs), and cytoplasmic tail. The hinge region connecting the
ectodomain with an intracellular domain is also shown. Figure 1 (B) is reproduced with
the permission of the Society for Endocrinology (2008) [48].
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1.5

TSHR EXPRESSION

The TSHr is expressed in many tissues besides the thyroid, such as human and rat
adipocytes, heart, bone, brain, fibroblast, kidney, and thymus [55-65]. The
physiological significance of the exreathyroidal expression is still unclear and the
subject of intensive investigations. However, there have been several studies indicating
that TSH may regulate the functions of many organs, e.g. it regulates the functions of
intraepithelial lymphocytes as well as enterocytes via a TSHr-mediated mechanism
[66]. In support of this concept, mice with TSHr mutations were reported to display
signs of impaired gastrointestinal immunity [66, 67]. Moreover, recently, studies on
TSHr knockout mice suggested that TSH may serve as a negative regulator of
osteoblast and osteoclast formation [61, 68]. Finally, in vitro studies in human
adipocytes obtained from neonates indicate that TSH is the dominant lipolytic hormone
in this early period of life [56, 57].
1.6 HYPOTHALAMIC-PITUITARY-THYROID AXIS (HPT AXIS)
1.6.1 HPT axis development in humans and laboratory animals
The hypothalamic-pituitary-thyroid gland axis development occurs between human
embryonic day 10 and gestational week 11. Thyroid receptors are detectable in the
brain by the 10th week of gestation. Follicular development, iodine organification, and
thyroid hormone synthesis are observed by the 11th week [69, 70]. Progressive
increases in fetal serum TSH secretion, thyroid receptor (TR) expression in the brain,
and T3 levels are detected at 18–35 week of gestation [69-71]. Thereafter, maturation of
the hypothalamic-pituitary-thyroid axis appears to be complete by the 4th postnatal
week.
Very little is known about TSHr expression in fetal mouse life or its role in fetal thyroid
gland development. However, to gain insight into the development of TSHr expression
in mice, it may be possible to apply knowledge gained from rats to mice. Thyroid
receptors (TRs) are detectable in the rat thyroid gland by gestational day 14 of the
approximately 3 weeks long pregnancy. Thyroglobulin is detected by gestational day
15 [72-74]. Iodine uptake, TPO expression, TSH secretion, and thyroid hormone
synthesis are first noted by gestational day 17 [73]. In addition, dramatic upregulation
of TSHr expression is observed at day 17 of gestational age [75].
1.7

THYROID DYSFUNCTION

Two categories of thyroid dysfunction have been characterized in humans:
hyperthyroidism and hypothyroidism.
1.7.1 Hyperthyroidism
Hyperthyroidism (or thyrotoxicosis) is characterized by an increase in serum T3 and T4
and a decrease in serum TSH. Hyperthyroidism occurs in a number of clinical
conditions. A few causes are summarized below and were also investigated in Studies I
and II in this thesis.
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1.7.1.1 Graves’ disease
In an area with high iodine intake, the most common cause of hyperthyroidism is
Graves’ disease (production of antibodies to TSHr), characterized by hyperthyroidism,
diffuse uniform enlargement of the gland, ophthalmopathy, and pretibial myxedema. In
95% of patients with Graves’ disease, autoantibodies (IgG) against the TSHr cause
unregulated activation of the cAMP regulatory cascade in the thyrocytes, leading to
thyroid hyperplasia and hyperfunction [76-79]. However, in 5% of patients with
Graves’ disease, no autoantibodies (IgG) can be detected [80-82]. The peak agespecific incidence of Graves’ disease is between 20 and 49 years [83].
The frequency of thyroid abnormalities in relatives of patients with Graves’ disease is
high [84-87]. Thirty-six percent of Graves’ disease patients with ophthalmopathy
reported a family history of autoimmune thyroid diseases, and 23% had a first-degree
relative with autoimmune thyroid diseases [88]. Segregation analyses have suggested
that the recognition of particular TPO epitopes within the autoantibody
immunodominant region may be transmitted within families [89].
The hallmark of Graves’ disease is the production of the TSHr antibodies. Therefore,
the TSHr gene was thought to be a likely candidate gene for Graves’ disease, and three
common germline TSHr polymorphisms resulting in 3 amino acids substitutions have
been described in association with Graves’ disease [90].
1.7.1.2 Thyroid nodules
In situations with long-term low iodine intake, the thyroid compensates by a number
of mechanisms in an attempt to maintain sufficient thyroid hormone production. The
physiologic changes in iodine deficiency are usually accompanied by an increase in
the size of the gland [91, 92]. Generalized epithelial hyperplasia occurs with cellular
hypertrophy and a reduction in follicular spaces. The follicles become inactive and
distended by colloid accumulation. Focal nodular hyperplasia may develop, leading to
nodular formation [93, 94]. Some of these nodules retain the ability to secrete
thyroxin and form functioning thyroid nodules [95]. Others do not retain this ability,
become inactive, and form cold nodules [96, 97].
Thyroid nodules range from a single hyperfunctioning nodule within an enlarged
thyroid gland having additional non-functioning nodules to multiple hyperfunctioning
areas scattered throughout the gland [98, 99].
Solitary non-toxic and toxic follicular adenomas differ in their nature and pathogenesis
from non- or toxic multinodular goiter nodules [100-102]. To sum up, we can classify
thyroid nodules on the basis of clinical, biochemical, radiological, and histopathological
criteria, as follows:

