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INTRODUCTION INTRODUCTION 

1.11 REGULATION OF TSH SECRETION: 

AA CLASSIC FEEDBACK MECHANISM 

Thyroidd stimulating hormone (TSH) is the major regulator of thyroid hormone synthesis and 

secretion.. It is a heterodimeric glycoprotein produced by the thyrotrophic cells of the anterior 

pituitaryy gland, consisting of two noncovalently linked subunits, a and P, with a total mass of 

28-300 kDa (1). Differences in the molecular mass of TSH are primarily due to the 

heterogeneityy of carbohydrate chains. The a subunit is common to two other pituitary 

glycoproteinn hormones, follicle stimulating hormone (FSH) and luteinizing hormone, as well 

ass to the placental hormone chorionic gonadotropin. The p subunit, however, is unique to 

eachh of the four hormones and confers specificity of action. Production of bioactive TSH 

involvess cotranslational glycosylation and folding that enables combination of the two 

subunits.. TSH is stored in secretory granules before it is released into the circulation. It binds 

too its receptor on the thyroid follicular cells where it stimulates the production and secretion 

off  thyroid hormones, thyroxine (T4) and triiodothyronine (T3). Together with hypothalamic 

thyrotropinn releasing hormone (TRH), thyroid hormones are the main regulators of TSH 

plasmaa levels (Figure 1.1). 

TRHH stimulates TSH production by effects both at the transcriptional and 

posttranscriptionall  level and at the secretory level (2-4). On the other hand, T3 inhibits TSH 

production,, primarily at the transcriptional level on both the a and p-subunit genes (5,6). At 

thee posttranscriptional level, T3 decreases TSH bioactivity by reducing the addition of 

oligosaccharidess (3). In addition, T3 acutely blocks the secretion of TSH (7). 

Althoughh T3 is the bioactive thyroid hormone, both T3 and T4 provide a strong 

negativee feedback on the thyrotrophs. The intracellular monodeiodination of T4 to bioactive 

T33 is greater in the pituitary gland than in peripheral tissues, and contributes approximately 

halff  to the intrapituitary T3 content (8). Due to the strong feedback by thyroid hormones on 

TSHH secretion there exists an excellent negative correlation between plasma free T4 and TSH 

levelss (Figure 1.2) (9). Since TSH plasma levels fluctuate over a wider order of magnitude 

thann free T4 levels, TSH rather than free T4 is generally used to monitor thyroidal status. 

Besidess TRH and thyroid hormones as the dominant determinants of TSH plasma 

levels,, there are additional positive and negative regulators of the system. Both the 

neuropeptidee somatostatin (SRIF) and the catecholamine dopamine inhibit basal and TRH-
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Figuree 1.1. Anterior pituitary TSH secretion is stimulated by TRH released from the hypothalamus into the 

portall  system. Somatostatin (SRIF) inhibits pituitary TSH secretion by direct effects on the thyrotrophs as well 

ass diminishing the release of TRH. Dopamine (DA) also inhibits TSH secretion, although the net effect of the 

stimulatoryy actions on the hypothalamus is unclear. TSH binds to its receptor in the thyroid gland, and stimulates 

thee production and release of T4 and T3. In turn, the thyroid hormones provide a negative feedback loop at the 

levell  of the pituitary as well as at the hypothalamus. 

stimulatedd TSH secretion (10-13). SRIF may also have an inhibitory effect on TRH secretion 

att the hypothalamic level (14). Moreover, dopamine inhibits TSH a and (3-subunit gene 

transcriptionn by inhibition of adenylate cyclase resulting in decreased intracellular cAMP 

levelss (15,16). Furthermore, steroid hormones generally inhibit TSH secretion, but they are 

nott major determinants of TSH production (17). In healthy subjects, TSH is secreted in a 

pulsatilee manner, superimposed on a tonic secretion with a circadian pattern (18,19). Peak 

TSHH levels in humans occur between 23.00 and 05.00 hours and lowest levels occur at about 

11.000 hours (1). 
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3000 500 850 

Figuree 1.2. Relationship between serum TSH and free T4 (as reflected by free T4 index, FT4I) in 505 stable 

ambulatoryy patients with various states of thyroid function. The circles in the shaded area represent undetectable 

(<< 0.005 mU/L) TSH values. The solid lines represent the 95% confidence limits of the relationship (log TSH = 

2.56-0.222 FT4I; r = -0.84, P < 0.001) (9). 

1.22 REGULATION OF TSH SECRETION IN GRAVES' DISEASE 

Graves'' hyperthyroidism is an autoimmune disease caused by stimulating autoantibodies 

directedd against the TSH receptor. These autoantibodies were first detected in a bioassay 

involvingg the ability of injected patient's serum to release radioiodine from guinea pig 

thyroidss in vivo (20) and in 1964 this long-acting thyroid stimulator was recognised as an 

immunoglobulinn G molecule (21,22). Nowadays they are either detected by their ability to 

competee with radiolabeled TSH for binding to the TSH receptor (TSH binding inhibiting 

immunoglobulins,, TBII), or by their stimulatory (TSH receptor stimulating antibodies, TSAb) 

orr inhibitory (thyrotropin stimulation blocking antibodies, TSBAb) effect on cAMP 
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productionn in cell lines transfected with the TSH receptor (23). It should be noted that the 

TBIII  assay does not discriminate between TSAb and TSBAb. The large majority of these 

TSHH receptor antibodies is stimulatory, resulting in hyperthyroidism and goitre (24). A small 

percentagee blocks thyroid functions by inhibiting TSH-binding (25-28) or even without 

interferingg with TSH binding (29-31). An even smaller percentage is considered neutral and 

doess not affect TSH receptor activation, nor blocks TSH binding (32). Treatment of Graves' 

hyperthyroidismm with antithyroid drugs usually restores euthyroidism clinically and 

biochemicallyy (defined by normal free T4 and T3 levels) within 1 to 2 months (33). This is 

typicallyy accompanied by a decrease in autoantibody titres. 

Remarkably,, during adequate treatment of Graves' hyperthyroidism there is no 

consistentt correlation between free T4 levels and TSH levels once normal free T4 and T3 

serumm concentrations have been restored. In clinical practice it is frequently observed that 

euthyroid,, treated Graves' disease patients with normal, or even low, thyroid hormone levels 

showw suppressed plasma TSH levels for months or even years after euthyroidism has been 

establishedd (33,34). The only explanation for this phenomenon provided to date has been a 

delayedd recovery of the thyrotrophs from a prolonged hyperthyroid state (35,36). However, 

experimentall  evidence to support this theory has been lacking so far. 

1.33 ULTRA-SHORT LOOP FEEDBACK IN THE ANTERIOR PITUITARY 

Overr the last decade it has become clear that, in addition to central feed forward and 

peripherall  feedback control, additional autocrine and paracrine mechanisms within the 

anteriorr pituitary also influence pituitary hormone secretion (37-39). This offers the 

possibilityy of fine regulation of hormone secretion at the pituitary level. By analogy with a 

modernn central heating system that measures and regulates its own heat production by a 

centrall  thermostat (Figure 1.3), the pituitary could harbour such a central thermostat. The 

animall  body is, after all, a machine, a device that utilises energy to produce or execute certain 

functions.. Monitoring the production of its own secretagogues might enable the pituitary to 

fine-regulatee hormone secretion more efficiently. 
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Figuree 1.3. Modern central heating systems 

fine-regulatee their heat production not only 

throughh monitoring the temperature with a 

locall  room thermostat (RT) but also by 

directlyy assessing the heat production with 

aa central thermostat (CT). 

Ultra-shor tt  loo p regulatio n of PRL secretio n 

Autocrinee and paracrine regulation of pituitary hormone secretion has been studied most 

extensivelyy in lactotroph cells. Numerous peptides and other molecules that are synthesised 

byy lactotrophs, gonadotrophs, corticotrophs, and folliculo-stellate cells are known to be 

capablee of modulating prolactin (PRL) secretion (39-41). It is well established that PRL can 

inhibitt its own secretion by activating dopaminergic neurons in the hypothalamus (42-44). 

However,, PRL also acts directly at the lactotroph through an ultra-short loop feedback. PRL 

receptorr mRNA expression has been demonstrated in rat and human lactotrophs (45,46) and 

PRLL inhibits its own release in an autocrine/paracrine manner, in both human and rat pituitary 

(47-49).. Interestingly, in certain physiological conditions, such as lactation or prolactinoma, 

thee lactotrophs appear to lose their autoinhibitory response to prolactin (50,51). Strong 

evidencee indicates that the ultra-short loop inhibition by prolactin is related to a particular 

isoformm of the hormone, and that impairment in the production of this isoform is responsible 
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forr the loss of ultra-short loop feedback. For an extensive review on the complex regulation of 

PRLL secretion, see Ref. (52). 

Prolactinn secretion is also modulated by folliculo-stellate cells. In the anterior pituitary 

thesee cells are the only source of interleukin-6 (IL-6) (53). This cytokine has been shown to 

stimulatee prolactin secretion, both in vitro and in vivo (54,55). However, folliculo-stellate 

cellss suppress the prolactin-secretory response to angiotensin II and TRH when they are 

culturedd with lactotrophs as cell aggregates. Intimate contact between folliculo-stellate cells 

andd lactotrophs is not required for this inhibition, since it is still observed after dispersion of 

thee co-aggregates into single cells (41). This suggests that a diffusable inhibitory factor, 

differentt from IL-6, is secreted by the folliculo-stellate cells and suppresses prolactin 

secretion.. However, the identity of this putative paracrine factor is unknown. 

Further,, PRL-releasing peptide was long believed to be released by the hypothalamus 

only,, but the detection of PRL-releasing peptide as well as its receptor in the human anterior 

pituitaryy also suggests a paracrine or autocrine role for this peptide (56). 

Ultra-shor tt  loo p regulatio n of GH secretio n 

Ultra-shortt loop regulation within the pituitary has also been suggested for growth hormone 

(GH)) secretion. Using double immunocytochemistry, Mertani and co-workers (57) showed 

thatt the GH receptor is expressed in the human anterior pituitary by somatotrophs, 

lactotrophs,, and gonadotrophs but not in the thyrotrophs or corticotrophs. In the rodent 

pituitary,, GH receptor and/or binding protein expression has also been demonstrated in 

somatotrophss as well as in other hormone producing cells (58-61). Furthermore, Asa and co-

workersworkers (62) found that somatotrophs in transgenic mice expressing a GH antagonist become 

hyperactivee as observed by increased synthetic and secretory activity at the electron-

microscopicall  level. Since this stimulatory effect on the activity of the somatotrophs was even 

strongerr in transgenic mice that were devoid of the GH receptor, these findings are consistent 

withh a direct inhibition by GH on pituitary somatotrophs. A direct negative feedback by GH 

onn its own secretion was also demonstrated in intact rainbow trout pituitary using an in vitro 

perifusionn system (63). Pituitaries exposed to increasing doses of ovine GH, before being 

returnedd to a GH-free perifusion, indeed showed a dose-dependent inhibition of GH secretion. 

However,, Veldhuis and co-workers (64) showed that, in addition, GH feeds back on the 

centrall  nervous system regulatory centres via specific brain GH receptors. TSH activates 
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somatostatinn release and inhibits GH-releasing hormone outflow, ultimately decreasing GH 

releasee from the anterior pituitary. This offers an additional explanation for the observation by 

Asaa and co-workers. For an extensive review on the complex regulation of GH secretion in 

humanss and rodents see Giusina and co-workers (65). 

Ultra-shor tt  loo p regulatio n of TSH secretio n 

Indicationss for autoregulation of TSH secretion were already noted in 1971 by Leoni and co-

workerss (66) in order to explain their results obtained by in vitro superfusion experiments 

withh porcine anterior pituitaries. Remarkably, TSH levels in the incubation medium never 

exceededd an average concentration of 137 mU/ml/g dry weight. Adding exogenous TSH at 

3000 mU/ml completely abolished 3H-TSH release from the pituitaries. Thus, it is tempting to 

postulatee that TSH secretion is autoregulated within the anterior pituitary. For a short-loop 

controll  of TSH secretion to be operational, a specific pituitary cell type should be able to 

monitorr the secretion of TSH by the thyrotrophs. One way of achieving this is by the 

expressionn of the TSH receptor. This monitoring role could be performed either by the 

thyrotrophh itself, in an autocrine fashion, or by one or more intermediate cell types in a 

paracrinee fashion. Thus, TSH binding and TSH receptor activation will either directly down 

regulatee TSH secretion in the thyrotrophs, or activate an intermediate cell type to inhibit TSH 

secretion,, either directly by cell-cell contact or via certain specific agents released in the 

intercellularr space. We therefore hypothesised that TSH secretion is also regulated at the 

pituitaryy level in an autocrine or paracrine manner. 

Thiss hypothesis was developed on two grounds. First, in our experience, suppressed 

plasmaa TSH levels are more frequently observed in euthyroid patients treated for autoimmune 

Graves'' hyperthyroidism than in euthyroid patients treated for other forms of 

hyperthyroidism,, such as toxic nodular goitre. Second, when euthyroidism is restored by 

antithyroidd drug treatment, this is usually accompanied by a concomitant decline of the TSH 

receptorr antibody titres. However, in many patients these antibodies remain detectable in the 

bloodd for years (33,34). In contrast to the central nervous system, the pituitary resides outside 

thee blood-brain barrier and is thus well accessible for high molecular weight proteins such as 

antibodiess (67). In our theory, these antibodies will mimic the action of TSH resulting in 

downn regulation of TSH secretion by binding to the pituitary TSH receptor (Figure 1.4). 

9 9 
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Figuree 1.4. Regulation of TSH secretion during Graves' disease. Before treatment (left panel) TSAb stimulate 

thee thyroid resulting in hyperthyroidism. Increased thyroid hormone feedback at the level of the hypothalamus 

andd pituitary results in suppressed serum TSH levels. After treatment (right panel) with antithyroid drugs (MMI ) 

andd supplementation with T4, the patient is rendered euthyroid as defined by normal thyroid hormone levels. 

Thiss should restore the normal feedback on TSH secretion. However, the continuing presence of TSAb 

suppressess TSH secretion through its action on the putative TSH receptor in the pituitary. 