5

Aziz Elgadi
1.7.1.2.1 Multinodular goiter
Defined by enlarged thyroid gland with two or more nodules assessed clinically and by
thyroid ultrasound, absence of thyroid-stimulating immunoglobulins, and multinodular
goiter on histological examination.
1.7.1.2.2 Toxic multinodular goiter
Defined by an enlarged thyroid gland with two or more nodules assessed clinically and
by thyroid ultrasound, absence of thyroid-stimulating immunoglobulins, 131I exclusive
uptake in the nodules (hot nodules) with functional suppression of extranodular tissue,
and multinodular goiter on histological examination.
1.7.1.2.3 Follicular adenoma
Single nodule assessed clinically and by thyroid ultrasound, absence of thyroidstimulating immunoglobulins, absence of 131I uptake in the nodule, with normal uptake
in the extranodular tissue, and a well-circumscribed lesion with aggregate of
hyperplastic follicles. In addition, the nodule is surrounded by a fibrous capsule in an
otherwise normal gland identified on histological examination.
1.7.1.2.4 Toxic adenoma
Single nodule assessed clinically and by thyroid ultrasound, absence of thyroidstimulating immunoglobulins, 131I exclusive uptake in the nodule with occasional foci
of necrosis, hemorrhage, and cystic changes on histological examination. In addition,
the nodule is surrounded by a fibrous capsule in an otherwise normal gland identified
on histological examination.
Over the past few years, it has become clear that somatic mutations affecting the TSHr
and GsD genes constitute a pathogenic mechanism for thyroid toxic nodules [103-110].
The prevalence of TSHr and GsĮ mutations in autonomously functioning thyroid
nodules varies from 8% to 82% and from 3% to 38%, respectively [103-109, 111-124].
In Study II of this thesis, we clinically, biochemically, and histopathologically
classified thyroid disorders and investigated the pathogenic mechanism of such
diseases.
1.7.1.3 Autosomal non-autoimmune hyperthyroidism
Many families with non-autoimmune familial hyperthyroidism due to activating
germline mutations of the TSHr have been identified [125-139]. Activating germline
TSHr mutations cause sporadic congenital hyperthyroidism or hereditary nonautoimmune familial hyperthyroidism. The amino acid substitutions in the sporadic
forms have a more aggressive course of hyperthyroidism, and it is unlikely that
newborns with a sporadic mutation would survived [140-142]. In contrast, the clinical
course of hereditary autosomal dominant nonautoimmune hyperthyroidism is mild and
characterized by a variable, but mostly late-onset, development of mild symptoms with
or without homogeneous goiters of variable size. Moreover, no autoantibodies are
detected (TSHr , thyroperoxidase, and thyroglobulin antibodies) and no other signs of
6
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autoimmunity (endocrine ophthalmopathy, pretibial myxedema, and lymphocytic
infiltration in thyroid tissue) have been observed in these patients [125, 126, 143].
1.7.1.3.1 Neuromuscular symptoms and thyroid disorders
A wide range of neuromuscular disorders, including adhesive capsulitis, Dupuytren's
contracture, trigger finger, limited joint mobility, and carpal tunnel syndrome, have
been reported in patients with thyroid disease [144, 145]. The prevalence of these
disorders among patients with thyroid disease varies from 20% to 80% [146]. This
wide variation may reflect differences in the thyroid disease spectrum, the definition of
neuromuscular symptoms, or variation in environmental and genetic factors. In a
prospective study, neuromuscular symptoms were found in over 67% of adult
hyperthyroid patients, reflecting either a direct toxicity of the thyroid hormone on joint
cartilage or an autoimmune mediated effect [144, 147]. In this thesis, we identified an
activating TSHr germline mutation and discuss the possible causes of severe
neuromuscular symptoms in the index patient.
1.7.2 Hypothyroidism
Hypothyroidism is the most common clinical disorder of thyroid function [148]. It is
best defined by a high serum TSH concentration and a low free T4 serum
concentration. Insufficient iodine levels or low iodine intake are a major cause of overt
hypothyroidism. However, in areas where iodine intake is adequate, the most common
cause of hypothyroidism is Hashimoto’s thyroiditis, an autoimmune disease caused by
autoantibodies to the TSHr (TSHr-Ab) that act as thyroid TSHr antagonists. In Study
III in this thesis, the effect of hypothyroidism secondary to Hashimoto’s thyroiditis on
renal function in children has been investigated.
1.7.2.1 Impaired renal function and hypothyroidism
Impaired renal function is one of the important manifestations of hypothyroidism
secondary to Hashimoto’s thyroiditis.
A significant increase in serum creatinine has been reported in adults [149-151],
children, and infants [152, 153] with hypothyroidism. As many as 55% of adults with
hypothyroidism have been shown to have an increase in serum creatinine levels [154,
155]. However, shortly after the start of treatment with thyroxin, serum creatinine is
rapidly and completely restored to reference range levels [149-153]. There have been
two longitudinal studies of adults in which renal function has been assessed by direct
measurements of the glomerular filtration rate (GFR) and the effective renal plasma
flow (ERPF). These studies have shown that GFR and ERPF are decreased in patients
with hypothyroidism before thyroxin therapy [156, 157].
The mechanisms of renal impairment in patients with hypothyroidism remain to be
established. Possible mechanisms include direct effects of thyroid hormones on blood
vessels, myocardial contractility, cardiac output, and peripheral resistance and indirect
effects of endocrine and paracrine mediators such as insulin-like growth factor 1 (IGF1) and vascular endothelial growth factor (VEGF) [158-163]. Alternatively, some
7
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studies have suggested that thyroglobulin-containing immune complexes are deposited
in the glomerular basement membrane, causing glomerular injury in autoimmune
thyroiditis [164-170].
In Study III of this thesis, we investigated the effect of hypothyroidism on renal
function as well as the effect of hormone therapy on the long-term outcome.
1.8 TSHR IN ADIPOSE TISSUE
1.8.1 Morphology and development of adipose tissue
Adipose tissue is found in mammals in two different forms: white adipose tissue and
brown adipose tissue. White adipose tissue is the body’s largest source of metabolic
fuel. Approximately 60 to 85% of the weight of white adipose tissue is lipid, with 
85% being triglyceride. Small amounts of free fatty acids, diglyceride, cholesterol, and
phospholipid, cholesterol ester and monoglyceride are also present [171].
Brown adipose tissue, which derives its color from rich vascularization and densely
packed mitochondria, is found in various locations, depending upon the species and age
of the animal. In the rat and mice, brown adipose tissue is found primarily in the
interscapular region [172, 173].
In humans, pigs, rats, and mice, adipose tissue formation begins before birth [174-177].
Immediately after birth, a rapid increase in adipose tissue mass occurs through
hypertrophic growth due to lipid accumulation, and through hyperplastic growth as a
result of mitotic activity in precursor cells. The increase in cell number continues even
in adult life [178, 179].
Adipose cell differentiation is characterized by a sequence of events during which
fibroblast-like cells from established clone lines become committed through the
acquisition of early markers (LPL) but do not contain triacylglycerol. These cells are
usually referred to as preadipocytes [180-183]. Terminal differentiation of these cells
refers to accumulation of lipid droplets coupled to the acquisition of various late
markers, among which is glycerol-3-phosphate dehydrogenase (GPDH) [184-186]
(Figure 2).
1.8.2 TSHr and regulation of adipocyte development
A possible link between adipocyte development and induction of the TSHr expression
in orbital preadipocyte is supported by several studies on preadipocytes or adipocytes
derived from Graves' disease patients. These studies reported expression of TSHr in
fibroblasts and adipose tissue [187-190], an increase in TSHr expression in
differentiating cells and mature adipocytes, and increased lipid content in orbital
preadipocytes, secondary to activation of TSHr [190-193]. Recently, Lu et al [194]
reported that adipocyte differentiation and expression of TSHr are initiated very early
(day 2-5) in the development of cultured murine ES cells and that the upregulation of
TSHr gene expression correlates with terminal differentiation of the adipocytes. The
expression of key transcriptional factors and TSHr is summarized in Figure 3.
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Figure 2. Overview of the stages in adipocyte differentiation. The pluripotent stem cell
precursor gives rise to a mesenchymal precursor cell with the potential to differentiate
along mesodermal lineages of myoblast, chondroblast, osteoblast, and adipocyte.
Preadipocytes undergo clonal expansion and subsequent terminal differentiation.

Figure 3. (A) Schematic representation of the differentiation of murine ES cells into
adipocytes. Undifferentiated ES cells (stage 1), EBs in suspension (stage 2), the
permissive phase (stage 3), and terminally differentiated adipocytes (stage 4). (B)
Gene expression analysis by RT-PCR shows the differentiation of adipocytes from
ES cells. RNA was isolated from undifferentiated ES cells (stage 1) and from cells
grown for 2 days (stage 2), 5 days (stage 3), and 20 days (stage 4) and analyzed for
expression of TSHr and the adipocyte marker genes ALBP, C/EBP , and PPAR .
Oct4 is an undifferentiated ES cell marker. ȕ-Actin serves as an internal control.
Control experiments contained no reverse transcriptase (–RT). This figure is
reproduced with the permission of the Society for Endocrinology (2008) [194].
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1.8.3 Adipose-tissue metabolism
The key feature of adipocytes is the storage of energy in the form of triglycerides (TGs)
and, as need arises, triglycerides are hydrolyzed by adipocyte lipases in sequential steps
leading to the formation of free fatty acid (FFA) and glycerol for use by other organs as
energy substrates (lipolysis). Free fatty acids are also important for the synthesis of
phospholipids and various lipoproteins.
1.8.4 Lipolysis and the role of TSHr and ß-adrenergic receptor
Adipocyte lipolysis is a complex process that is tightly regulated via integration of
multiple hormonal and biochemical signals. A large number of substances regulate
cAMP levels and thereby lipolysis. In adults, catecholamines are the only hormones
with a pronounced and immediate lipolytic action [195, 196]. The lipolytic action of
catecholamines is mediated by three E-adrenergic receptor subtypes: E, E2, and E3 [197,
198]. In adipocytes obtained from human neonates, TSH is the predominant lipolytic
hormone [57, 59]. TSH mediates its function by binding to a G-protein-coupled
receptor (TSHr) which activates a G protein which, in turn, activates adenylyl cyclase
and thereby increases the cAMP level [199].
TSHr and E-adrenergic receptor are functionally interrelated in adipocytes. In neonates
TSH has a significant lipolytic effect in physiological concentrations, whereas the
lipolytic effect of TSH decreases gradually in children and adults. ß-adrenergic
agonists have little or no effect in neonates, since the lipolytic effect of endogenous
catecholamines is blocked by an increased alpha-2 adrenoceptor activity [57, 200-202]
but gradually increases to reach the adult level by the age of 1–3 yrs [57, 59]. The
molecular mechanisms behind the decrease in the lipolytic effect of TSH have not been
identified, and only few data are available on the development and regulation of lipid
metabolism during the neonatal period.
1.9

TSH - TSHR ANIMAL MODELS
hyt

TSHr /TSHrhyt mice [39] are spontaneous mutant mice characterized by
hypothyroidism and failure to respond to TSH. Another mouse model in which the
TSHr gene has been inactivated by homologous recombination has been generated
[203, 204]. Both of these mouse strains display hypothyroidism with thyroid
hypoplasia. TSH signaling is also impaired in the pitdw/pitdw mouse model [205]. These
hypothyroid mice carry a loss-of-function mutation in the sequence encoding the POU
domain of the transcription factor Pit1. Mice homozygous for this mutation do not
express TSH, GH, or prolactin [206]. Furthermore, a mouse has been generated in
which the gene encoding the -glycoprotein hormone subunit (D-GSU) is disrupted
[207]. The D-subunit is common to the pituitary hormones TSH, LH, and FSH. As a
consequence, D-GSU-null mice are hypothyroid and hypogonadal. Mice with
mutations resulting in loss of the TSHr have a thyroid phenotype comparable to that of
mice with mutations knocking out TSH. The phenotypes of these strains are very
complex, reflecting, as they do, the key functions of the TSHr in many different tissues,
and we cannot deduce the specific role of the TSHr in adipose tissue. In this thesis,
10
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adipose tissue-specific removal of the TSHr has been generated in order to study the
specific effect of TSHr on adipose tissue metabolism.
1.10 KNOCKOUT (KO) MICE
1.10.1 Brief historical notes
As early as 1981 Martin Evans and Matt Kaufman (Cambridge, U.K), isolated mouse
embryonic stem cells which could develop into a full range of tissues [208]. In 1985
Brian Sauer introduced the Cre-loxP system in prokaryotic cells and subsequently
transferred it to eukaryotic cells [209, 210].
In 1987 Mario Capecchi's team at the University of Utah described a method for
making knockout mice [211], as did Oliver Smithies' group at the University of
Wisconsin. In 1995 R. Kuhn published the Science article “Inducible gene targeting in
mice” on Cre-loxP, conditional knockout [212].
1.11 CRE/LOX SYSTEM
The Cre/loxP system constitutes a strategy for generating tissue-specific gene knockout
mice. The standard approach requires two different genetically engineered mouse lines
to achieve a tissue-specific gene deletion. In most cases, Cre- and loxP-containing
strains of mice are developed independently, and then crossed to generate offspring
with the tissue-specific gene knockout.
The first mouse strain contains a targeted gene flanked by two loxP sites ("floxed
gene") in a direct orientation. This mouse strain harboring the floxed gene can be
crossed to with any other strain of mice expressing Cre recombinase in a specific tissue
or cell type.
The second mouse strain is a conventional transgenic mouse line expressing the Cre
recombinase under the control of a promoter that is specific for a particular cell or
tissue type. When the floxed mouse and the Cre-expressing mouse are crossed, some
offspring will inherit both the floxed gene and the Cre-expressing transgene. In the
tissue where the Cre recombinase is expressed, the DNA segment flanked by the loxP
sites will be excised and consequently inactivated. The targeted gene flanked by loxP
sites remains active in the cells and tissues that do not express Cre. An overview of the
method used is shown in Figures 5 and 6 in the Method section.
1.11.1 LoxP site
A loxP site is a 34-base pair (bp) DNA sequence that is composed of an 8-bp core
(which determines directionality) flanked on each side by 13 bps of palindromic
(complementary) sequences (Figure 4). Although loxP sites are prevalent in the
genomes of bacteriophages, this exact 34-bp sequence is statistically unlikely to occur
naturally in the mouse genome [213].
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1.11.2 Cre recombinase
The bacteriophage P1 encodes the 38-kDa cyclization recombination recombinase
enzyme known as Cre (creates recombination), which catalyzes recombination between
two specific DNA repeats. Cre is a member of the integrase family of recombinases; it
recognizes a specific 34-bp nucleotide sequence motif called a loxP site ("locus of
crossover P1"). Cre functions through a transient DNA-protein covalent linkage to
bring the two loxP sites together and mediate site-specific recombination. Depending
on the orientation of the paired loxP sites, the DNA segment between them will be
either excised or inverted. When the two direct repeats are in the same orientation, Cre
excises the intervening DNA segment, resulting in a single remaining loxP site [214]
(Figure 4).
1.11.3 The FLP-FRT system
The FLP-FRT system is similar to Cre-lox in many ways. It involves the use of flippase
(FLP) recombinase, derived from Saccharomyces cerevisiae (yeast). Instead of loxP
sites, FLP recognizes a pair of FLP recombinase target (FRT) sequences flanking the
genomic region of interest. As with loxP sites, orientation of the FRT sequences
dictates inversion or deletion events in the presence of FLP [215, 216] (Figure 4).
Despite similar mechanisms of action and DNA recognition sites, the Cre/loxP and
Flp/FRT systems do not exhibit significant cross-reactivity. The uniqueness of these
two recombination systems may allow them to be used in concert to simplify the gene
targeting process [217].
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LoxP

ATAACTTCGTATA-GCATACAT-TATACGAAGTTAT
Core spacer

FRT

CTTCAAGGATAAG-AGATCTTT- CTTATCCTTGAAG

Cre/loxP system
Cre: from bacteriophage P1
LoxP sites: 34-bp site (for the action of Cre)
FRT/Flp system
Flp: ffrom Saccharomyces cerevisiae (yeast)
FRT sites: 34-bp site (for the action of Flp)
Figure 4. Cre/lox system / Flp-FRT system.
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2 AIMS OF THE STUDIES
This thesis has two main parts. The first part covers the papers I-III and focus on
understanding the etiology and pathogenesis of the thyroid disorder and its effects on
different organs. The second part aims to gain an in-depth understanding of the TSHr
role in adipose tissue and, for this purpose; a tissue-specific knockout mouse model of
TSHr in adipocytes was created and used as an experimental tool. The specific aims of
this thesis can be summarized as:
1. To search for disease causing TSHr mutation in a family with autosomal
dominant non-autoimmune hyperthyroidism and explain the possible causes
of severe neuromuscular symptoms in the index patient.
2. To screen for disease-causing mutations in different thyroid disorders according
to clinical, radiological, biochemical, and histopathological criteria, including
Graves’ disease with and without autoantibody, nontoxic and toxic thyroid
nodules, and solitary non- or toxic follicular adenoma.
3. To evaluate the effects of hypothyroidism and thyroid hormone replacement
therapy on kidney function in long-term follow-ups in children.
4. To generate and characterize a TSHr tissue-specific knockout mouse model.
5. To confirm the previous in vitro results for the presence of TSHr on adipocytes.
6. To study the effect of TSHr on adipocyte morphology and metabolism.
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3 MATERIALS AND METHODS
3.1