Inn fact, this hypothesis may also explain the intriguing fact that a relapse of Graves' disease 

afterr discontinuation of antithyroid drugs occurs more often in patients with high TBII titres 

(68-70),, but also in those who continue to have suppressed TSH levels in the absence of 

detectablee TBII titres (71). These suppressed TSH values might result from biologically active 

TSHH receptor antibodies below the detection limit of routine TBII assays. The widely used 

TRAKK assay measuring TBII only has sensitivity for Graves' disease of 83.5% (72). 

1.66 EXTRATHYROIDAL TSH RECEPTOR EXPRESSION 

Iss TSH receptor expression in the pituitary to be expected? After its first discovery in the 

thyroidd gland in 1966 (73), the TSH receptor was thought to be expressed exclusively by the 

10 10 
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thyroid.. However, results obtained over the last decade have demonstrated that TSH receptor 

expressionn is not at all restricted to the thyroid. Already in 1964, it was found that TSH could 

stimulatee lipolysis and glucose metabolism in isolated fat cells (74). Later, binding studies 

usingg radiolabeled TSH not only suggested TSH receptor expression in guinea pig fat tissue 

(75),, but also in human peripheral lymphocytes (76), human fat, adrenal and testis tissue (77). 

Thee molecular cloning of the TSH receptor from dog (78), human (79-81) and rat (82) 

finallyy offered the tools to confirm the presence of TSH receptor mRNA to be responsible for 

thee observed radio-labelled TSH binding in adipocytes (83,84). Moreover, the demonstration 

off  TSH receptor protein by Western blot analysis in rat adipose tissue indicated that indeed 

thee message was translated into protein (84). TSH receptor mRNA expression was also 

detectedd after amplification by reverse transcription-polymerase chain reaction (RT-PCR) in 

humann peripheral lymphocytes (85), retro-orbital tissue (86) and retro-ocular fibroblasts in 

culturee (87). However, care should be taken in the interpretation of these results. First, the 

extremee sensitivity of the method allows for detection of rare transcripts in complex mixtures 

off  mRNA. The demonstration of these rare transcripts does not necessarily mean that a 

functionall  protein is expressed. In a study to establish the physiological significance of 

extrathyroidall  TSH receptor mRNA expression, Aust and co-workers (88) were indeed able to 

amplifyy unexpected transcripts for TSH receptor as well as thyroperoxidase, thyroglobulin, 

FSHH receptor and insulin not only in thyroid tissue but also in typically non-expressing tissues 

andd cell types. Second, the RT-PCR used to demonstrate TSH receptor mRNA in 

lymphocytess was performed using primers complementary to sequences within one exon. 

Thiss can easily result in amplification of genomic DNA. 

Moree conclusive evidence regarding legitimate extrathyroidal TSH receptor mRNA 

expressionn has been obtained by direct cloning and sequencing of the full length TSH receptor 

(Tablee 1). In 1995, Endo and co-workers (89) cloned and sequenced TSH receptor cDNA 

fromm a rat epididymal fat cell cDNA library. Furthermore, CHO cells transfected with this 

TSHH receptor cDNA responded to TSH with an increase in cAMP. Northern blot analysis 

confirmedd the expression of TSH receptor mRNA in rat epididymal fat (89), guinea pig retro-

orbitall  fat (83) and in orbital fat from a Graves' disease patient (90). Thus, it can be concluded 

thatt a functional TSH receptor is indeed expressed by certain fat cells. 

Off  particular interest is the expression of TSH receptor in retro-orbital tissues. During 

Graves'' disease, a vast proportion of the patients develops Graves' ophthalmopathy, 

characterisedd by increased size of the extraocular muscles and retrobulbar fat. This swelling is 

11 11 
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largelyy attributable to excessive secretion of glycosaminoglycans by orbital fibroblasts. 

Althoughh the eye changes are well understood in a mechanistical sense, the nature of the 

autoantigenn in Graves' ophthalmopathy is still under debate (104). Since TSH receptor 

antibodiess are the immediate cause of Graves' hyperthyroidism, it was expected that the TSH 

receptorr would also be the autoantigen in orbital tissues. After its first discovery in healthy 

andd Graves' retro-orbital tissue by RT-PCR in 1993 (86), TSH receptor expression has been 

confirmedd in orbital fibroblasts from patients with Graves' ophthalmopathy at the mRNA as 

welll  as protein level (92,93,105). Furthermore, this preadipocyte fibroblast TSH receptor is 

functional,, as evidenced by the up regulation of TSH receptor (106) and p70 S6 kinase (a 

serine/threoninee kinase, known to be a down stream target of the TSH receptor in thyroid 

cells)) (107) by TSH in cultured Graves' orbital fibroblasts. In a recent study, Wakelkamp and 

co-workerss (108) showed that TSH receptor mRNA expression in the orbit is restricted to the 

activee stage of the inflammatory process. It now seems that preadipocyte orbital fibroblasts 

indeedd express the TSH receptor when stimulated to differentiate into mature adipocytes 

(109,110). . 

Thee TSH receptor is also expressed in the brain. Full length TSH receptor cDNA was 

clonedd from an ovine hypothalamic cDNA library (99). In rat astroglial cells in primary 

culture,, the TSH receptor was demonstrated using RT-PCR (111). TSH stimulates type-II 

iodothyroninee 5'-deiodinase activity in these cells, which suggests a role in the local 

regulationn of T3 concentrations in the central nervous system. Furthermore, Tournier and co-

workerss (112) showed that TSH also stimulates mitogen-activated protein kinase (MAP 

kinase)) in these cells. However, a mitogenic effect of TSH was not found. More convincing 

evidencee for the expression of a brain TSH receptor was provided recently by Crisanti and co-

workerss (100), who showed TSH receptor expression in astrocytes and neurons in rat brain 

tissuee by in situ hybridisation as well as by immunohistochemistry. 

TSHH receptor expression has also been demonstrated by northern blot analysis in 

cardiacc muscle cells and TSH stimulation of cultured mouse AT-1 cardiomyocytes elevated 

thee levels of intracellular cAMP (96). Furthermore, Selliti and co-workers (113) demonstrated 

byy RT-PCR that TSH receptor mRNA expression in porcine heart varies regionally, and 

suggestedd that areas of high expression (coronary arteries, adipose tissue, right atrium) are 

potentiall  sites for actions of TSH. 
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Thus,, from these data it can be concluded that the TSH receptor is functionally 

expressedd throughout the body in a variety of tissues and cell types. Extrathyroidal TSH 

receptorr expression in the anterior pituitary should therefore seriously be considered. 

1.77 INTRACELLULA R SIGNALLING 

TSHH recepto r structur e 

Thee TSH receptor belongs to the serpentine receptors and is a membrane protein consisting of 

aa single polypeptide chain of 764 amino acids that includes a 20-amino acid signal peptide 

(80).. It forms a long extracellular amino terminal domain, three extracellular loops, seven 

hydrophobicc transmembrane-spanning helices, three intracellular loops and a short 

intracellularr carboxyl domain (114). The extracellular domain as well as part of the 

transmembranee domain contributes to TSH binding and the three intracellular loops of the 

transmembranee segments are important for signal transduction (115). 

GG protein-couple d receptor s 

Thee TSH receptor belongs to the large and diverse superfamily of guanidine nucleotide-

bindingg protein (G protein) coupled receptors, which signal to diverse groups of effector units 

(e.g.. adenylate cyclases, phospholipases, and various ion channels) through a family of nearly 

200 heterotrimeric G proteins which act as transducers and signal amplifiers. These G proteins 

aree members of a superfamily of GTPases that are fundamentally conserved from bacteria to 

mammalss and are composed of a, (3 and y subunits (116,117). To date, 23 distinct a subunits 

aree cloned, including several splice variants. According to homologies in sequence and 

functionn of their a subunits, the G proteins are subdivided in four major subfamilies that 

includee stimulatory (Gs), inhibitory (Gj), Gq and G]2 a subunits (118). Five P subunits and 12 

yy subunits have so far been identified (119). Binding of ligands of various chemical natures, 

suchh as hormones, neurotransmitters, chemokines, lipids, nucleotides, ions and proteases, 

activatess G protein-coupled receptors by inducing or stabilising a new conformation in the 

receptorr (Figure 1.5). 
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Figuree 1.5. Schematic representation of G protein activation and signalling. Ligand binding to the heptahelical G 

protein-coupledd receptor causes activation of G proteins by facilitating the exchange of GTP for GDP on the a 

subunitt of the trimeric G protein. The a subunit now has a reduced affinity for the Py-dimer and the receptor, and 

dissociates.. The a and Py subunits are now free to activate downstream effectors. Shutdown of the signal is 

dependentt on the intrinsic GTPase activity of the a subunit. Hydrolysis of subunit-bound GTP to GDP 

reconstitutess the heterotrimer, ready for another round of activation. 

Changess in the intracellular loops are thought to uncover previously masked G 

protein-bindingg sites on the intracellular loops and lead to increased coupling to the 

heterotrimericc G protein resulting in GDP release from its binding site on the Ga subunit. 

GTPP binds Ga, which then has a reduced affinity for the GPy-dimer and receptor. Both Ga 

andd G(3y are then free to activate downstream effectors, such as enzymes and ion channels 

(Tablee 1.2). 

Hydrolysiss of bound GTP to GDP allows the a-subunit to reassociate with the Py-

dimer,, ready for another round of receptor-regulated activation. The intrinsic GTPase activity 

off  Ga and its association with the Py-subunits are both regulated by accessory proteins. These 

'regulatorss of G protein signalling', or RGS proteins, may bind to Ga and accelerate the rate 

off  GTP hydrolysis (117). The Py-subunits are regulated by phosducin, a protein that binds 

tightlyy to the subunits, thus preventing their interaction with Ga and effectors (122-124). 

.NH2 2 

inactivee + active e 
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Tablee 1.2. Families of G proteins are classified based upon amino acid sequence similarity of their a subunits, 

andd include stimulatory (Gs), inhibitory (G:), Gq and Gi2 a subunits.a Downstream effects are shared among the 

differentt members in one family. AC, adenylate cyclase; PDE, phosphodiesterase; PLCp, phospholipase Cp (119-

121). . 

Family Family Members Members TissueTissue distribution DownstreamDownstream effects" 

a, , Wide e 

Brain n 

Increasedd AC activity, 

Ca2++ channel opening, 

K++ channel closing 

G, , a,.|,a,.i,, a, 3 

ao-i,, ao-2 

att i. a,-2 

gUM M 

Wide e 

Brain n 

Retina a 

Tastee buds 

Wide e 

Reducedd AC activity, 

Ca"++ channel closing, 

K++ channel opening, 

increasedd PDE activity 

an n 

at4 4 

ai5,, a16 

Wide e 

Wide e 

Stromal/epithelial l 

Myeloid d 

Increasedd PLCp activity 

ÖI2,, an Wide e Na+/H++ exchange 

Adenylat ee cyclase/cAM P and IP^Ca2* pathwa y 

Inn human thyrocytes, the TSH receptor interacts with multiple G proteins. Best studied is its 

associationn with Gs and Gq/n (125). Activation of Gs activates adenylate cyclase which 

catalysess the formation of cAMP from the substrate Mg2+-ATP (126,127). At higher 

concentrationss TSH also interacts with Gq/n, stimulating phospholipase C which results in the 

hydrolysiss of phosphatidyl inositol 4,5-Diphosphate into inositol 1,4,5-triphosphate (IP3) and 

diacylglyceroll  (128,129). IP3 binds to its receptor on the endoplasmic reticulum resulting in a 

releasee of Ca2+ from intracellular stores. Activation of these two pathways leads to the 

activationn of cAMP-dependent protein kinase A and Ca2+-dependent protein kinase C. Protein 

phosphorylationn causes an allosteric change in the protein's conformation, which either 

increasess or decreases its activity, and induces a cascade of signal transduction events both 

intracytoplasmicallyy and within the nucleus. Protein phosphorylation is reversible because of 

thee abundant phosphatases present in the cytosol. When protein kinases are turned off, these 

phosphatasess remove the phosphate from the phosphorylated enzyme, and the enzyme activity 

returnss to its former level. 
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Phospholipas ee A2/arachidoni c acid pathwa y 

Inn primary cultured rat astroglial cells, however, TSH receptor neither signals through 

adenylatee cyclase nor phospholipase C. Instead, cytosolic phospholipase A2 activity is 

stimulated,, resulting in the release of arachidonic acid (AA) from phosphoglycerides (111). 

Thee ability of the TSH receptor to couple to phospholipase A2 after activation by TSH and/or 

Graves'' immunoglobulins is supported in several studies using rat FRTL-5 thyroid cells 

(130,131),, human thyroid cells (132) and in CHO cells transfected with the human TSH 

receptorr (133). In porcine thyroid cells, however, this pathway appears to be activated by 

TSAbb only, and not by TSH (134). It remains to be elucidated which G protein is implicated 

inn activation of phospholipase A2 by the TSH receptor. Studies in the retina suggest that 

phospholipasee A2 is activated through Gpy subunits (135). 

JAK/STA TT pathwa y 

GG protein-coupled receptors can physically associate with intracellular proteins other than G 

proteins.. Recent evidence indicates that in this way, they might also signal through activation 

off  the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signalling 

pathway.. This pathway was originally discovered through the study of interferon-induced 

intracellularr signal transduction. Four members of the JAK family have been identified 

(JAK1,, JAK2, JAK3 and Tyk2). They form a unique class of tyrosine kinases that are 

typicallyy associated with cytokine receptors. JAK1, JAK2 and TYK2 appear to be 

ubiquitouslyy expressed. JAK3 expression, however, is predominantly restricted to cells of the 

hematopoieticc lineage and plays an important role in immunoregulation (136,137). 