SUBJECTS AND MATERIAL

3.1.1 Study I
A family meeting clinical and biological criteria for autosomal dominant nonautoimmune hyperthyroidism was enrolled; the index patient complained of severe
neuromuscular symptoms.
3.1.2 Study II
The material used in study II has been collected from 43 patients undergoing thyroid
surgery. Patients were classified according to clinical, radiological, biochemical, and
histopathological criteria. All thyroid tissue samples were classified as normal or
pathological by a histopathologist and stored at –70qC until used.
3.1.3 Study III
Renal function tests (GFR, ERPF) were performed in 31 consecutive children
diagnosed with acquired primary hypothyroidism secondary to Hashimoto´s thyroiditis,
and 50 healthy control children with no signs of kidney disease. GFR and ERPF were
measured before (n=7) and at 1 week, 1 month, 3 months, and 6 months (n=24) after
the onset of thyroid hormone therapy. Thirteen patients were reinvestigated at different
time intervals (6 months, 12 months, 18 months, 36 months, and 60 months) after the
initiation of thyroid hormone therapy.
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3.2

METHODS

Most of the methods used can be considered standard and are described in detail in the
original papers. The methods used for expression and functional characterization of a
TSHr mutation, the generation of the tissue-specific knockout mouse, adipocyte
morphology, and lipolysis will be discussed later in this section. The methods used are
listed in Table 1.
Table 1. General methods used in the studies in this thesis
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
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PCR
Genomic DNA preparation
DNA sequencing
Expression study
Transfection of cells
FACS
Blood chemistry
Thyroid ultrasound
Thyroid histopathology
Radioactive iodine uptake
Thyroid nodule DNA preparation
Glomerular filtration rate measurement
Effective renal plasma flow measurement
Vector construction
ES cell electroporation
ES cell DNA preparation
RT-PCR
Southern blot
Breeding and genotyping of mice
Tail DNA preparation
Body weight measurement
Isolation of adipocytes
Radioimmune assay (RIA)
Adipoctyte DNA preparation
Adipoctyte RNA preparation
cDNA preparation
Adipocyte size measurement
Lipolysis
RIA

Paper
I, II, IV
I, II, IV
I, II, IV
I
I
I
I, II, III, IV
I, II
I, II
II
II
III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV

Materials and Methods
3.2.1 Expression and functional analysis of TSHr
The strategy for expression of wild-type and mutant TSHr and analysis of receptor
function is illustrated in Figure 7. A PCR-amplified fragment encompassing the
mutation was cleaved with MscI and Bsu36I and used to replace the corresponding
wild-type cDNA in the expression vector pSVL. The plasmid construct was confirmed
by direct sequencing. COS-7 cells were transfected with wild-type or mutated receptor
constructs using the diethylaminoethyl-dextran (DEAE-Dextran) method, followed by
a dimethylsulfoxide shock as described elsewhere [218]. The cells were analyzed 48 h
after transfection, and the cAMP content was measured as described previously [218].
Cells transfected with the empty vector were always included as a control. A
monoclonal antibody BA8 was used to assess the expression level. Flow cytometry
analysis experiments were performed using a Fluorescence-Activated Cell Sorter
(FACS) [218]. The fold cAMP constitutive activity was calculated for each receptor
construct and then normalized for the own level of expression [218]. The specific
constitutive activity (SCA) of the mutant was then expressed as fold-increase over the
wild type.

Figure 7. Schematic presentation of the preparation of in vitro expressible DNA
fragments encoding TSHr. The relative positions of restriction sites are shown.
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3.2.2 Establishment of tissue-specific knockout mouse model
Cre-lox and FRT-flip gene targeting techniques were used to generate the TSHr
knockout mouse model. A general representation of the strategies used is depicted in
Figures 5 and 6.
A TSHr clone was isolated from a 129SvJ mouse BAC genomic library and analyzed
by restriction mapping and direct sequencing. A TSHr genomic sequence covering
intron 8 to intron 9 (Fragment A) was cloned immediately upstream of a neomycin
resistance cassette flanked by two FRT sites. A 1.6-kb fragment encompassing exon
10 (Fragment B) was inserted between two loxP sites. Finally, a 2.5-kb fragment of
the 3’ untranslated region UTR (Fragment C) was placed immediately downstream of
the distal loxP site (Figure 8).
The ES cell lines derived from 129 mice were electroporated and selected by G418.
Three-hundred fifty resistant clones were screened for homologous recombination by
Southern blot using HindIII and BsaMI digest and 5’ and 3’ external probes. Three
correctly targeted ES cell clones were confirmed (Figure 9), and one clone was injected
into blastocysts from C57BL6 mice and subsequently implanted into pseudopregnant
C57BL6 females. Chimeric (mosaic) mice consisting of cells originating from the
blastocyst and from ES cells are born approximately 17 days after transfer (Figure 5).
Breeding protocol
Breeding protocols used are summarized as follows. Male chimera mice were first
mated with C57BL/6 females (first backcross) and TSHr lox/wt offspring were mated
with a congenic strain C57BL/6 harboring Flip recombinase (second backcross).
Sequencing analyses confirmed the removal of neomycin resistance cassette flanked by
two FRT sites, with only one FRT site remaining (Figure 10). These mice were then
backcrossed to C57BL/6 for five generations. Hybrid offspring were intercrossed to
generate TSHr lox/lox without FRT. TSHr lox/lox intercrossed to a congenic strain
expressing Cre recombinase under the control of the mouse Fabp4 (B6.Cg-Tg (Fabp4Cre) 1Rev/J Stock Number: 005069 Jax Laboratory). This crossing continues for nine
generations to ensure a uniform congenic genetic background. We consider this
generation at least 95% congenic, and the residual amount of unlinked donor genome in
the strain is unlikely to be high.
3.2.3 Weight, fertility, biochemical analysis, and histology
Weight was recorded at 3, 5, and 8 weeks in all animals planned for investigations of
lipolysis as well as wild-type littermates. Total numbers of pups of both the wild-type
and knockout genotype for three generation were counted and regarded as an indication
of fertility.
Serum chemical analysis
T4 assay was performed on blood collected by cardiac puncture at the time of sacrifice,
and serum was frozen at -20 C for later use. Total serum T4 was measured using coat-a-
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count RIA kits from Siemens Medical Solutions Diagnostics, (PITKT4-5, Los Angeles,
CA).
Histology
The following tissues were examined: brain, thymus, spleen, pancreas, lymph nodes,
liver, kidney, adrenal glands, salivary glands, Harderian gland, trachea, thyroid,
esophagus, aorta, lung, testes, epididymis, urinary bladder, ovaries, uterus, oviducts,
cervix, urinary bladder, prostate, seminal vesicles, preputial gland, heart, tongue,
skeletal muscle, eyes, stomach, small intestine, cecum, colon, rectum, skin, sternum,
vertebrae, femur and spinal cord. Tissues were fixed in buffered aqueous formalin,
embedded in paraffin, sectioned at 5 µm, stained with hematoxylin and eosin (HE), and
examined by light microscopy.
3.2.4 Lipolysis experiments and fat-cell-size measurements
Only male mice have been used in these experiments for two main reasons. First, males
have more fat than females of equivalent ages and epididymal fat is easy to isolate.
Secondly, males are not influenced by the hormonal imbalance during the estrous cycle
that might affect the results. We used eight-year-old males as this was the youngest age
at which pooled adipose tissue from four mice constitutes the minimum required to run
one lipolysis experiment.
3.2.4.1 Isolation of adipocytes
Epididymal adipose tissue samples were placed in isotonic saline, and the preparation
of isolated adipocytes was started within 30 min [219]. In brief, adipose tissue was cut
into fragments and isolated from stroma by incubation with collagenase (Sigma, St.
Louis, MO, USA) for 1 hr at 37°C in Krebs-Ringer phosphate buffer, pH 7.4,
containing 40 g/L of bovine albumin. The samples were washed in Krebs Ringer
phosphate buffer, and aggregated material was removed by filtration through a silk
cloth.
3.2.4.2 Determination of the lipolysis rate
Adipocyte samples were incubated in duplicates for 2 hr at 37 °C in Krebs-Ringer
phosphate buffer pH 7.4, containing bovine albumin (40 g/L), glucose (1 g/L), and
ascorbic acid (0.1 g/L). Increasing concentration of isoprenalin (10-13 - 10-7 mol/L) or
bovine TSH (101 – 106 mU/L) (Sigma, St. Louis, MO, USA) were added in the absence
or the presence of 10 mU/L human recombinant insulin (Actrapid® Novo Nordisk
Scandinavia AB, Malmö, Sweden) at the concentration of isoprenalin (10-8 mol/L) or
bovine TSH (106 mU/L). The final cell concentration was 1% vol/vol, which
corresponds to 5,000-10,000 cells/mL. At the end of incubation, an aliquot of the
medium was removed for determinations of glycerol by a sensitive kinetic
bioluminescence method [220].
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3.2.4.3 Determination of adipocyte size
150-µL aliquots were added to 450 µL of 0.2% methylene blue for nuclei staining and
incubated for 15 min at 37°C in a water bath. 100 µL from the cell suspension was
placed on a glass slide, cover-slipped, and measured optically using a Nikon
microscope. Next, cells were photographed using a Nikon digital camera attached to
the microscope (Figure 11).
3.2.4.4 Expression of the results
Lipolysis was expressed both per cell and per cell surface unit [200]. The concentration
of agonist that produced 50% of the maximum effect (EC50, sensitivity) was calculated
graphically from the individual dose-response curves using GraphPad PRISM (San
Diego, CA, USA). The data were analyzed by t tests and ANOVA. A p value of
< 0.05 was considered significant.

20

Materials and Methods

Figure 5. Schematic illustration of basic transgenic procedures. (1). Generation of mice
bearing specific mutations in endogenous genes by homologous recombination of
foreign DNA into specific chromosomal locations. (2). Manipulation of embryonic
stem (ES) cells in culture. (3) and (4). Determination of homologous recombination
followed by microinjection of cloned ES cells carrying the properly targeted allele into
early mouse embryos at the blastocyst stage. 5. Mice resulting from this procedure are
chimeric, meaning that they include cells derived from the microinjected ES cells as
well as the host embryo. If the targeted ES cells have contributed to the germline
(sperm and egg cells) of the chimera, then this animal can pass the targeted allele to its
offspring. Initial offspring of a chimeric mouse carry only a single copy of the targeted
allele (+/ ), but animals homozygous for the null allele ( / ) are generated by mating
of two heterozygotes. This figure is reproduced with the permission of Dr. Pamela
Mellon.
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Figure 6. Breeding strategies to create a gene-targeted line.
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Figure 8. A. Schematic representation showing the wild-type TSHr exons 8-10,
restriction sites, selection gene cassette, Southern blot probes, LoxP sites, FRT sites,
and PCR primers (P1 and P2). B. Strategy used for removal of the selection gene
cassette. Primers P3 and P4 were used to analyze Flp-mediated recombination events.

Transgene 14kb
WT 12 kb
Transgene 14kb
WT 12 kb

Figure 9. Southern blot analysis using HindIII digestion and 5ƍ and 3ƍ external probes
derived from genomic DNA outside the region of homology between the targeting
vector and wild-type allele. Lanes 1, 2 represent homozygous wild-type mice; and lanes
3, 4 represent wild-type 12 kb and transgene 14 kb mice.
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Figure 10. Sequence analysis of mouse genomic DNA after crossing with Flip strains.
The sequence result confirms the removal of FRT as well as the orientation and
location of loxP sites.
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4 RESULTS
4.1

STUDY I

The pedigree indicated an autosomal-dominant inheritance of hyperthyroidism. The
index patient had clear clinical signs of hyperthyroidism, depressed levels of TSH and
increased levels of T4 and T3. The thyroid gland volume was normal on clinical
examination, by ultrasonogram, and at surgery. The patient was suffering from severe
neuromuscular symptoms. There was no indication of an autoimmune disorder.
A heterozygous missense mutation in exon 10, leading to substitution of glycine 431
for serine at the beginning of the first transmembrane segment, was found in the
index patient. Three additional affected family members carried the same mutation.
The signaling properties of the mutant receptor indicated an activating mutation.
Histological examination showed a colloid parenchyma with signs of increased
endocrine activity but no hyperplasia.
4.2

STUDY II

Sequence analysis of the TSHr gene in the patients with Graves' disease revealed no
somatic mutations but three different germline polymorphisms. Two of these were
detected in exon 1, corresponding to the extracellular domain of the receptor. A
substitution of aspartic acid for histidine (D36H) was detected in two patients
diagnosed with TSAbs-positive Graves' disease, and a substitution of proline for
threonine (P52T) was detected in four patients with TSAbs-negative Graves' disease,
three in the heterozygous and one in the homozygous form. The third polymorphism,
leading to a substitution of glutamic acid for aspartic acid (D727E) in exon 10 was
detected in one patient with TSAbs-negative Graves' disease. This polymorphism
(D727E), which involves the intracellular domain of the TSHr, was also found in
eight patients with other thyroid lesions.
Four somatic mutations identified in the TSHr gene were detected in two of the nine
hyperfunctioning follicular adenomas (I630L, D633Y) and in two of the nine
hyperfunctioning nodules from patients with toxic multinodular goiter (T632I,
F631V). Each mutation involved a substitution of one nucleotide and was predicted to
lead to an amino acid substitution. All four missense mutations were shown to
represent somatic events, since they were only present in pathological thyroid tissue
not in the corresponding constitutional DNA. No mutation in the GsĮ gene was
detected in the 43 thyroid specimens.
4.3

STUDY III

All children had low serum free T4 and T3 with a concurrently elevated TSH level and
an elevated titer of antithyroperoxidase (anti-TPO). All children were clinically and
biochemically euthyroid during the first reinvestigation period. No patient had
proteinuria or microalbuminuria.
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The initial GFR of 31 patients determined before or within 6 months after the
initiation of treatment was significantly lower in children with hypothyroidism than in
controls, with a mean of 87% of the control mean.
Fifty-eight percent of the 12 children investigated before or within 1 week after the
start of treatment and 31% of the 19 children studied between 1 and 6 months after
the start of treatment had a GFR <–2 SD of that of the control subjects.
GFR slowly improved. However, in 3 children, it had not returned to normal 12 months
after the start of therapy and, in another 4 children, it was <–2 SD after 18, 36, and 60
months of therapy.
The initial ERPF determined before or within 6 months after the initiation of
treatment was significantly lower than in the controls, with a mean of 83% of the
control mean.
Forty-five percent of the 11 children examined before or within 1week after the start
of treatment and 6% of the 19 children studied between 1 and 6 months after the start
of treatment had a ERPF –2 SD of that of the control subjects.
The ERPF improved in all children to values >–2 SD of that of the control subjects,
but 42% of the children had an ERPF between –1 SD and –2 SD of that of the control
subjects at the last investigations performed after 1 to 5 years of thyroxin therapy.
GFR and ERPF did not correlate with sex, age at diagnosis, TSH and T4 levels,
thyroid autoantibodies, or blood pressure.
4.4 STUDY IV
Animal phenotype
1. The tissue-specific TSHr knockout mice generated in this study developed and
bred normally, and had similar body weights compared with wild type at 3, 5,
and 8 weeks of age.
2. A comprehensive pathologic survey of numerous tissues (see above) of TSHr
wild-type (TSHrwt/wt) and knockout mice (TSHrloxP/loxP Cre-/+) littermates did
not reveal any gross abnormalities, differences in cell type, or morphology.
3. Serum total T4 did not differ between wild-type (TSHrwt/wt) and knockout
(TSHrloxP/loxP Cre-/+) mice: 67.55± 2.17 and 68.41± 2.58 nmol/L, respectively
(mean ± SD, P = <0.8).
4. Southern blot analysis of DNA from isolated adipocytes demonstrated that the
somatic inactivation of the TSHr gene was very effective (70% - 80%),
although not complete (Figure 12). TSHr transcript was less abundant (<75%)
in adipocytes from TSHr knockout (TSHrloxP/loxP Cre-/+) as compared to wildtype (TSHrwt/wt) littermates (Figure 13). Sequence analysis also confirmed the
removal of exon 10 (Figure 14).