Uponn ligand binding, the dimerisation of cytokine receptors results in 

transphosphorylationn and activation of the JAKs at tyrosine residues within the kinase domain 

(Figuree 1.6). These JAKs then phosphorylates tyrosine residues in the cytoplasmic domain of 

thee receptor. These phosphorylated sites serve as docking sites for various members of the 

STATT family. Finally, JAKs activate the bound STATs through phosphorylation on a single 

tyrosinee residue. Growth factor receptors with intrinsic tyrosine kinase activity can also 

activatee STATs directly. Tyrosine phosphorylation allows the activated STATs to form homo-
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Figuree 1.6. The JAK/STAT pathway in cytokine signalling. Signalling is triggered when a cytokine (CK) binds 

to,, and induces dimerisation of, its receptor (1). The JAKs are transphosphorylated (P) (2) and this activates 

themm to tyrosine phosphorylate the receptor chains (3). The STAT proteins then bind to the phosphorylated 

receptorss (4) and the STATs are tyrosine phosphorylated by the JAKs (5). Once the STATs are tyrosine 

phosphorylatedd they dissociate from the receptor (6), dimerise, and the homo- or heterodimers migrate to the 

nucleuss (7) where they associate with specific sequences in the promoter regions of target genes and activate 

genee transcription (8) (140). 

and/orr heterodimers, translocate to the nucleus, bind to specific response elements in 

promoterr regions of target genes, and transcriptionally activate these genes (138). So far, 

sevenn mammalian STAT proteins have been identified as STAT1, STAT2, STAT3, STAT4, 

STAT5a,, STAT5b, and STAT6. STAT3, STAT5a and STAT5b are activated by a variety of 

cytokines,, whereas each of the other five members is activated by specific cytokines (139). 

Unlikee many single membrane growth factor receptors (e.g., epidermal growth factor receptor 

andd platelet-derived growth factor receptor), the G protein-coupled receptors as well as type I 

andd type II cytokine receptors lack cytoplasmic tyrosine kinase domains. Cytokine receptors 

thereforee recruit STAT proteins that are constitutively associated to the receptor, while in G 

protein-coupledd receptor signaling JAK association is mediated by ligand binding. Although it 

appearedd that G protein-coupled receptors could activate STATs independently of the 

heterotrimericc G proteins, recent observations now indicate that it might be the p-subunit of 
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thee trimeric G protein that provides the missing link between the classic G protein-coupled 

receptorr and signalling proteins activated by tyrosine phosphorylation (141). 

Thee first G protein-coupled receptor that was reported to activate JAK/STAT pathway 

wass the angiotensin II ATI receptor (142). Stimulation of this receptor leads to the activation 

off  JAK2 and its substrates STAT1, STAT3 and STATS. Two other peptide molecules that 

signall  through the JAK/STAT pathway are a-melatonin stimulating hormone (aMSH) and 

serotoninn (143,144). aMSH activates JAK2/STAT5 in human cultured lymphocyte (EM-9) 

cellss and in mouse L-cells stably expressing the G protein-coupled human MC5 receptor. The 

serotoninn receptor signals though JAK2/STAT3 in myoblasts. Recently, Park and co-workers 

(145)) demonstrated that also the TSH receptor can signal through this intracellular 

phosphorylationn pathway. In rat FRTL-5 cells as well as in CHO cells transfected with the 

humann TSH receptor, TSH induces the phosphorylation of JAK 1 and JAK2 and JAK 

substratee STAT3 is rapidly tyrosine phosphorylated by TSH. It was also shown that there is a 

directt association of JAK1, JAK2 and STAT3 with TSH receptor (145). 

TSHH recepto r interact s wit h multipl e G protein s 

Furthermore,, as was demonstrated in human thyroid membranes, the TSH receptor is also 

coupledd to several subtypes of Gj and Go as well as to G12 and Gn (146). In contrast to the 

rolee of the Gs-cAMP cascade in TSH signalling, the role of pathways through Gq/n, Guo and 

G12/133 proteins remains to be elucidated. Activation of Gj-dependent pathways may lead to a 

decreasee in adenylate cyclase activity. In neuronal and neuroendocrine tissues Go mediates 

inhibitionn of voltage-gated Ca2+ channels (147). But the expression of Ca2+ channels has not 

beenn demonstrated in normal human thyrocytes yet. Instead, the authors suggest a role for Go 

inn the secretory processes of the thyrocyte. Littl e information is available regarding G12/13. 

Bothh G proteins have oncogenic potential in mouse NIH 3T3 fibroblasts and appear involved 

inn processes of differentiation and organogenesis (148), and show the ability to stimulate 

Na+/H++ exchangers (149). In dog thyroid membranes it was even demonstrated that TSH 

receptorr could couple to 11 different G protein subtypes belonging toGj/o, Gs and Gq/i 1 

subfamiliess (150). However, in intact dog thyroid cells in primary culture, the authors did not 

observee an effect on Gq/i 1 as indicated by a lack of IP3 accumulation. Nevertheless, it thus 

seemss that, at least in the thyroid, the TSH receptor is a general G protein-activating receptor. 
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1.88 SUMMARY 

Itt can be concluded that extrathyroidal TSH receptor expression is not at all a far-fetched idea 

sincee the TSH receptor has been demonstrated in a variety of tissues. Furthermore, autocrine 

regulationregulation of PRL secretion is well described and evidence that also GH inhibits its own 

releasee through a pituitary GH receptor is accumulating. Thus, an ultra-short loop mechanism 

modulatingg TSH secretion within the anterior pituitary can be envisioned. Activation of the 

TSHH receptor classically stimulates adenylate cyclase and phospholipase C, resulting in the 

formationn of cAMP and IPv/Ca"+. However, as has been shown recently, multiple signalling 

pathwayss can be activated by the stimulation of the TSH receptor. 

1.99 SCOPE OF THE THESIS 

Inn order to evaluate that an ultra-short loop feedback, mechanism controlling TSH secretion at 

thee pituitary level is responsible for the suppression of TSH levels in euthyroid treated 

Graves'' disease patients, we hypothesised that the pituitary would express a TSH receptor. 

Inn chapter  2 the TSH receptor localisation in the human anterior pituitary is described. 

Screeningg of a human pituitary cDNA library with a TSH receptor specific cDNA probe 

producedd two positive clones. One clone was sequenced and encoded the full-length human 

TSHH receptor. Combined in situ hybridisation and immunocytochemistry, and double-

immunocytochemistryy confirmed the presence of TSH receptor mRNA as well as TSH 

receptorr protein in distinct pituitary cells phenotypically identified as a subset of folliculo-

stellatee cells. 

Inn chapter  3 and 4 we examined if this pituitary TSH receptor is indeed involved in a 

negativee feedback mechanism on TSH secretion. If so, TSH receptor activation should be able 

too suppress TSH secretion independently from the classical feedback loop via thyroid 

hormones.. To investigate this we developed a modified version of the LATS (long-acting 

thyroidd stimulator) bioassay (chapter 3). Biochemically thyroidectomised rats supplemented 

withh L-thyroxine to maintain euthyroidism showed lower plasma TSH levels after injection 

withh stimulatory human autoantibodies against the TSH receptor as compared to rats injected 

withh normal human IgG. Chapter 4 describes that in euthyroid treated Graves' 

hyperthyroidismm patients, serum TSH levels are indeed lower in patients with a positive TBII 
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titre.. Furthermore, TSH levels are quantitatively correlated to TBII titres and not to thyroid 

hormonee levels in the serum. Both studies strongly support our hypothesis. However, they do 

nott provide evidence regarding the mechanism by which FS cells do regulate TSH secretion. 

Inn chapters 5 and 6 we aimed to clarify how the folliculo-stellate cells might be 

involvedd in the regulation of TSH secretion. First, we characterised a mouse folliculo-stellate 

celll  line (clone TtT/GF) in terms of adenohypophyseal hormone receptor expression (chapter 

5).. Remarkably, the cell line expresses receptors for TSH, growth hormone and 

adrenocorticotropicc hormone. No expression of the gonadotropic hormone receptors or PRL 

receptorr was detected. Chapter 6 then describes postreceptor effects of TSH in this cell line. 

TSHH receptor activation did not signal through adenylate cyclase/cAMP, IP3/intracellular 

calciumm or the JAK/STAT3 cascade, but probably signals through STAT5a. The possible role 

off  TGF-p2 as a paracrine factor involved in the cross talk between folliculo-stellate cells and 

thyrotrophss is discussed. 
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2.11 ABSTRAC T 

Thyrotropinn (TSH) secretion from the anterior pituitary is mainly regulated by thyrotropin 

releasingg hormone and thyroid hormones. We hypothesised that in addition the pituitary itself 

couldd modulate TSH production by sensing its own TSH release, enabling fine-tuning of TSH 

secretion.. For such an ultra-short loop control the pituitary should contain a TSH-receptor 

(TSHR).. To find evidence for this we screened a human pituitary cDNA library with a DIG-

labelledd TSHR probe and found two positive clones out of 32,000 plaques. One clone was 

sequencedd and found to be completely identical to the thyroidal TSHR. Further proof was 

obtainedd by RT-PCR on a human anterior pituitary obtained at autopsy. In situ hybridisation 

andd immunohistochemistry confirmed the presence of TSHR in the anterior pituitary at the 

mRNAA level as well as the protein level. Moreover, double-labelling experiments revealed 

thatt TSHR mRNA as well as TSHR protein co-localises with MHC class II expression of 

folliculo-stellatee cells. 

Wee conclude that TSHR is expressed in a subpopulation of folliculo-stellate cells in 

thee human anterior pituitary. This finding suggests ultra-short loop regulation of thyrotropin 

secretion.. Putative recognition of the pituitary TSHR by TSHR antibodies might have clinical 

relevancee in Graves' disease. 
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2.22 INTRODUCTION 

Thyrotropinn (TSH) is the major regulator of thyroid hormone synthesis and secretion. The 

productionn of TSH in the anterior pituitary is modulated by thyroid hormones via a classical 

negativee feedback mechanism, and by thyrotropin releasing hormone (TRH) from the 

hypothalamuss by a positive feed forward mechanism. In concert with other circulating factors, 

suchh as dopamine, somatostatin and some steroids, TRH and thyroid hormones are seen as the 

mainn determinants to maintain normal TSH secretion. 

Wee hypothesised that, in addition, TSH secretion might also be fine-regulated in a short 

loopp feedback at the pituitary level through the TSH receptor (TSHR). This hypothesis was 

developedd on two grounds. First, because we were intrigued by the well known clinical 

observationn that many patients with Graves' hyperthyroidism continue to show suppressed 

plasmaa TSH levels despite adequate antithyroid treatment resulting in clinical euthyroidism, 

andd normal (or even low) plasma thyroxine and triiodothyronine levels (1,2). In our 

experiencee this is less often seen in patients with other forms of hyperthyroidism. We 

wonderedd whether TSHR stimulating antibodies (TSAb) might suppress TSH secretion by 

directt action on the pituitary. If so, the pituitary should contain a TSHR. Several reports have 

noww demonstrated that the TSHR is present at extrathyroidal sites. In the intestine, for 

example,, it appears to be involved in a local paracrine network of hormonal regulation of T 

celll  homeostasis in response to locally produced TSH (3). 

Secondly,, we hypothesised that it would be more efficient for the fine-tuning of TSH 

secretionn (i.e., to keep TSH plasma levels within a certain range) if the pituitary was able to 

measuree and regulate its own TSH production, in analogy to modern heating boilers, which 

regulatee their heat production through built-in temperature sensors in addition to the room 

thermostat. . 

AA pituitary TSHR might be involved in the TSH secretion at the pituitary level in an 

autocrinee fashion via a TSHR on the thyrotroph itself. Alternatively, it might be mediated in a 

paracrinee fashion through another cell type. A likely candidate for this is the folliculo-stellate 

celll  (4), which is known to produce various cytokines and other regulatory factors, mostly 

notablyy IL-6 (5, 6). 

Too test our hypothesis, we set out to study the presence and cellular localisation of the 

TSHRR in the human anterior pituitary using several, independent methods aimed at finding 

bothh TSHR mRNA and protein. 
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2.33 MATERIAL S AND METHODS 

Librar yy screenin g and sequencin g 

Wee used a human pituitary XDR2 cDNA library (Clontech; Palo Alto, CA) obtained from a 

pooll  of 12 Caucasian males and 6 Caucasian females (ages: 7-65 yrs) who died from trauma. 

Thee library contained 2 x 106 independent clones with an average insert size of 1.8 kb (range: 

0.6-4.77 kb). The titre was determined to be 8 x 109 pfu/ml. For screening, the library was plate 

amplifiedd using E. coli K802 and plated out on eight 150 mm plates (appr. 4,000 pfu/plate). 

Thee plaques were transferred to nylon filters using standard techniques and screened with 

digoxigeninn (DIG) labelled cDNA probes corresponding to the intracellular (ICD) and 

extracellularextracellular (ECD) domains of the TSHR (see below). For sequencing the clone was purified 

til ll  monoclonality by repeated Southern hybridisation (i.e., membrane lifts of the plaques were 

probedd with the DIG-labelled cDNA probes). The A, phage was converted to a plasmid by in 

vivovivo excision according to the manufacturers manual (Clontech; Palo Alto, CA). We used a 

non-radioactivee dideoxy chain termination sequencing method on an automated sequencer 

(ABII  Prism 377 DNA Sequencer, Perkin Elmer; Foster City, CA). The plasmid insert was 

sequencedd using the pDR2 sequencing primers covering the insert/plasmid boundaries. 

Furtherr sequence information was obtained using forward primers based on the published 

TSHRR sequence (7-9), with an appr. 300 bp spacing creating abundant internal overlap 

betweenn sequences. 

Revers ee transcriptio n and polymeras e chai n reactio n 

Pituitaryy tissue (75 yrs old male) was obtained from the Netherlands Brain Bank (coordinator 

Drr R. Ravid). The tissue was obtained at autopsy and snap-frozen in liquid nitrogen. Prior to 

usee the anterior pituitary was dissected out (appr. 50 mg) and homogenised. Polyadenylated 

RNAA was isolated using the QuickPrep Micro mRNA purification kit (Pharmacia Biotech; 

Uppsala,, Sweden) and reverse transcribed into single-stranded cDNA using the First Strand 

cDNAA synthesis kit with random primers (Roche Molecular Biochemicals; Mannheim, 

Germany).. PCR was done as described before (10), using the PCR Core kit (Roche Molecular 

Biochemicals;; Mannheim, Germany). In short, the reaction mixture was subjected to 35 
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cycless of 1 min at 92°C, 2 min at 55°C and 3 min at 72°C following an initial 2 min at 92°C 

inn a Personal Cycler (Biometra; Göttingen, Germany). 