26

Results
Adipocyte development and metabolism
1. Adipocytes isolated from eight-week-old TSHr knockout mice were
significantly larger than adipocytes from wild-type littermates: 53.77 ± 0.18
µm and 49.10 ± 0.227 µm, respectively (mean ± SEM, P<0.001).
2. Basal lipolysis in isolated adipocytes was higher in knockout than in wildtype when expressed per cell, but did not differ when expressed per cell
surface area.
3. The TSH dose-response curve was shifted to the right in knockout
adipocytes, and the sensitivity to TSH was reduced approximately 10-fold.
However, no differences were found in maximum response.
4. The lipolytic response to increasing concentrations of isoprenaline in
isolated adipocytes from wild-type and knockout littermates displayed a
similar sigmoid dose response. No differences were found in either
sensitivity or maximum response.
5. Following the addition of a fixed concentration of insulin to the incubation
buffer containing either isoprenaline or TSH to isolated adipocytes from
wild- type and knockout mice, the mean dose-response of isoprenaline and
TSH did not differ. However, insulin inhibitory effects constituted 51% and
39% of the maximum response induced by isporenaline and TSH
respectively.
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TSHr knockout

Wild-type

Figure 11. Representative images of isolated adipocyte sizes from TSHr knockout
(TSHrloxP/loxP Cre-/+) and wild (TSHrwt/wt) littermates.

1 2

TSHr knockout 12kb

Figure 12. Southern blot analysis performed on 10 µg DNA prepared from isolated
adipocytes from TSHr knockout (TSHrloxP/loxP Cre-/+, lane 1) and wild (TSHrwt/wt, lane
2) littermates using HindIII restriction enzyme and the 3ƍ external probe.
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Figure 13. Gene expression profiles. Histogram shows eight experiments performed in
duplicate. The expression of TSHr mRNA in each knockout (T) and wild-type (W)
mouse from different preparations of adipocytes was normalized to G3PDH and Bactin. The data represent the mean ± SD. The mean mRNA copy number of TSHr was
75% lower in adipocytes of knockout than that of wild-type, P < 0.001.

Figure 14. Sequence analysis of mouse DNA prepared from isolated adipocytes. The
sequence result confirms the removal of exon 10. The text shows part of exon 10
flanked between two loxP sites (FRT in green and loxP in red).
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5 GENERAL DISCUSSION
5.1

STUDY I

The clinical presentation of nonautoimmune hyperthyroidism is quite variable even
within each affected family. These variations may reflect the mild form of
hyperthyroidism that is common in these families [126, 128]. The gland size may
appear normal, mildly enlarged, or severely enlarged with multiple nodules, but most
cases of familial and sporadic hyperthyroidism are associated with goiter [126].
However, the absence of goiter in some patients, including ours, suggests that the
TSHr-cAMP cascade results primarily in a stimulation of thyroid function; whereas
additional factors such as environmental ones, e.g. iodine intake or the activation of
other signaling pathways, could influence the clinical presentation of the disease and
may be responsible for growth and nodular transformation.
A variety of neuromuscular symptoms and signs have been reported in patients with
thyroid diseases, including carpal tunnel syndrome, mononeuropathy, and symmetric
peripheral neuropathy [144, 145, 221]. The prevalence of these disorders among
patients with thyroid disease varies from 20% to 80% [146]. In a prospective study,
neuromuscular symptoms were found in over 67% of adult hyperthyroid patients [144],
and antithyroid treatment improves muscle performance and increases muscle mass
[222].
The question that arises is whether these symptoms are mediated by thyroid hormones
or autoantibodies [147, 223, 224]. In Study I, we demonstrated that the hyperthyroidism
was caused by a constitutive activating mutation of the TSHr and that no evidence of
autoimmune disease was present. We thus confirm previous findings of neuromuscular
symptoms in hyperthyroidism and argue that these symptoms are caused by a thyroid
hormone excess and not autoimmunity. Moreover, the severity of hyperthyroidism has
been correlated with the degree of muscle weakness [144], In contrast, the
neuromuscular symptoms in our patient were quite severe although the
hyperthyroidism was mild, possibly indicating that the duration of the hyperthyroidism
and not only its severity is important for the development of neuromuscular symptoms.
The component of the neuromuscular system responsible for this weakness is not
clear. Most descriptions of the action of excess thyroid hormone concerned changes
in muscle vasculature [225], muscle properties [226-228], or neuromuscular junction
and muscle innervations [229, 230]. In addition, thyroid hormone regulates the
transcription of several genes in the myocardium and skeletal muscle [144, 231], and
altered gene expression in skeletal muscle caused by the constitutive stimulation of
thyroid hormone production may be involved in the pathophysiology in our patient, as
it has been demonstrated that the expression of a number of genes, e.g. myosin heavy
chain gene, is altered by thyroid disease [231].
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5.2