InIn  situ  hybridisatio n 

Threee human anterior pituitaries (76, 82 and 83 yrs old males) were obtained after autopsy 

fromm the Netherlands Brain Bank (coordinator Dr R. Ravid), snap frozen in liquid nitrogen, 

andd stored at -70°C. Thyroid tissue of a 23 year old female diagnosed for Graves' disease and 

liverr tissue of an individual with no known history of thyroid pathology were obtained at 

surgery,, stored in liquid nitrogen and included as positive and negative control tissues, 

respectively.. 10 um frozen sections were mounted on silane-coated slides, air dried on a hot 

platee and kept at -70°C until use. Tissue pretreatment consisted of fixation in 4% 

paraformaldehydee in phosphate-buffered saline (PBS, pH 7.4), carbethoxylation in 0.1% 

activee diethyl pyrocarbonate in PBS and equilibration in 5x SSC. Sections were prehybridised 

forr 1 h at room temperature in hybridisation mixture (5x Denhardt's, 5x SSC, 50% deionized 

formamide,, 200 ng/mL salmon sperm DNA, 250 |ig/mL yeast tRNA) which was replaced by 

2000 ul hybridisation mixture containing 200 ng/ml antisense or sense TSHR RNA probe (see 

below).. Hybridisation took place in a humidified chamber at 55°C over night. The sections 

weree washed for 5 min in 5x SSC, 5 min in 2x SSC and lh in 0.2x SSC at 65°C and 

equilibratedd in Tris-buffered saline containing 0.5% Triton X-100 (Sigma Chemicals; St. 

Louis,, MO, USA; TBS/T, pH 7.4). After blocking for 30 min in 1% blocking reagent (Roche 

Molecularr Biochemicals; Mannheim, Germany) in TBS/T the sections were incubated with 

alkalinee phosphatase-coupled anti-DIG Fab fragments (Roche Molecular Biochemicals; 

Mannheim,, Germany; 1:5000 in TBS/T with 0.1% blocking reagent). The sections were 

washedd thoroughly in TBS/T, equilibrated in detection buffer (100 mM Tris-HCl, 100 mM 

NaCl,, and 50 mM MgCb, pH 9.5) and reacted over night to 0.38 mg/ml nitroblue tetrazolium 

andd 0.18 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP; Roche Molecular 

Biochemicals,, Mannheim, Germany) in detection buffer. In order to inhibit endogenous 

alkalinee phosphatase activity 0.24 mg/ml levamisole was added. Aspecific precipitate was 

removedd by washing in 100% methanol. Finally, the sections were cover-slipped in Kaiser's 

glycerinn for light-microscopical examination (Zeiss Axioskop). Sections incubated with 

prehybridisationn mix only were included as controls in the immunochemical detection of the 

DIG-labelledd RNA probes. 
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Immunohistochemistr y y 

Humann pituitary and thyroid tissue were subjected to immunohistochemistry to demonstrate 

TSHRR at the protein level. We used two different mouse monoclonal antibodies, both directed 

againstt the extracellular domain of the human TSHR. The first, T5-317 (gift of Dr M. 

Milgrom)) (11), was used on formalin-fixed paraffin-embedded tissue. The second, A10 (gift 

off  Dr J.P. Banga), directed against amino acids 21-35 (12) was used on frozen sections. 

TBS/TT was used as solvent for the antibodies and as rinsing buffer between incubations. In 

orderr to block aspecific antibody binding 0.5% non-fat powdered milk was added during the 

incubationss with the primary antibodies. In the case of formalin-fixed paraffin-embedded 

tissue,, deparaffinised sections were pre-treated in a microwave oven in citrate buffer pH 6.0 

forr 15 min in order to retrieve antigenicity. The sections were then incubated for 15 min with 

serumm free protein block (DAKO, Sta. Barbara, CA) and reacted with antibody T5-317 at a 

concentrationn of 2 ug/ml overnight at 4°C in a humidified chamber. The bound 

immunoglobulinss were revealed with a biotinylated anti-mouse antibody and streptavidin-

peroxidasee (LSAB 2 immunostaining kit, DAKO) used according to the manufacturer's 

instructions.. Antibody binding was visualised by reacting the sections to 0.5 mg/ml 3-amino-

9-ethylcarbazolee (AEC; Sigma Chemicals; St. Louis, MO, USA) and 3% H1O2 in 50 mM 

NaAcc buffer pH 5.0. Sections were mildly counterstained with haematoxylin. 

Alternatively,, frozen sections were fixed in 4% paraformaldehyde, blocked in 5% non-fat 

powderedd milk and incubated with A10 culture supernatant (1:10) for 1 h at room temperature 

followedd by an overnight incubation at4°C. Subsequently, the sections were incubated for 30 

minn with goat anti-mouse IgG conjugated to alkaline phosphatase (1:100; Dakopatts, 

Copenhagen,, Denmark), reacted to NBT/BCIP with levamisole and finally washed in 

methanol. . 

Controll  incubations were carried out by replacing the primary antibodies with non-

immunee mouse serum. 

Combine dd  in  situ  hybridisatio n and immunohistochemistr y 

Inn order to determine the phenotype of the TSHR mRNA expressing cell type(s), some 

sectionss that were initially processed for in situ hybridisation were subsequently subjected to 

immunohistochemistryy with two cell type specific antibodies: a monoclonal mouse anti-HLA-
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DRR (a determinant of MHC-class II; clone CR3/43, 1:200; Dakopatts, Copenhagen, Denmark) 

andd a polyclonal rabbit anti-TSH (1:3200; Dakopatts, Copenhagen, Denmark), specifically 

stainingg dendritic cells and thyrotrophs, respectively. After blocking for 30 min in 5% non-fat 

powderedd milk, the sections were incubated for 1 h with primary antibody and 0.5% non-fat 

powderedd milk. Primary antibody binding was detected using the ABC method (Vectastain; 

Vectorr Laboratories, Burlingame, CA) according to the manufacturer's instructions. Antibody 

bindingg was visualised by reacting the sections to AEC. Sections were mildly counterstained 

inn methyl green (Vector Laboratories; Burlingame, CA, USA). 

Doubl ee immunohistochemistr y 

Too characterise the TSHR protein expressing cell type, sections immunolabelled with A10 

weree in part double-labelled with anti-HLA-DR and anti-TSH as described above for double-

labellingg of sections subjected to in situ hybridisation. In the case of anti-HLA-DR double 

labelling,, sections were First treated for 2 h with 0.1 M glycine/HCl pH 2.2 to elute the 

reagentss used for TSHR labelling which might otherwise interfere with the detection of the 

mousee monoclonal anti-HLA-DR antibody. 

Synthesi ss  of TSHR probe s and primer s 

Wee synthesised thyroidal cDNA that was used to produce a) two DIG-labelled TSHR cDNA 

probess to screen a human pituitary library, b) sense and antisense DIG-labelled TSHR RNA 

probess for in situ hybridisation and c) a positive control in PCR experiments. Thyroid tissue 

fromm a 43 yrs old male with Graves' hyperthyroidism was obtained at surgery and snap-frozen 

inn liquid nitrogen. Appr. 200 mg of tissue was homogenised and polyadenylated RNA was 

isolatedd and reverse transcribed as described above. The TSHR cDNA probes were then 

synthesisedd by PCR using DIG DNA labelling kit (Roche Molecular Biochemicals; 

Mannheim,, Germany) with two primer sets designed to amplify an ECD cDNA product (appr. 

1.22 kb) spanning exons 1-9, and an ICD cDNA product (appr. 1.4 kb) amplifying exon 10 of 

thee TSHR gene, as described previously (10). The RNA in situ hybridisation probes were in 

vitrovitro transcribed from a PCR-derived cDNA template obtained with a primer set designedd to 

amplifyy a unique 152 bp sequence (bases 1048-1199 of the human TSHR; forward primer, 5' 

GCCTTGAATAGCCCCCTCCACC 3' and reverse primer, 5' 
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CCAAAACCAATGATCTCATCC 3'). The T7 RNA polymerase promotor sequence was 

addedd to either the forward or reverse primer, producing cDNA templates for the in vitro 

transcriptionn of digoxigenin-labelled antisense and sense RNA probes, respectively (DIG 

RNAA labelling kit; Roche Molecular Biochemicals). 

2.44 RESULTS 

Humann pituitar y XDR2 librar y screenin g and sequencin g 

Wee first used purified X phage cDNA in a PCR, and detected thyrotropin receptor (TSHR) 

productss of the expected size. We then screened -32,000 pfu and two plaques hybridising 

withh the intracellular (ICD) TSHR probe were identified. One of these was purified and the X 

DR22 phage was converted into a pDR2 plasmid. The insert of this clone was estimated to be 

-3.00 kb long. The insert was fully sequenced, starting with the pDR2 sequencing primers, and 

foundd to be completely identical to the sequence of the thyroidal TSHR as published by 

Misrahii  etal. (7). Ourr sequence included the same polymorphism at codon 601: TAT coding 

forr Tyr, as opposed to CAT coding for His as described by Libert et al. (9), and Nagayama et 

al.al. (8). 

Revers ee transcriptio n and polymeras e chai n reactio n 

Too obtain further evidence for the presence of a TSHR in the pituitary we used a human 

anteriorr pituitary gland obtained at autopsy. Purified mRNA was used in a RT-PCR 

experimentt with the same TSHR ICD and extracellular domain (ECD) primer sets as in our 

previouss experiments. ICD and ECD bands of the correct size (1.4 and 1.2 kb, resp.) could be 

detectedd in this anterior pituitary tissue (Figure 2.1). 
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mm 1 2 3 4 5 6 m 

Figuree 2.1. Ethidium bromide staining of TSH receptor PCR products amplified from cDNA obtained from 

normall  human anterior pituitary tissue (lanes 1 and 2), and from human thyroid tissue (lanes 4 and 5), with the 

correspondingg negative control using H20 (lanes 3 and 6). The intracellular domain products are shown in lanes 

11 and 4; the extracellular domain products in lanes 2 and 5 (1.4 kb, and 1.2 kb respectively). Molecular weight 

markerss are indicated (m). 

InIn  situ  hybridisatio n 

Next,, human pituitary sections were subjected to in situ hybridisation. The antisense TSHR 

probee hybridised specifically with cells scattered throughout the anterior pituitary. A clear 

cytoplasmicc staining pattern with a distinct negative nucleus was observed (Figure 2.2a). 

Hybridisationn with the antisense probe was also detected in thyroid (Figure 2.2b) but not in 

liverr tissue (Figure 2.2c), which were included as positive and negative control tissues, resp. 

Hybridisationn of pituitary sections with the complementary sense probe did not result in any 

stainingg (Figure 2.2d), confirming the specificity of our TSHR probe. 

Immunohistochemistr y y 

Immunohistochemistryy with two different monoclonal antibodies against the TSHR (clone 

T5-3177 and clone A10) confirmed the presence of TSHR in the human anterior pituitary at the 

proteinn level. Both antibodies specifically stained thyrocytes in control thyroid tissue 
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Figuree 2.2. In situ hybridisation on frozen sections with a specific TSHR RNA probe. Specific hybridisation 

withh the antisense probe is observed in a subset of anterior pituitary cells (a) and in positive control thyroid tissue 

(b).. No staining occurred using the antisense probe on negative control liver tissue (c), or using the sense probe 

onn pituitary tissue (d). (a, c-d) x400: (b) x200. 

(Figuree 2.3a and 2.3c). A10 was applied to frozen sections and stained cells with a stellate-

shapedd morphology, evenly distributed over the anterior pituitary (Figure 2.3b). 

T5-3177 was used on formalin-fixed paraffin-embedded tissue. After microwave treatment 

immune-reactivityy was observed in elongated cell types with long processes that were evenly 

distributedd over the anterior pituitary (Figure 2.3d). 

Combine dd  in  situ  hybridisatio n and immunohistochemistr y 

Subsequentt double-labelling on sections with anti-TSH revealed that TSHR mRNA 

expressionn did not colocalise with TSH immune-reactivity (Figure 2.4a). However, when we 

double-labelledd the hybridised sections with anti-HLA-DR serum, immune reactivity was 
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Figuree 2.3. Immunohistochemical detection of TSHR protein with two monoclonal antibodies. AIO was applied 

too frozen tissue, and specifically stains thyrocytes in positive control thyroid tissue (a) and a subset of anterior 

pituitaryy cells (b). Note the strong hyperplasia in the Graves' thyroid. T5-317 was used on formalin-fixed 

paraffinisedd thyroid tissue (c) and anterior pituitary (d). TSHR-positive stellate-shaped cells with long slender 

processess are scattered over the anterior pituitary, (a, b) x400; (c, d) x200. 

detectedd in dendritic-shaped cells with long slender processes and it appeared that TSHR 

mRNAA was expressed by a subpopulation of HLA-DR positive cells (Figure 2.4b). 

Doubl ee immunohistochemistr y 

Double-labellingg with A10 and anti-HLA-DR on paraformaldehyde-fixed frozen pituitary 

sectionss demonstrated that TSHR immune-reactivity also colocalised with a subset of cells 

positivee for HLA-DR (Figure 2.4d). Again, no colocalisation was observed when the sections 

weree double-labelled with anti-TSH as the second primary antibody (Figure 2.4c). 
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Figuree 2.3. Combined in situ hybridisation and immunohistochemistry (a, b) and double immunohistochemistry 

(c.. d). TSHR mRNA (blue) colocalises with HLA-DR (red) in stellate-shaped cells (b) but not with TSH (red) 

(a).. Likewise, TSHR protein (blue) colocalises with HLA-DR (red) (d), but not with TSH (red) (c). x400. For a 

full-colourr representation, see back cover. 

2.55 DISCUSSION 

Inn this report we demonstrate that the thyrotropin receptor (TSHR) is expressed by MHC-

classs II expressing folliculo-stellate (FS) cells in the human anterior pituitary. Because it is a 

neww concept we used different and independent methods to obtain evidence for this 

extrathyroidall  localisation of the TSHR. 

Firstt we screened a human pituitary cDNA library. Among 32,000 pfu, two clones 

crosshybridisedd with the TSHR cDNA. One clone was sequenced and was completely 

homologouss to the published thyroidal TSHR (7-9). Second, we detected TSHR mRNA by 

RT-PCRR using primers located on different exons of the gene designed by Paschke et al., who 

wass unable to detect full length receptor mRNA in retrobulbar tissue (10) (Figure 2.1). Third, 
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inin situ hybridisation was performed using a RNA probe complementary to a unique sequence 

withinn the human TSHR not present in the luteinizing hormone (LH) receptor or the follicle 

stimulatingg hormone receptor, which otherwise show a high degree of homology (8). We 

observedd specific staining of cells scattered throughout the anterior pituitary (Figure 2.2). We 

confirmedd these findings at the protein level by immunohistochemistry using two well-

characterisedd monoclonal anti-TSHR antibodies (11, 12) (Figure 2.3). Double labelling 

experimentss further revealed that TSHR mRNA as well as protein colocalised with MHC-

classs II expression (Figure 2.4). No coexpression was observed in thyrotrophs. The expression 

off  TSHR on cells with an elongated, stellate-shaped appearance with prominent MHC-class II 

expression,, indicates that these cells correspond to dendritic cells (13, 14). These cells have 

mainlyy been studied for their function in the immune response, e.g., in the presentation of 

antigenss to lymphocytes and in the phagocytosis/degradation of unwanted material. However, 

theyy are also important producers of a variety of signalling molecules and hormones and are 

thuss involved in other physiological functions such as the regulation of the function and 

growthh of endocrine cells (15, 16). Proinflammatory cytokines, such as IL-6 and IL-16 appear 

too be important mediators in this regulation (15). In the anterior pituitary, IL-6 enhances LH 

productionn (17) and GH secretion (18) whereas TSH secretion is inhibited (19). TSH release 

iss also inhibited by IL-113 and TNF-oc as shown in anterior pituitary cells cultured as 

monolayerss (20). Allaerts et al. (14) showed that part of these MHC-class II expressing 

dendriticc cells coincide with folliculo-stellate (FS) cells, which constitute 5-10% of the 

pituitaryy cells and were first identified in the anterior pituitary by Rinehart and Farquhar (4). 

Theyy are characterised as agranular cells in the anterior pituitary, with a stellate-shaped 

morphologyy and long cytoplasmic processes between the endocrine cells (21). Roughly 10-

20%% of the FS cells express MHC-class II, and these have been shown to modulate anterior 

pituitaryy hormone secretion (22, 23). Allaerts et al. (24) showed in anterior pituitary cells 

culturedd as three-dimensional cell aggregates that FS cells are involved in establishing a 

biphasicc LH release at the pituitary level following GnRH administration. 

Thesee results may be surprising because the TSHR was thought to be expressed only 

inn the thyroid gland. However, it has now become clear that the TSHR is also functionally 

expressedd in other extrathyroidal tissues. For example, the TSHR was also found to be 

expressedd on intestinal T cells, where it is involved in local, paracrine regulation of T cell 

homeostasiss by sensing locally produced TSH (3). Our findings are further supported by a 

recentt paper by Bagriacik and Klein (25). These authors found that a proportion of murine 
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dendriticc cells express a functional TSHR on their surface. In our study, we found the TSHR 

expressedd by FS cells, which are known to be of dendritic cell lineage. Both studies fit 

remarkablyy well with our hypothesis that a pituitary TSHR on FS cells may be involved in 

locall  fine-tuning of TSH secretion. It should be made clear, however, that this hypothesis is 

restrictedd to the fine-tuning only. The classical feed-forward (TRH) and -backward (T4) will 

prevaill  in hyper- and hypothyroidism. In this model, TSH is secreted by the thyrotrophs and 

releasedd in the extracellular space, where it binds to its receptor on FS cells. Stimulation of 

thiss receptor might induce the release of paracrine factors by the FS cells, which in turn 

modulatee thyrotroph TSH secretion. This possible feedback mechanism might not be limited 

too TSH secretion, since it was recently shown that the human anterior pituitary also contains 

growthh hormone (GH) receptors, which suggested that GH might have autocrine and/or 

paracrinee actions (26). Recently, Asa et al. (27) confirmed this hypothesis in transgenic mice 

devoidd of the GH receptor, which showed a reduced GH feedback inhibition on pituitary GH 

production. . 

Apartt from this physiological concept, a TSHR at the pituitary level may have an 

importantt pathophysiological significance. Under normal circumstances there is an excellent 

negativee correlation between plasma free thyroxine (fT4) and TSH levels, and it is generally 

acceptedd to use TSH determinations to monitor thyroid status. There are, however, some 

notablenotable exceptions. 

Duringg treatment of Graves' hyperthyroidism it is frequently observed in clinical 

practicee that these patients continue to show suppressed TSH levels, while they are clinically 

euthyroidd and have normal (or even low) 1T4 and triiodothyronine levels (1, 2). To date, this 

hass been attributed to delayed recovery of the pituitary-thyroid axis from the hyperthyroid 

statee (28). However, our finding of a pituitary TSHR offers another, and more plausible 

explanationn in that TSHR autoantibodies act as ligand for the pituitary receptor and cause 

suppressionn of TSH secretion (just like TSH itself; Figure 1.4). Because TSHR autoantibodies 

cann remain present for a long time during adequate antithyroid treatment, they might very 

welll  be the cause of the long-term TSH suppression seen in these patients. 

Inn conclusion, we have found strong evidence for the presence of a TSHR on FS cells 

inn the human anterior pituitary gland. The presence of a TSHR on FS cells near the TSH 

productionn site offers the possibility of short loop control of TSH production and might have 

clinicall  consequences in the interpretation of TSH values in several thyroidal diseases. 

Whetherr this pituitary TSHR is also involved in the frequently observed phenomenon of long-
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termm TSH suppression during adequate antithyroid treatment in Graves' disease patients is 

currentlyy being tested in a prospective study. 
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3.11 ABSTRAC T 

Antithyroidd treatment for Graves' hyperthyroidism restores euthyroidism clinically within 1-2 

months,, but it is well known that thyrotropin (TSH) levels can remain suppressed for many 

monthss despite normal free T4 and T3 levels. This has been attributed to a delayed recovery of 

thee pituitary thyroid axis. However, we recently showed that the pituitary contains a TSH 

receptorr (TSHR), through which TSH secretion may be downregulated via a paracrine feed-

backk loop. In Graves' disease, TSHR autoantibodies (TRAb) may also bind this pituitary 

receptor,, thus causing continued TSH suppression. This hypothesis was tested in a rat model. 

Ratt thyroids were blocked by methimazole and the animals were supplemented with L-T4. 

Theyy were then injected with purified human IgG from Graves' disease patients at two 

differentt titres or from a healthy control (TBII 591 U/L, 127 U/L and < 5 U/L). Despite 

similarr T4 and T3 levels, TSH levels were indeed lower in the animals treated with high TRAb 

containingg IgGs: 48-hour mean TSH concentrations (mean  SEM; n =8) were 11.6  1.3 

ng/mLL as compared to 16.2  0.9 ng/mL in the controls (P<0.01). The intermediate strength 

TRAbb treated animals had levels in between the other two groups (13.5  2.0 ng/mL). We 

concludee that TRAb can directly suppress TSH levels, independently of circulating thyroid 

hormonee levels, suggesting a functioning pituitary TSH-receptor. 
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3.22 INTRODUCTION 

Graves'' disease is an autoimmune thyroid disorder characterised by circulating 

immunoglobulinss directed against the thyrotropin receptor (TSHR) (1,2). The majority of 

thesee TSHR autoantibodies (TRAb) act as agonists by mimicking TSH binding leading to 

Graves'' hyperthyroidism and goitre. Antithyroid drug treatment usually restores euthyroidism 

inn 4-6 weeks in patients with hyperthyroidism (3). However, it may take much longer for 

thyrotropinn (TSH) values to normalise. Many treated Graves' disease patients who are 

clinicallyy euthyroid, and have normal T4 and T3 serum levels, continue to show decreased 

TSHH levels (4,5). 

Thee explanation for this continued suppression of TSH is unknown, but it is usually 

attributedd to a delayed recovery of the pituitary-thyroid axis (6). We offer an alternative 

explanation,, involving a direct effect of TRAb on TSH secretion by the pituitary. We have 

recentlyy postulated that in addition to a negative feedback control by T4 levels, TSH secretion 

iss also influenced through a negative ultra-short feedback mechanism within the pituitary. We 

indeedd demonstrated that the TSHR is expressed in the human anterior pituitary, on folliculo-

stellatee (FS) cells (7). When TSH is secreted by the thyrotrophs, it can bind to this receptor on 

FSS cells, which then signal the thyrotrophs to decrease their TSH secretion. That the FS cells 

aree involved in this feedback control is likely, because they are well known for their paracrine 

regulatoryy capabilities (8,9). Apart from this physiological control, the TSHR on FS cells may 

alsoo bind circulating TRAb, which -by mimicking TSH- subsequently can cause a decrease in 

TSHH secretion independently of thyroid hormone levels. Such a mechanism may very well be 

responsiblee for the observed low TSH levels in otherwise euthyroid Graves' patients under 

antithyroidd drug treatment. For, TRAb often remain present in patients treated for Graves' 

diseasee (10,11), and can be responsible for the long time suppression of TSH. 

Too test this hypothesis, we used a modified "LATS-bioassay" (LATS = Long Acting 

Thyroidd Stimulator) in which we measured the plasma TSH response to the administration of 

TRAbb in rats that were unable to mount a thyroid response to TRAb by prior antithyroid drug 

treatment. . 
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3.33 METHODS 

Animal s s 

Adultt female Wistar rats (Harlan Sprague Dawley, Zeist, The Netherlands) weighing ap-

proximatelyy 325 g were housed in cages at 21 °C under a 12 h light/dark cycle, lights on at 

7:00hh and off at 19:00h. The animals received food and water ad libitum. The experiments 

describedd here were approved by the Animal Welfare Committee. 

Experimenta ll  desig n 

Inn order to suppress thyroidal T4 production, 24 rats were treated with the antithyroid drug 

methimazolee (l-methylimidazole-2-thiol, Sigma Chemicals, St. Louis, MO) at a concentration 

off  0.05% (w/v) in the drinking water, in combination with L-thyroxine (Sigma Chemicals, St. 

Louis,, MO) dissolved in 0.9% NaCl (w/v) at 0.3 mg/mL and administered daily via a gastric 

tubee in a dose of 1 mL/100 g body weight. These dosages were determined in pilot experi-

mentss and resulted in slightly elevated basal TSH levels between 5 and 10 ng/mL. After 1 

week,, at 9:00 am the animals received either a control IgG preparation (n=8), a TRAb-

containingg IgG preparation of intermediate strength (n=8) or a preparation with a high TRAb 

titree (n=8). Blood was collected in heparinised tubes just before, 1, 2, 4, 8, 24 and 48 h after 

administrationn of 1 mL of the appropriate IgG preparation and centrifuged at 3000 g for 10 

minn at 4°C. Plasma was stored at -20°C for later analysis. Administration of IgG and 

subsequentt withdrawal of blood were performed via the tail vein under mild fentanyl 

fluanisone/midazolamm anaesthesia (0.25 mL per 100 g body weight). Hematocrite was 

determinedd before and 8 hours after the onset of the experiment. 

Immunoglobuli nn purificatio n 

TRAbb containing serum was obtained from 32 patients with Graves' disease who had TBII 

titress >100 U/L. Control serum was obtained from a healthy subject. The pooled TRAb 

containingg serum and the control serum were filtered through a 0.22 pm low-protein binding 

filterr (Millipore, Bedford, MA) and the IgGs were isolated by affinity chromatochraphy as 
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describedd by Harlow and Lane (12). In short, the samples were passed over a 5 mL Protein G 

Sepharosee column (HiTrap Protein G, Pharmacia Biotech) that was equilibrated with 0.1% 

BSAA in run buffer (20 mM sodium phosphate buffer, pH 7.0). After washing with run buffer, 

thee IgGs were eluted with 0.1 M glycine/HCI pH 2.7 and 1 mL fractions were collected in 

tubess containing 44 uL 1 M Tris pH 9.0 in order to neutralise the acid labile IgGs. The protein 

containingg fractions were pooled and concentrated by ammonium sulphate precipitation (50%, 

w/v).. The IgG preparations were dissolved in a minimal volume of phosphate buffered saline 

(PBS,, pH 7.4) and finally dialysed for 16 h at 4°C against several changes of PBS. Both 

preparationss were diluted in PBS to 30 mg/mL protein. TBII of the control IgG was < 5 U/L. 

Thee TRAb-containing IgG had a TBII litre of 591 U/L. To include an intermediate strength 

preparation,, this high TRAb pool was partly diluted with control IgG yielding a TBII titre of 

1277 U/L. Purity of the IgG preparation and yield of the different IgG isotypes was assessed by 

immunee electrophoresis and ELISA. 

Hormon ee assay s 

TBIII  titres were measured by TRAK assay (Brahms Diagnostica, Berlin, Germany). TSH 

plasmaa levels were determined in a highly sensitive chemiluminescent enzyme immunoassay 

(Immulitee Third Generation TSH kit, Rat TSH application, DPC, Los Angeles, CA). Total T4 

(TT4)) and total T3 plasma levels were determined by in-house radioimmunoassays (13) using 

ratt null plasma as diluent. As an estimate of free T4 levels, the free T4-index (FT4I) was 

calculatedd as the product of T4 and T3 resin uptake. The latter was determined with a T3 

Uptakee Kit (Ortho-Clinical Diagnostics, Amersham, UK). Mean plasma levels of TSH, TT4, 

FT4II  and T3 levels over the 48-h period were calculated as the area under the curve divided by 

488 h. All samples were measured within one run. Data are expressed as mean  SEM. 

Statistica ll  analysi s 

Thee data was analysed using SPSS software, version 7.5.2 (SPSS Inc.). Time series were 

analysedd by analysis of variance with repeated measurements and two grouping factors (time 

andd treatment). Student's Mest was used to compare the 48-h mean plasma levels. Differences 

betweenn groups were considered significant at P < 0.05. 
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3.44 RESULTS 

Thee pooled serum samples yielded IgG preparations that were > 99% pure with respect to 

totall  protein. Recovery of IgGi, IgG2 and IgG3 was > 99%, and 85% for IgG4. 

Att baseline, there were no differences in TSH, TT4, T3 and FT4I between the three 

groupss (Figure 3.1). After injection of IgG, thyroid function remained unaffected, as 

documentedd by similar T3 levels in all three groups. TT4 levels as well as FT4I decreased 

transientlyy in all groups (Figure 3.1b, c, d). There were no statistically significant differences 

inn TT4, FT4I and T3 values between the three groups. 