STUDY II

In Study II, we addressed two questions: the first was whether TSAbs-negative
Graves' disease is associated with somatic mutations in the TSHr and/or GsĮ genes.
The hypothesis was that TSHr mutations could create specific autoimmune epitopes
or that the disease phenotype could result from constitutive activation of either the
TSHr or GsĮ. The second question was whether the pathogenesis of solitary toxic
adenomas different from that of solitary non-toxic nodules and toxic and non-toxic
multinodular goiter?
Three germline polymorphisms (D727E, D36H, and P52T) and four somatic
missense mutations (I630L, F631V, T632I, and D633Y) were detected in the TSHr
gene. No GsĮ mutation was detected.
D727E has been found in 33% of patients with toxic multinodular goiter, 16% of
patients with Graves' disease, and 10% of healthy controls and is considered to have
no or only minor effects on signaling properties [232-234]. D36H has been found in
2% of healthy individuals and did not show any functional impairment when
expressed in eukaryotic cells [233], and P52T has been detected in 9% of patients
with Graves' disease but also in 12% of healthy controls. None of these three common
polymorphisms has consistently shown an association with Graves' disease, although
a weak association has been reported for D727 [235-237]. However, it is possible that
P52T can make the receptor more prone to stimulating antibody formation or lead to
abnormal TSHr regulation and expression [238]. An association between P52T and
Graves' disease with extrathyroidal manifestation of autoimmune thyroid disease in
females has also been reported [232, 239]. In this study, P52T was found in 4 of 11
TSAbs-negative Graves' disease patients, including three heterozygoutes and one
homozygoute. The P52T polymorphism may influence the amplitude of the immune
response and hence the TSAbs level. This assumption is further supported by data
demonstrating a significantly lower level of TSAbs in Graves' disease patients with a
P52T mutation among different ethnic groups [240].
The etiology of TSAbs-negative Graves' disease remains unknown. However, it
remains possible that the assays for TSAbs may be incapable of detecting low levels
of heterogeneous TSAbs and fail to detect disease-associated antibodies. The
percentage of TRAK antibody negativity among patients with Graves' disease has
decreased with the advent of assays using human TRAb. This difference may reflect a
better performance of human, compared to porcine, TRAb in the low range of
measurements or that a subgroup of patients has antibodies with a higher affinity for
the human type than the porcine one, e.g., due to somatic mutations altering the
antigenecity. Alternatively, TSHr antibody-negative Graves' disease may be caused
by antibody-independent mechanisms or by a local antibody production limited to the
thyroid and impossible to detect in the circulation.
Somatic TSHr mutations were observed in both hyperfunctioning adenomas (2 of 9)
and hyperfunctioning nodules from toxic multinodular goiters (2 of 9). All four
mutations are located in the sixth transmembrane segment, underlining that this is a
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hot spot for gain-of-function mutations [103, 106, 113, 241]. Three of the four
different missense mutations have been described previously and increase the
constitutive activity of the cAMP-mediated signal pathway [113, 115, 117]. The
F631V mutation has not been reported previously but it is likely to function in a
similar manner [113, 115, 117]. This residue is located in the sixth transmembrane
domain, which is important for signal transduction. Two different mutations in the
same codon, F631L and F631C, cause constitutive activation of the receptor in toxic
nodules [115].
We found no mutations in the TSHr or GsĮ genes among patients with nonfunctioning follicular adenomas or nodules in nontoxic multinodular goiters. Putative
disease-causing mutations in these conditions may be searched for in genes encoding
factors that stimulate thyrocyte growth but not thyroid hormone secretion. The lack of
TSHr and GsĮ mutations in nonfunctioning thyroid nodules indicates that such
mutations are neither primary nor secondary events in these lesions.
Activating somatic TSHr or GsĮ mutations are found in solitary and multiple
hyperfunctioning nodules [103, 114, 115]. In previous studies, the prevalence of
TSHr and GsĮ gene mutations in autonomously functioning thyroid nodules varies
from 8% to 82% and from 3% to 75%, respectively [103-124]. These differences can
be explained on the basis of different screening methods and the extent of mutation
detection. However, we used a more sensitive method of mutation detection and
sequenced exons 9 and 10 of TSHr gene obtained from hyperfunctioning or nonfunctioning follicular adenomas and nodules in toxic or nontoxic multinodular goiters
as well as exons 8 and 9 of GsĮ gene in all 43 patients included in this study. As
mentioned, our results revealed two somatic TSHr mutations in the hyperfunctioning
follicular adenomas and two in toxic multinodular goiter. The results of this study,
along with the previously reported similar results, raise the question of the molecular
causes of the thyroid nodules in TSHr and GsĮ gene-negative mutations. At present,
we can only speculate on possible answers to this question.
First, in many previous studies, thyroid nodules have been demonstrated to be
predominantly of clonal origin when tested for x-chromosome inactivation [110, 242,
243]. More than 50% of TSHr and GsĮ mutation-negative nodules have been reported
to be of monoclonal origin [244-247]. In the light of the widely accepted paradigm in
tumor biology that neoplasia originates from a single mutated cell [248], one can
speculate on a neoplastic process in thyroid nodules with somatic mutations as the
initiating points in a gene other than TSHr, the GsĮ and the ras family of oncogenes.
Second, although the activation of the TSHr leads to stimulation of the adenylyl
cyclase via the GsD protein, higher TSH concentrations activate the phospholipase C
cascade by GqD [199, 249]. Moreover, there is evidence that the TSHr may be coupled
to other members of the G protein family [199, 250]. Interestingly, studies of ADP
ribosylation of stimulatory and inhibitory G protein Į subunits and adenylate cyclase
activity in hyperfunctioning adenomas and toxic nodular goiter suggest that
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constitutive activation of the cAMP-mediated signaling pathway may not be
sufficient to increase proliferation and function [113]. This is consistent with the
finding of activating somatic TSHr mutations in hyperfunctioning nodules of
multinodular goiter and the development of nodular goiter in patients carrying germline TSHr mutations. Taken together, these findings indicate a multi-step mechanism
for the development of hyperfunctioning adenomas and nodules [120].
Somatic mutations in the genes encoding TSHr and GsĮ and leading to altered
immunogenicity or constitutive activation do not appear to be an important factor in
TSAbs-negative Graves' disease. The data confirm previous reports of somatic gainof-function mutations in the TSHr gene in hyperfunctioning adenomas and nodules,
but not in nonfunctioning lesions. The presence of such mutations cannot distinguish
between solitary hyperfunctioning adenomas and nodules that are part of a toxic
multinodular goiter.
5.3

STUDY III

In this study, we found that renal function in children with hypothyroidism recovered
slowly and sometimes incompletely despite adequate thyroxin replacment. This
contrasts with earlier reports showing that impaired renal function in infants and
children with hypothyroidism, measured as an elevated serum creatinine level, is
rapidly reversible after the initiation of thyroxin replacement therapy [152, 153]. The
determination of GFR by means of a sensitive and accurate method showed that renal
function did not normalize completely even after 5 years of therapy in some patients,
which might not be revealed by serum creatinine measurements. However, the
clinical long-term consequences of these findings are still unclear.
An incomplete reversibility of GFR measured by CrEDTA clearance was found in
adult patients with hypothyroidism by Karanakis et al., who reported that 5 of 27
patients still showed a reduced GFR after two months of hormone therapy [157].
GFR and ERPF were low before the initiation of treatment and increased slowly after
the start of treatment, but remained lower than those of control subjects > 1 year after
the start of treatment. Moreover, when GFR and ERPF values were reanalyzed as
percentages of the control mean, both measurements were reduced to an equal extent.
Thus, our data indicate that the first recovery of GFR and ERPF could be caused by
direct effects of thyroid hormones on blood vessels, myocardial contractility, cardiac
output, and peripheral resistance [151, 154, 156, 251, 252], whereas the remaining
impairment of GFR and ERPF after this period seems to be caused by other, probably
structural, damage.
It is possible that renal impairment induced by hypothyroidism in children is not as
benign as has been suggested. There are two factors that may partly explain the
discrepancy between our study and other ones [152, 153]. First, whereas many studies
used a serum creatinine level or estimated GFR based on the serum creatinine method
[149-153], we chose to use a gold standard clearance method that is not influenced by
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changes in the production of creatinine and in the nitrogen balance. This method is
both more sensitive and specific. The other potentially important factor is the effect of
hypothyroidism in growing children. It seems that kidney growth arrest and catch-up
growth follow statural growth arrest and catch-up growth. A case report [152] on one
child with hypothyroidism showed that renal growth arrest parallels statural growth.
This finding is supported by a recent report showing that an increase in renal size
parallels statural growth after 4 to 5 years of treatment with insulin-like growth factor
I in children with growth hormone insensitivity syndrome [253].
An increased escape of albumin into the extravascular space has been reported in
patients with subclinical hypothyroidism [154, 156, 254]. However, no proteinuria or
microalbuminuria was detected in the children with autoimmune-positive
hypothyroidism in this study. Mild proteinuria caused by immune complexes is
present in approximately 30% of patients with autoimmune hypothyroidism [166].
We, however, could not confirm these results because none of our patients had
proteinuria or microalbuminuria, which makes autoimmune deposits in the glomeruli
less likely to be a cause of glomerular damage in autoimmune thyroiditis.
A strong correlation between the change in thyroid function and the change in renal
function, expressed as the serum creatinine level, has been reported in adults [255].
In this study, we did not find any correlation between the severity of the
hypothyroidism and GFR. Most likely, both the severity and duration of acquired
hypothyroidism are important in children, but the duration of acquired
hypothyroidism is difficult to determine.
5.4