Afterr injection of IgG, plasma TSH levels transiently increased in all three groups 

(Figuree 3.1a). However, TSH levels in rats treated with high TRAb-containing IgG were 

lowerr during the whole observation period than in rats that received control IgG (P < 0.01 by 

ANOVA).. Rats treated with intermediate strength TRAb showed TSH levels in between the 

otherr two groups. 

Thee 48-h mean plasma hormone levels were calculated and showed no differences 

betweenn the groups with respect to T3, TT4 or FT4I (Figure 3.2). However, 48-h mean TSH 

plasmaa levels were significantly reduced in the rats treated with the highest concentration of 

TRAbb (P < 0.01). Hematocrite did not change during the experiment (data not shown). 

3.55 DISCUSSION 

Inn this rat model we showed that TRAb are capable of suppressing TSH levels through an 

extrathyroidall  pathway. Because, intravenous administration of TRAb containing human IgG, 

inn contrast to normal control IgG, to methimazole-treated rats induced a decrease in TSH 

levelss without affecting T4 or T3 levels. This extrathyroidal effect of TRAb is most likely 

causedd by the binding of these IgGs to the TSHR in the pituitary. In a recent study, we have 

shownn that the TSHR is expressed in the human anterior pituitary on the so-called folliculo-

stellatee (FS) cells (7). Others not only confirmed this finding (14), they also showed activation 

off  adenylate cyclase by TSH in a mouse FS cell line. These cells make up -10% of the 

pituitaryy cell population, and are known for their regulatory effects on pituitary hormone 

secretionn (8,9). We hypothesised that these TSHR bearing FS cells play a role in fine-tuning 

off  TSH secretion by the thyrotrophs through an ultra-short loop negative feedback mechanism 
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Figuree 3.1. Left panel. Rat plasma levels of TSH, TT4, FT4I and total T3 during a 48-h period after the 

administrationn of 30 mg purified human IgG. (O) and (D) represent data after administration of TRAb 

containingg IgG obtained from patients with Graves' disease at intermediate and high concentrations, 

respectively.. ) represents data obtained after administration of control IgG. Curves of TRAb-treated animals 

aree statistically compared to the control curves by ANOVA with repeated measurements and two grouping 

factorss (time and treatment). NS, non significant, P = 0.009 denotes the difference between high TRAb serum 

versusversus control. 

Figuree 3.2. Right panel. Mean TSH, TT4, FT4I and T3 plasma levels calculated over the 48-h time period in rats 

treatedd with control IgG (TBII < 5 U/L), intermediate strength TRAb (TBII 127 U/L), and high TRAb (TBII 591 

U/L)) containing IgG. ** , P < 0.01 compared to the control group. 
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possiblyy mediated via cytokines. In Graves' disease, this may have a further consequence. 

Thee anterior pituitary resides outside the blood-brain barrier and is thus accessible to 

circulatingg IgGs. So TRAb may very well bind to the TSHR on FS cells, which may then send 

aa paracrine signal to the thyrotrophs to diminish their TSH secretion. The present rat study 

stronglyy supports this postulate. 

Wee do not think that the observed suppression of TSH levels upon administration of 

TRAb-containingg IgGs can be explained otherwise. First, we included a TBII negative, 

controll  IgG preparation that was administered in the same concentration as the two TBII 

positivee preparations, thus correcting for aspecific general effects of IgGs on the pituitary-

thyroidall  axis. Next, we used two concentrations of TRAb-containing IgGs and found a 

suggestionn for a dose-response effect. Thirdly, the thyroid hormone levels were similar in all 

threee groups over a 48-h period, and T4 and FT4I levels actually decreased slightly in all 

groups.. This not only shows the effectiveness of the methimazole-induced block of thyroid 

hormonee synthesis, but it also makes it highly unlikely that TRAb suppressed TSH levels via 

stimulationn of the thyroid gland. In view of these considerations, we strongly believe that the 

TRAbb sera indeed suppressed TSH levels via an extrathyroidal pathway. 

Wee found that TSH levels increased rather sharply shortly after the administration of 

IgGss in all groups. We suggest that this was due to a stress response in the animals. Similar 

increasess in TSH levels were found upon skin incision in patients undergoing a 

cholecystectomyy (Endocrine Society, San Diego, 1999). In addition, part of the TSH increase 

mayy be explained by the naturally occurring morning surge in rats (15). We made our rats 

slightlyy hypothyroid in view of the mildly elevated TSH levels. This was done to ascertain 

thatt changes in TSH levels would indeed be detectable by the TSH assay. 

Wee suggest that these data can be extrapolated to the human situation. When patients 

withh Graves' hyperthyroidism are rendered euthyroid, it is frequently seen that their TSH 

levelss remain suppressed for a long time, despite normal thyroid hormone levels (4,5). It is 

alsoo known that TRAb can remain present for a variable period of months to even years and 

ourr data now support the hypothesis that TRAb may be responsible for extrathyroidal TSH 

suppression.. We feel that this is a better explanation for continued TSH suppression than a 

delayedd recovery of the pituitary-thyroid axis. The hypothesis can also explain another poorly 

understoodd phenomenon encountered in clinical practice. After one year of antithyroid drug 

treatment,, approximately 50% of Graves' patients relapse. This occurs in patients with large 

goitres,, in patients with high TBII titres (16,17), but also in those who continue to have 
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suppressedd TSH levels in the absence of detectable TBII titres (18). We suggest, that these 

suppressedd TSH values result from biologically active TRAb below the detection limit of 

routinee TBII assays. 
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4.11 ABSTRAC T 

Objectivee To test whether TSH-binding inhibitory immunoglobulins (TBII) may cause direct 

suppressionn of TSH secretion via a pituitary TSH receptor (TSHR). 

Designn To relate TSH levels with TBII titres in Graves' disease patients rendered euthyroid 

byy blocking doses of methimazole and thyroxine. 

Settingg The Netherlands. 

Subjectss 45 consecutive patients with Graves' hyperthyroidism. 

Mainn outcome measures TSH levels in TBII positive versus TBII negative patients with 

Graves'' disease. 

Resultss Serum TSH in TBII-positive patients (median/range 0.09/<0.01-4.30 mU/L) was 

lowerr than in TBII-negative patients (0.84/<0.01-4.20 mU/L; P = 0.015). In addition, in 

contrastcontrast to fT4 or T3, only TBII was related to serum TSH (r = -0.423; P = 0.004). 

Conclusionss We postulate that TBII suppress serum TSH by binding to the TSH receptor in 

pituitaryy folliculo-stellate cells that generate a signal for down regulation of TSH secretion. 
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4.22 INTRODUCTION 

Graves'' hyperthyroidism is caused by stimulating autoantibodies directed against the thyroid 

stimulatingg hormone receptor (TSHR). Treatment with antithyroid drugs renders most 

patientss euthyroid within 4-6 weeks as manifested by normal serum free T4 (fT4) and total T3 

(TT3)) concentrations. Nevertheless, TSH often remains suppressed, even for many months 

(1).. This is classically attributed to a delayed recovery of the pituitary-thyroid axis from 

prolongedd thyroid hormone excess (2). 

Recently,, we reported that the TSHR is also expressed in the human anterior pituitary 

onn the folliculo-stellate (FS) cells (3). These cells have been recognised as paracrine 

regulatorss of hormone secretion within the anterior pituitary (4). We hypothesise that this 

pituitaryy TSHR may be involved in an ultra-short loop negative feedback on pituitary TSH 

secretion:: binding of TSH to the FS cells may result via paracrine signalling to down-

regulationn of TSH secretion. Likewise, TSHR stimulating antibodies (TSAb) in Graves' 

diseasee may also bind to this pituitary TSHR, because the pituitary is outside the blood-brain 

barrier.. In our view, TSAb to a certain extent may decrease TSH secretion, regardless of 

circulatingg thyroid hormone levels. 

Thiss theory was recently supported in an animal study, in which we mimicked the 

humann situation by injecting TSAb-containing immunoglobulins (IgG) in rats treated with 

methimazolee and L-T4. We found that TSAb-containing IgG suppressed TSH levels as 

comparedd to control IgG, in the absence of changes in serum thyroid hormone levels (5). The 

aimm of the present study was to test the hypothesis that suppressed TSH levels in treated 

euthyroidd Graves' patients correlate with the presence of TSAb in a prospective clinical study. 

4.33 METHODS AND PATIENTS 

Wee performed a prospective clinical study in 45 consecutive patients Graves' 

hyperthyroidism.. This diagnosis was based on elevated levels of 1T4 (> 23.0 pmol/L) and/or 

TT33 (> 2.75 nmol/L) in the presence of a decreased TSH (< 0.4 mU/L), a positive TBII (TSH 

bindingg inhibitory immunoglobulins, TRAK assay > 12 LVL) and a diffuse uptake on a 

technetiumm scintigram. Excluded were patients with serious concomitant diseases, pregnancy, 

orr on drugs known to influence the pituitary-thyroidal axis. 
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411 Patients were treated with 30 mg methimazole, and 4 with 400 mg propylthiouracil 

daily,, to which was added L-T4 (109  36 jig) aiming at normalising fT4 (10.0 - 25.0 pmol/L) 

andd TT3 (1.20 - 2.75 nmol/L) but avoiding elevated TSH values (> 4.0 mU/L). 

Whenn the patients were clinically and biochemically euthyroid for 3 months, their 

TBIII  levels were again determined and related to the levels of thyroid hormones and TSH. 

Hormon ee assay s 

TSHH plasma levels were measured with a highly sensitive chemiluminescent enzyme 

immunoassayy (Immulite Third Generation TSH kit, Diagnostic Products, Los Angeles, CA). 

TBIII  titres were measured by TRAK assay (Brahms Diagnostica, Berlin, Germany). TT4 and 

TT33 plasma levels were determined by in-house radioimmunoassay (6). In order to exclude 

effectss of oral contraceptives on total thyroid hormone levels, fT4 was determined with a solid 

phasee time-resolved fluoroimmuno assay (Delfia, Wallac Oy, Turku, Finland) and the fT3 

indexx (FTiI) was calculated as the product of TT3 and T3 resin uptake. 

Statistica ll  analysi s 

Mann-Whitneyy U test was used to compare patients with negative TBII to patients with 

positivee TBII with respect to fT4, FT3I and TSH. We then calculated the correlation of TBII 

titress with thyroid hormone and TSH levels using non-parametric two-tailed Spearmann's rho 

correlationn coefficients. 

4.44 RESULTS 

Baselinee characteristics are given in Table 4.1. Mean age  SD of the total group was 38  12 

yrs;; female/male ratio was 37/8; median [range] duration of the thyroid disease was 6 6 [1-120] 

months. . 

Afterr treatment with antithyroid drugs and L-T4 euthyroidism was restored in all 

patients.. Twenty-two patients still had a positive TBII titre. fT4 and FT3I did not differ 

betweenn patients with positive TBII and those with negative values. However, the TBII-
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Tablee 4.1. Thyroid function tests of 45 consecutive patients with Graves' hyperthyroidism before treatment and 

afterr restoration of the euthyroid state (values as median with range). 

Beforee treatment After treatment Reference range 

TSH H 

TBII I 

TT4 4 

T3 3 

fT4 4 

FT3I I 

mU/L L 

U/L L 

nmol/L L 

nmol/L L 

pmol/L L 

0.01 1 

29 9 

250 0 

5.70 0 

56.1 1 

6.59 9 

(<0.01-0.19) ) 

(6-400) ) 

(85-380) ) 

(2.65-11.40) ) 

(11.4-75.0) ) 

(3.31-15.05) ) 

0.37 7 

9 9 

123 3 

2.05 5 

11.6 6 

1.96 6 

(<0.01-4.30) ) 

(3-278) ) 

(45-230) ) 

(1.25-3.65) ) 

(5.1-26.2) ) 

(1.21-2.85) ) 

0.4-4.0 0 

<< 12 

70-150 0 

1.20-2.75 5 

10.0-25.0 0 

1.20-2.75 5 

positivee group had significantly lower serum TSH than the TBII-negative group (median 

[range]]  0.09 [0.01-4.3] mU/L vs. 0.84 [0.01-4.20] mU/L, resp.; P = 0.015 with Mann Whitney 

U;U;  Figure 4. la-c). Age, sex ratio, duration of the thyroid disease and the L-T4 dose used by 

thee patients were similar in both groups. 

Theree was a strong, negative correlation between TBII and TSH (Spearman correlation 

coefficientt r = -0.423; P = 0.004; Figure 4.Id), whereas there was no correlation between 

TBIII  and fT4, FT3I, duration of the thyroid disease, or the L-T4 dose used by the patients. 

4.55 DISCUSSION 

Inn conclusion, long-term TSH suppression in patients with Graves' hyperthyroidism rendered 

euthyroidd with antithyroid drugs is correlated quantitatively with the presence of TBII and not 

withh circulating levels of thyroid hormones. This supports our hypothesis that TSH secretion 

byy the pituitary is also under control of a TSHR expressed on FS cells. For, TBII may act as a 

ligandd for this pituitary TSHR, resulting in down regulation of TSH secretion. 

Ourr finding that TBII are a determinant of TSH levels in Graves' disease may also 

offerr an explanation for the fact that a relapse in Graves' disease after a course of antithyroid 

drugss is correlated not only with goitre size and TBII levels, but also with suppressed TSH 

valuess in patients without detectable TBII. Continued suppression of TSH levels at the end of 

aa course of antithyroid drugs may be seen as functional evidence for circulating TBII, that is 

undetectablee by current assays. 
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Figuree 4.1. A-C. Plasma TSH, fT4 and FT3I  levels in euthyroid, treated Graves' disease patients with either 

negativee or positive TBI I  titres. Horizontal continuous lines indicate medians. Horizontal dashed lines indicate 

thee normal reference range. Median plasma TSH levels are significantly suppressed in TBII-positive euthyroid 

patients,, whereas no differences are observed in mean fT4 or FT3I levels. D. Correlation between serum TSH and 

TBII . . 

Ourr findings imply, that a suppressed TSH in patients treated for Graves' 

hyperthyroidism,, who are otherwise euthyroid, may be caused by elevated TBII titres. 

Therefore,, decreased TSH levels should not always be interpreted as insufficient blockade of 

thyroidd hormone synthesis. 
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5.11 ABSTRAC T 

Adenohypophyseall  hormone production is mainly regulated through stimulatory and 

inhibitoryy hypothalamic peptides and target-gland hormones. Additionally, paracrine 

regulatoryy feedback loops within the pituitary have been suggested, with folliculo-stellate 

(FS)) cells as the potential intermediates. We recently showed TSH receptor (TSHR) 

expressionn in FS cells of the human anterior pituitary and speculated that receptors for other 

adenohypophyseall  hormones might also be expressed by FS cells. Using RT-PCR, we 

thereforee evaluated the expression of receptors for TSH, GH, ACTH, LH, FSH and PRL in a 

murinee FS cell line, TtT/GF. Transcripts of TSHR, GHR and ACTHR were detected in this 

celll  line. LHR, FSHR and PRLR expression, however, could not be demonstrated. We 

concludee that TtT/GF cells express some, but not all, receptors for anterior pituitary 

hormones.. This indicates that FS might act as mediators in the paracrine regulation of at least 

somee of the hormones secreted by the anterior pituitary. 
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5.22 INTRODUCTION 

Thee anterior pituitary produces a variety of hormones that are under the control of regulatory 

peptidess secreted from the hypothalamus. When released from the anterior pituitary, these 

hormoness have their effects on specific target tissues which in turn release hormones that 

providee a feed back control on pituitary hormone secretion. In addition, paracrine regulatory 

mechanismss within the pituitary have been postulated and evidence is accumulating that it is 

thee folliculo-stellate (FS) cells that provide this additional control. FS cells have first been 

identifiedd by their star-like appearance and their ability to form follicles (1). Their long 

cytoplasmicc processes engulfing cells in the vicinity and their secretion of cytokines and a 

varietyy of growth factors indeed suggest that FS might regulate hormone synthesis and release 

byy neighbouring endocrine cells. We recently demonstrated the presence of the thyrotropin 

(TSH)) receptor (TSHR) in human FS cells which suggests that FS cells are involved in the 

paracrinee control of TSH secretion (2). We wondered whether FS cells would also express 

receptorss for other adenohypophyseal hormones. If so, the FS cells might play a central role in 

thee paracrine regulation of adenohypophyseal hormone secretion. We therefore evaluated the 

expressionn of adenohypophyseal hormone receptors in the murine folliculo-stellate cell line, 

TtT/GF.. This cell line was established from a thyrotropic pituitary tumour and was 

characterisedd as folliculo-stellate cells by the presence of many lysosomes and numerous 

intermediatee filaments in the cytoplasm, phagocytotic activity, follicle formation, and glial 

fibrillaryy acidic protein and S-100 protein expression (3). 

5.33 MATERIAL AND METHODS 

Celll  cultur e 

TtT/GFF cells (a gift from Dr K. Inoue) (3) were maintained in HAM's F10 culture medium 

supplementedd with 10% fetal calf serum, penicilin, streptavidine and fungizone 

(BioWhittaker,, Vervier, Belgium). The cells were grown at 37°C in a humidified atmosphere 

withh 5% C02. 
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RT-PCR R 

Totall  RNA was isolated from TtT/GF cells and mouse thyroid, liver, adrenal, and ovary tissue 

(RNeasyy total RNA purification kit, Qiagen GmbH, Germany). Thyroid tissue was used as a 

positivee control for thyrotropin receptor (TSHR) expression; liver tissue as a positive control 

forr growth hormone receptor (GHR) expression; adrenal tissue for adrenocorticotropin 

receptorr (MC2R, the type 2 receptor among the melanocortin receptor family) and prolactin 

receptorr (PRLR) expression; and ovary tissue for follicle stimulating hormone receptor 

(FSHR)) and luteinizing hormone receptor (LHR) expression. 1 ug of total RNA was used in a 

reversee transcription reaction (1st Strand cDNA synthesis kit for RT-PCR [AMV] , Roche 

Molecularr Biochemicals, Mannheim, Germany) and 1/10 of the resulting cDNA was 

subjectedd to PCR.. FSHR, LHR, MC2R, GHR, PRLR and p-Actin cDNA fragments were 

amplifiedd using LightCycler PCR (Roche Molecular Biochemicals, Mannheim, Germany). 

Thiss technique allows amplification of fragments up to 1 kb. To demonstrate TSHR 

expressionn two different primer sets were designed to amplify the extracellular domain 

(TSHR-E,, 1.2 kb) spanning exons 1-9 and the intracellular domain (TSHR-I, 1.3 kb) spanning 

exonn 10 of the mouse TSHR gene (4). Due to the size of the fragments, these were amplified 

usingg conventional PCR (Biometra, Gottingen, Germany). The primer sets are described in 

Tablee 5.1. 

Inn short, 45 cycles of PCR were used with 50°C annealing temperature for LHR, 

FSHR,, GHR, MC2R and PRLR. For TSHR PCR the cDNA was subjected to touchdown 

PCR,, i.e. an annealing temperature of 60°C was used for the first 10 cycles, which was then 

decreasedd during the following 30 cycles by 0.33°C every second cycle, to a 'touchdown' 

annealingg temperature of 51 °C. PCR products were resolved by 1 % agarose gel 

electrophoresis,, stained with ethidium bromide and visualised using Lumilmager software 

(Rochee Molecular Biochemicals, Mannheim, Germany). 

Souther nn Blottin g 

Sincee the TSHR PCR showed multiple bands on gel, the specificity of these bands was 

assessedd by southern hybridisation. The PCR products were first resolved on 1% agarose gel 

inn lx TRIS-borate + EDTA. The gel was denatured in 0.5 M NaOH/1.5 M NaCl for 2x 15 

minn and neutralised in 0.5 M Tris pH 7.0/1.5 M NaCl for 2x 15 min. DNA was transferred 
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Tablee 5.1. Primer sequences used for RT-PCR with the calculated fragment lengths. 

TargetTarget fragment primer sequence Ref. 

lengthlength (bp) 

TSHR-EE ÏT85 F: 5' ATT GTT GGG TAC AAG GAA 3' (TT 

R:: 5' GTA GTG TTA ACT TAC AAA ACC GT 3' 

TSHR-II  1305 F :5 'GGCGGAATGGGGTGTT3' (2) 

R:: 5' GAA CTT GTA GCC CAT TAT CTG CTT 3' 

GHR R 

MC2R R 

FSHR R 

LHR R 

PRLR R 

242 2 

298 8 

239 9 

516 6 

309 9 

F::  5 '  GAA TG G AA A GAA TG C CCT G A 3 ' 

R::  5 *  GGT TG C CA A CT C AC T TG G A T 3 ' 

F::  5 '  TT C AGC CT G TC T GT C AT T G C 3 * 

R::  5 '  GCA CCC TT C AT G TT G GTT C T 3 ' 

F::  5 '  TT A TT C TT T GCC AT T TC C G C 3 ' 

R::  5 '  CT G GAG TG G AA G TT G TG G G T 3 ' 

F::  5 '  CT T AT A CA T AA C CA C CA T AC C A G 3 ' 

R::  5 '  AT C CCA GCC AC T GAG TT C AT T C  3 ' 

F::  5 '  GAA GCA GAA GAG TG G GAG AT C CA T TT T 3 ' 

R::  5 '  TC C TT T TA T TT T TG G CCC CGG AA C TG G TG G 3 ' 

* * 

* * 

* * 

(17 ) ) 

(18 ) ) 

Thesee primer sets were designed at our department. 

ontoo nitrocellulose membrane (Nitran, Schleicher and Schuell GmbH, Dassel, Germany) by 

semi-dryy electroblotting using 20x SSC and cross-linked by UV irradiation. The membrane 

wass hybridised to a digoxigenin-labelled RNA probe complementary to a unique sequence 

withinn the TSHR (corresponding to nucleotides 1033-1168). The probe was in vitro 

transcribedd as described earlier (2). Hybridisation took place overnight at 45°C in 

hybridisationn buffer (DIG EasyHyb, Roche Molecular Biochemicals, Germany). 

Hybridisationn was detected with anti-DIG-Fab conjugated to alkaline phosphate and 

visualisedd using the chemiluminescent substrate CDP-Star and Lumilmager software 

accordingg to the manufacturer (Roche Molecular Biochemicals, Mannheim, Germany). 

5.44 RESULTS 

TSHRR expression was detected by touchdown PCR in the TtT/GF cell line and in mouse 

thyroidd tissue as a 1.2 kb ECD and a 1.3 kb ICD fragment (Figure 5.1a). Southern 

hybridisationn with a probe overlapping part of the ICD as well as the ECD nucleotides 
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1 2 3 4 5 6 7 88 1 2 3 4 5 6 7 8 

A.. B. 

Figuree 5.1. TSHR expression in TtT/GF cells and mouse thyroid tissue. A. RT-PCR for TSHR expression was 

performedd using two different primer sets resulting in fragments of the expected sizes of 1.3 and 1.2 kb for both 

TtT/GFF cells (lanes 3 and 6, resp.) and mouse thyroid (lanes 2 and 5, resp.). No product was amplified when the 

cDNAA template was omitted (lanes 4 and 7). Lanes 1 and 8 show the base pair marker. B. Southern hybridisation 

confirmedd the specificity of the amplified products. In TtT/GF (lanes 3 and 6) as well as mouse thyroid (lanes 2 

andd 5), the DIG-labelled TSHR-probe hybridised to a single TSHR-I fragment of 1.3 kb or a TSHR-E fragment 

off  1.2 kb. 

sequencee confirmed the identity of the amplified products (Fig. 5.1b). GHR and MC2R 

expressionn were also detected in TtT/GF cells as 242 bp and 298 bp fragments (Figure 5.2). 

Similarr GHR and MC2R transcripts were detected in positive control tissues (mouse liver and 

adrenal,, respectively). MC2R expression was further confirmed by performing a 'minus-RT' 

controll  that showed no band. 

LHR,, FSHR and PRLR expression was not detected in the cell line. Positive control 

tissues,, however, did show fragments of the expected sizes. 

5.55 DISCUSSION 

Inn this study we characterised the mouse folliculo-stellate (FS) cell line, TtT/GF, in terms of 

adenohypophyseal-hormonee receptor expression. We found that TtT/GF cells express TSHR, 

GHRR and MC2R mRNA, but not mRNA encoding for FSHR, LHR and PRLR. 

TSHRR expression by folliculo-stellate cells in the human anterior pituitary has been 

reportedd before (2,5) and it was suggested that TSH secretion might not only be regulated by 

hypothalamicc TRH and thyroid hormones, but also directly at the level of the pituitary via an 
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11 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Figuree 5.2. Ethidium bromide staining of MC2R (lanes 2-4), GHR (lanes 7-8), LHR (lanes 10-12), FSHR (lanes 

13-14)) and PRLR (lanes 16-17) receptor PCR products amplified from cDNA from TtT/Gf cells (lanes 4, 5, 8, 

11,, 14 and 17), adrenal (lanes 1, 2 and 16), liver (lane 7), testis (lane 10) and ovary tissue (lane 13). PCRs where 

thee cDNA templates were omitted (lanes 6, 9, 12, 15 and 18) as well as the 'minus-RT' PCR for MC2R (i.e. 

PCRR performed on total RNA; lanes 3 and 5) yielded no products. Lanes 1 and 19 show the 50-bp marker. 

ultra-shortt loop mechanism with FS cells as the paracrine mediators. Recent results obtained 

inn a rat model indeed supported this view. Rats that were unable to mount a thyroid response 

becausee of treatment with methimazole, showed decreased TSH plasma levels after injection 

off  TSHR autoantibodies-containing IgG as compared to control IgG (6). This indicates that 

TSHH levels are also regulated via an extrathyroidal TSHR, irrespective of circulating thyroid 

hormonee levels which remained unaffected in both groups. 

GHRR expression in the anterior pituitary has been reported before. Mertani et al. (7) 

showedd GHR immunoreactivity in somatotrophs, lactotrophs and gonadotrophs of the human 

anteriorr pituitary. These authors did not perform immunohistochemistry with an antiserum 

againstt FS-specific proteins (e.g. S-100 or MHC-class II) in order to identify GHR expression 

inn FS cells. Thus, to our knowledge, this is the first demonstration of GHR expression in FS 

cellss of the anterior pituitary, which also holds true for MC2R expression. 

PRLR,, LHR and FSHR mRNA expression was not detected in the TtT/GF cell line. 

Jinn et al. (8) used combined in situ hybridisation and immunohistochemistry to demonstrate 

PRLRR mRNA expression in lactotrophs and gonadotrophs of the normal human pituitary. In 

anotherr study, PRLR mRNA expression was observed in whole pituitary homogenates. 

However,, neither of these authors specifically addressed FS cells. Gonadotropin receptors 

havee not been described with respect to the anterior pituitary yet. 

Forr now we can only speculate about the biological significance of the observed 

receptor-expressionn pattern. On the one hand, they might play a role in metabolic processes 
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withinn the FS cells. On the other hand, the expression of only some, but not all, of the 

adenohypophyseall  hormone receptors in TtT/GF cells suggests that FS cells are directly 

involvedd in regulating the secretion of TSH, GH and ACTH. Remarkably, the receptors for 

hormoness that are involved in reproduction (i.e. LH, FSH and PRL) are not expressed by 

TtT/GFF cells. This might indicate that reproductive functions are not regulated directly by FS 

cellss at the level of the pituitary. However, Baes et al. (9) did show that coaggregating FS 

cell-enrichedd populations from adult female rats with other pituitary cell populations resulted 

nott only in an inhibition of the GH response to GH-releasing factor and ^-adrenergic agents, 

butt also in a decreased PRL response to TRH and angiotensin II, as well as a decreased LH 

responsee to LHRH. Similar results were described by Allaerts et al. (10) who demonstrated 

thatt co-culturing rat gonadotroph-enriched cell aggregates with a FS cell-enriched population 

resultedd in the attenuation of LH response to GnRH. This suggests that FS cells are 

neverthelesss involved in the paracrine regulation of PRL and LH, but the mechanism behind 

thiss regulation would clearly differ from that of TSH, GH or ACTH. Another possibility is 

thatt different populations of FS cells within the anterior pituitary, not represented by the 

TtT/GFF cells, express different subsets of hormone receptors. 

Folliculo-stellatee cells make up 10% of the pituitary cell population but their function 

hass long been elusive. Now, it appears that they are capable of regulating hormone secretion. 