STUDY IV

In this study, we generated genetically modified mice and used them to determine the
role of TSHr in adipocyte growth, development, and metabolism. We chose to
generate tissue-specific knockout mice because such a mouse model would be useful
for studying the TSHr cell-specific function since the TSHr is widely expressed in the
body. TSHr germline targeting would lead to a complex phenotype reflecting the
effects of both hypothyroidism and the TSHr in different tissues, and we therefore
could not deduce the specific role of TSHr in adipose tissue in such strains. In
addition, for further future uses and studies, our mouse strain can be either converted
into a null allele mutant (generalized knockout) by a single cross to a deleter strain
expressing Cre recombinase in germ cells, or crossed with transgenes exhibiting
tissue-specific promoter activity that can be regulated temporally by adding or
removing exogenous agents. This has been demonstrated to be a reliable technique in
vivo.
Our results confirmed the deletion of the TSHr gene in an estimated at least 70% of
pooled adipocytes from four different knockout mice of the same age (Southern blot,
RT-PCR, PCR, and sequencing); these adipocytes were not used for any further
experiments. Thereafter, the expression of Cre recombinase and the homozygous
floxed exon 10 of TSHr gene were identified by PCR in genomic DNA obtained from
34

General Discussion
mice tail biopsies. The percentage of TSHr removal was assessed by quantitative
TSHr mRNA measurements (RT-PCR). In the eight subsequent lipolysis and
adipocytes size measurement experiments, TSHr mRNA was at least 70% less
abundant in adipocytes isolated from TSHr knockout strains (RT-PCR).
Mouse strain expressing Cre recombinase only in adipose tissue was used to delete
TSHr from adipocytes. The incomplete removal of TSHr from adipocytes and the
high expression of Cre recombinase only in adipose tissue indirectly indicate that no
major removal of TSHr is possible in tissues other than adipose tissue. Thus, it is
unlikely that these mice strains could have suffered from any other endocrine or
metabolic disturbances. Moreover, offspring were weaned by day 21 and, on two
occasions, at 17 days. No hormone replacement therapy diet or thyroid powder
supplements were given. All the animals were viable and fertile, indicating a normal
phenotype.
Most of the previous studies use either Cre or the FRT system for the removal of
selective markers in ES cells. Cre recombinase is routinely used in ES cells and
transgenic mice with high recombination efficiency, whereas the reported use of the
FLP/FRT system in ES cells and transgenic mice has not been as efficient [256-258].
We chose to use in vivo manipulation of FRT- flanked selection neomycin gene. The
FLP/FRT system was very efficient, and the selective marker neomycin gene was
detected neither by Southern blot nor by PCR and sequencing, indicating a complete
removal of the neomycin resistance gene. On the other hand, Cre recombinase failed
to remove TSHr gene completely. This was not surprising to us; previous animal
studies show various efficiencies of in vivo deletion by Cre recombinase [259]. Most
likely, several possible explanations contributed to this result.
One explanation is different expression levels of Cre recombinase in individual
transgenic lines have been reported as a result of differences in transgene copy
number and genomic integration site related to chromatin structure [260-262],
transcription rate, DNA methylation [263, 264], or transcript degradation [265].
A second explanation is the effect of the distance between the two loxP sites. Cre
recombination efficiency is inversely proportional to the genetic distance between the
loxP sites [259, 266, 267]. However, this possibility seems to be unlikely, as the
flanked exon 10 of TSHr gene is 1.6 kb, which lies within the range of high Cre
recombination efficiency, as previously reported [259, 267].
A third explanation is the intra- and/or extra-uterine environmental factors. Previous
studies have demonstrated that Cre recombinase expression operates optimally at 37C
[258], and since the Cre strain we used expresses Cre recombinase both in white and
brown adipose tissue, removal of TSHr from brown adipose tissue is likely to alter
mouse thermogenesis regulation [268] and thereby have an affects on the efficiency
of the Cre system. In this respect, additional studies will be required to evaluate
whether body temperature has an effect on the efficiency of the Cre system in our
model or not.
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We demonstrated that adipose-tissue-specific inactivation of the TSHr in mice
resulted in a reduced lipolytic effect of TSH and an increased adipocyte size. Our data
thus indicate that the TSHr is of physiological importance for the growth and
metabolism of adipocytes. Furthermore, the decreased TSH-induced lipolysis in the
TSHr knockout mice confirms previous in-vitro studies indicating that the lipolytic
effect of TSH is mediated through activation of the TSHr [59].
An increased basal lipolysis was observed in the TSHr knockout mice, which might be
regarded as a compensatory mechanism secondary to the decreased lipolytic effect of
TSH. However, it is a well-established fact that larger adipocytes have a higher basal
lipolysis when the amount of glycerol release is expressed per cell [200]. To compare
the metabolic events in adipocytes of different sizes, we used the advantage of
expressing the results per cell surface area [200]. When the basal lipolysis was
expressed in this way, no differences between wild-type and knockout mice were
observed, indicating that the increased basal lipolysis is directly related to the increase
in adipocyte size, but this also further supports our observation of larger adipocytes in
TSHr knockout mice.
Although we did not explore the mechanism responsible for the increased adipocyte
size in the knockout mice, it is likely that the removal of the TSHr influences the
balance between lipolysis and lipogenesis, thereby causing enlargement of the
adipocytes. However, in adenosine A1 knockout mice, no effect on adipose tissue mass
was observed despite the fact that adenosine is a very potent inhibitor of lipolysis [269].
Thus, it cannot be excluded that other effects of TSH also are of importance for the
increased adipocytes size. The recent observation that TSHr is of importance for
lipogenesis early on in the differentiation of preadipocytes to adipocytes [194] gives
further support for such a possibility. In addition, in a series of studies, Hausman et al.
demonstrated increased adipocyte size in hypophysectomized pig fetus. Although the
absence of both growth hormone and thyroxin affects adipocyte development [270272], our present data indicate that the lack of TSH might also contribute.
The sensitivity of adipocytes to TSH is ten times lower in the knockout mice. The
reduced sensitivity is sufficient to shift adipocytes from the physiological range of
TSH. There are no indications that other mechanisms have caused the reduced TSH
sensitivity in the knockout mice. Furthermore, there is no reason to believe that other
factors than the removal of the TSHr are causing the increased adipocyte size and
increased basal lipolysis in the knockout mice.
It has been shown previously that functional TSHr are present in many tissues
including adipocytes in man [55-57]. Therefore, the confirmation that TSHr is active
during physiological conditions may be of clinical significance. For example, shortly
after birth and before lactation is established, the infant utilizes the stored carbohydrate
energy reserves, which develop during gestation, rapidly (12 hr) [273], lipid
mobilization via lipolysis in adipocytes become the major energy substrates [274-276].
After delivery newborn serum TSH is clearly elevated for several hours and serum
thyroid hormone levels reach a maximum at 24 h [277-281]. Although few data are
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available about the regulation of lipolysis during the neonatal period, a few in vitro
studies have shown that TSH is the main lipolytic hormone during this critical period of
life [282]. Moreover, recent studies suggest an intricate relationship between size,
cholesterol concentration, and insulin sensitivity of the adipocyte. Cholesterol
accumulates within the adipocyte lipid droplet proportionally to the triglyceride content.
However, hypertrophic adipocytes have reduced membrane cholesterol concentrations
compared with smaller adipocytes, and this may explain the insulin resistance in
hypertrophic adipocytes such as insulin resistance [283-287].
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