Theyy produce several growth factors, such as basic Fibroblast growth factor (FGF) (11), 

vascularr endothelial growth factor (VEGF) and follistatin (12). The TtT/GF cell line may help 

too elucidate the function of FS cells, and further characterisation of this cell line is thus 

important.. In addition to our findings, this cell line produces VEGF (13). Basic FGF, 

however,, appears not to be secreted by this cell line. FS cells also produce nitric oxide (14) 

whichh is a known modulator of pituitary hormone secretion. The production of cytokines by 

FSS cells is even more interesting, especially the production of interleukin-6 (IL-6). It is 

reportedd that TtT/GF cells express TNF receptors, and that TNF stimulates IL-6 secretion in 

vitrovitro (15). The possible paracrine functions of IL-6 have been reviewed by Renner et al (16). 

Inn conclusion, we have demonstrated that the murine FS cell line (TtT/GF) expresses 

receptorss for TSH, GH and ACTH. This not only elaborates on our previous finding of TSHR 

expressionn in the human anterior pituitary (2), but it also supports the putative role of the FS 

celll  as a paracrine mediator within the anterior pituitary (6). The expression of these receptors 

inn the TtT/GF cell line offers the possibility to clarify this role in an in vitro model. 
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6.11 ABSTRAC T 

Thyrotropinn secretion from the anterior pituitary is regulated mainly through TRH and thyroid 

hormones.. However, recent findings of aTSHR on folliculo-stellate (FS) cells in the human 

anteriorr pituitary indicates that TSH secretion might, in addition, be regulated in a paracrine 

mannerr via FS cells. In order to elucidate the physiological relevance of TSHR expression in 

FSS cells we evaluated the effects of TSH on a murine FS cell line, TtT/GF. First, Western blot 

analysiss with a monoclonal anti-TSHR antibody confirmed the expression of TSHR protein in 

thesee cells. Second, we studied three potential second messenger pathways that are known to 

bee coupled to TSHR activation. Last, we used cDNA array hybridisation to evaluate the effect 

off  TSH on the expression levels of a broad range of genes. TSH failed to induce either the 

adenylatee cyclase/cAMP pathway, the phosphatidylinositol/calcium pathway, or the 

JJ AK/STAT3 pathway. Most of the genes regulated by TSH, as concluded from cDNA array 

hybridisation,, were related to cell proliferation, cell differentiation and apoptosis. Moreover, 

TSHH induced the expression of STAT5a and TGF-(32. We report that TtT/GF cells express a 

functionall  TSHR. The receptor is not coupled to cAMP nor IP3 but probably signals through 

thee Janus kinase/signal transducer and activator of transcription 5a (JAK/STAT5a). 

Functionall  TSHR expression in this cell line offers a suitable in vitro model to study the role 

off  TSHR in pituitary FS cells. 
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6.22 INTRODUCTION 

Anteriorr pituitary hormone secretion is mainly under the control of inhibitory and stimulatory 

hypothalamicc factors and hormones secreted by peripheral target organs which in turn provide 

feedbackk mechanisms at both the pituitary and the hypothalamic level. Additionally, autocrine 

andd paracrine regulatory mechanisms within the anterior pituitary have been suggested. A 

centrall  role in the paracrine control of anterior pituitary hormone secretion appears to be held 

byy folliculo-stellate (FS) cells (1,2), which make up approximately 10% of the anterior 

pituitaryy cell population (3). They are known to produce a variety of cytokines and growth 

factors,, such as IL-6, vascular endothelial growth factor, leukemia inhibitory factor and 

follistatinn (2,4-7). 

Recentt studies have demonstrated the expression of thyrotropin receptor (TSHR) 

mRNAA as well as protein in FS cells in the human anterior pituitary (8,9). The expression of 

TSHRR by these regulatory cells indicates that in theory these cells are equipped to respond to 

TSH.. We therefore hypothesised that TSH secretion is not only regulated by hypothalamic 

TRHH and thyroid hormones, but that an additional feedback loop within the anterior pituitary, 

mediatedd by FS cells, is operative. Indeed, a recent study provided strong evidence for such 

ann ultra-short loop control of TSH secretion within the pituitary (10). Athyrotic rats 

supplementedd with thyroxine showed a decrease in plasma TSH levels after injection with 

stimulatoryy human autoantibodies against the TSHR as compared to rats injected with normal 

humann IgG. However, direct functional evidence for a role of FS cells in this hypothetical 

mechanismm has not been provided yet. 

TSHRR mRNA is also expressed by the murine FS cell line TtT/GF (9). This cell line 

couldd therefore offer a valuable tool to clarify the physiological significance of TSHR 

expressionn in FS cells in the anterior pituitary. In this study we evaluated the potential use of 

TtT/GFF cells as a model for TSHR signalling in FS cells. First, we examined whether this cell 

linee indeed expresses TSHR protein. We then studied three potential second messenger 

cascadess that are known to be coupled to TSHR signalling in other cell types. In thyrocytes, 

TSHH stimulates adenylate cyclase to produce cAMP (11,12) and, at higher concentrations, the 

phosphatidylinositol/calciumm pathway is also activated (13-15). Furthermore, in CHO cells 

transfectedd with human TSHR and in rat FRTL-5 cells, TSHR appears functionally linked to 

thee JAK/STAT3 signalling cascade (16). Finally, we used cDNA Array hybridisation to study 

thee expression profile of genes that are under the control of TSHR activation. 
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6.33 MATERIAL S AND METHODS 

Material s s 

Highlyy purified bovine thyroid stimulating hormone (bTSH, AFP-8755B; 30 U/mg) was 

obtainedd from the hormone distribution program of the National Institute of Diabetes and 

Digestivee and Kidney Diseases (NIH, Bethesda, MD). Lipopolysaccharide (LPS, from E. coli, 

serotypee 0127:BB) was from Sigma (St. Louis, MO), culture media, foetal bovine serum 

(FBS)) and pen/strep/fungizone mixture were from BioWhittaker (Verviers, Belgium). 

Celll  cultur e 

Mousee FS cells (clone TtT/GF, a gift of Dr K. Inoue) (17) were cultured in HAM's F10 

mediumm supplemented with 10% FBS, penicillin, streptomycin and fungizone (HAM's/10%). 

CHOO cell lines stably transfected with the recombinant human TSHR (clone JP26, gift of Dr 

G.. Vassart) or with the vector pSVL neo alone (clone JP02)(18) were used respectively as 

positivee and negative controls in the cAMP studies. These cells were grown in DMEM culture 

mediumm supplemented with 10% FBS, penicillin, streptomycin, fungizone and 400 mg/L 

geneticinn 418 (DMEM/10%). The cell lines were maintained at 37°C in a humidified 

atmospheree with 5% CO2. Medium was replaced every 2 or 3 days and the cells were passed 

1:55 (TtT/GF) or 1:3 (CHO) weekly. 

AA well-characterised feature of the TtT/GF cell line is the production of interleukin 6 

(IL-6)) (19). In order to assess whether the cells maintained this characteristic, TtT/GF cells 

weree plated onto 6-well culture plates and grown near confluence in HAMs/10%. The cells 

weree then stimulated with increasing doses of LPS for 24 h. The culture medium was 

collected,, centrifuged for 10 min at 11 000 rpm and IL-6 secretion was measured in the 

supernatantt using a commercially available mouse IL-6 ELISA (R&D Systems, Minneapolis, 

MN).. Measurements where performed in duplicate wells. Indeed, LPS induced a dose 

dependentt increase of IL-6; basal levels (6 ng/mL) were increased 125-fold when incubated in 

lOng/mLLPS. . 
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TSHRR protei n analysi s by Wester n blo t analysi s 

Wholee cell extracts from TtT/GF cells were prepared by scraping the cells in lysis buffer (20 

mMM Tris, 5% glycerol, 0.25 mM sucrose, 1 mM EDTA, 50 mM NaCl, 5 mM dithiotreitol 

(DTT),, pH 7.6) and subjected to SDS-PAGE. 35 ug of protein was resolved on a 7.5% 

polyacrylamidee gel and subsequently transferred to a nitrocellulose membrane (Protran, 

Schleicherr and Schuell, Dassel, Germany) using a semi-dry electroblotting apparatus and 

probedd with a specific monoclonal antibody (clone A10, diluted 1:500; gift of Dr J.P. Banga) 

directedd against the extracellular domain (aa 21-35) of the human TSHR (20). A polyclonal 

goat-antii  mouse horseradish-peroxidase conjugated secondary antibody (diluted 1:10 000) 

wass used to reveal primary antibody binding using the Western kit (Roche Molecular 

Biochemicals,, Mannheim, Germany) and Lumi-Imager software (Roche Molecular 

Biochemicals). . 

Intracellula rr  cAMP accumulatio n 

Intracellularr cAMP levels were determined using a commercial cAMP enzyme immunoassay 

(Amershamm Pharmacia Biotech, Freiburg, Germany). TtT/GF, JP26 and JP02 cells were 

platedd onto 24-well culture plates (Costar, Corning, NY) and grown to confluence. After a 

preincubationn in HAM's F10 supplemented with 2% FBS and 1 mM isobutyl-methylxanthine 

(IBMX )) for 15 min to inhibit phosphodiesterase activity, the cells were incubated in the 

absencee or presence of different concentrations of bTSH in the same medium for 1 h at 37 C. 

Culturee medium was aspired and the cells were lysed according to the manufacturer's 

protocoll  and the intracellular cAMP content was determined. 

IPycalciu mm signallin g 

TtT/GFF cells were plated in culture dishes with 22-mm round cover slips in HAM's/10%. 

Cellss were grown for 48 h and then loaded with 5 uM of the calcium probe Oregon-green 488 

BAPTA-11 (Oregon-green-1, Molecular Probes, Leiden) and 1 uM Pluronic F127 (Molecular 

Probes)) in stimulation medium (132.6 mM NaCl, 5.8 mM glucose, 10 mM HEPES, 4.2 mM 

KC1,, 1 mM CaCl2) at 37 C for 30 min, washed and imaged in the same medium at room 

temperature.. TSH (100 mU/mL) was added and at the end of the experiments the integrity of 
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thee cells was asessed by the addition of 5 uM ionomycin. Calcium imaging was performed on 

individuall  TtT/GF cells using the Noran OZ system and Intervision software. Then, 5 uM 

ionomycinn was added to the same cells. The cells were exposed to excitation light delivered 

byy an Ar ionlaser (488 nm). Fluorescence was collected using a 500 nm LP barrier filter and 

quantifiedd with a photomultiplier tube at a sampling rate of 30 Hz. Changes in emission 

intensityy relative to basal were used as a measure of [Ca2+]j. 

JAK/STA TT signallin g 

NuclearNuclear extracts 

TtT/GFF cells were grown near confluence in T75 culture flasks. After the cells had been 

exposedd to 0, 1 or 100 mU/mLL bTSH for 5, 15, 30, 60, 120 min and 24 hours, nuclear extracts 

weree prepared according to Grandison et al. (21). In short, culture flasks were put on ice and 

thee cells were scraped into lysis buffer [100 mM HEPES, pH 7.8, 10 mM KC1, 2 mM MgCl2, 

11 mM DTT, 0.1 mM phenylmethylsulfonylfluoride (PMSF)]. NP-40 was added to a final 

concentrationn of 0.25% and the nuclei were pelleted by centrifugation at 15000 xg for 30 min. 

Thee nuclei were resuspended in 50 uL extraction buffer (50 mM HEPES, pH 7.8, 50 mM 

KC1,, 300 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 0.1 mM PMSF, 10% glycerol) and 

centrifugedd at 15000 xg for 5 min. The nuclear extracts were removed and frozen at -70 C 

untill  use. 

ElectrophoreticElectrophoretic mobility shift assay 

Nuclearr extracts containing 25 ug of protein were incubated in reaction buffer (10 mM Tris, 

pHH 7.5, 100 mM NaCl, 1 mM DTT, 0.2% NP40, 5% glycerol) containing 200 ng dldCC and 

1000 pmol DIG-labelled, double stranded STAT3 oligonucleotide in a volume of 15 uL for 30 

minn at room temperature. Control incubations were carried out by the addition of a ten-fold 

molarr excess of either unlabeled, double stranded STAT3 oligonucleotide or DIG-labelled, 

doublee stranded STAT3-mutant oligonucleotide. Ten microliters of reaction mixture were 

thenn applied to a pre-equilibrated 6% polyacryl amide gel and run in a buffer of 0.5x TBE (40 

mMM Tris, pH 8.0, 40 mM boric acid, 1 mM EDTA) at 0.8 V/cm for 2.5 h. Then, the protein-

oligonucleotidee complexes were transferred onto nylon membrane (Nytran, Schleiger and 
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Schuell)) by capillary blotting in 20x SSC using TurboBlot equipment according to the 

manufacturerr (Schleiger and Schuell). DIG labelled oligonucleotides were visualised with 

anti-DIGG Fab fragments conjugated to alkaline phosphatase. The membranes were reacted to 

thee chemiluminescent substrate CDP Star, wrapped in SaranWrap, and nucleotide detection 

wass visualised using Lumi-Imager software (Roche Molecular Biochemicals). 

OligonucleotideOligonucleotide probes 

Doublee stranded oligonucleotides used for the detection of STAT3 activation were prepared 

byy annealing sense and antisense DIG-labeled oligonucleotides of the consensus sequence for 

STATT 3 (5'GAT CCT TCT GGG AAT TCC TAG ATC 3')(22). For competition studies, 

unlabeledd oligonucleotides as well as mutant oligonucleotides (5'GAT CCT TCT GGG CCG 

TCCC TAG ATC 3') were also synthesised. 

cDNAA array hybridisatio n 

PreparationPreparation of DIG-labelled cDNA probes 

First,, total RNA was isolated from 1.5 107 cells incubated in the absence or presence of bTSH 

(11 mU/mL) or LPS (10 ng/mL) for 6 hours at 37 C using RNeasy total RNA isolation kit 

(Qiagen,, Hilden, Germany). Then polyA+ RNA was purified from the pool of total RNA 

usingg PolyATtract mRNA Isolation System (Promega, Madison, WI). One microgram of 

polyA++ RNA was reverse transcribed in a 20-uL reaction using the First Strand cDNA 

Synthesiss Kit with random primers and DIG-labeled dNTP (Roche Molecular Biochemicals). 

Finally,, the DIG-labelled cDNA probes were purified from unincorporated nucleotides by 

columnn chromatography (QIAquick PCR purification kit, Qiagen). 

HybridisationHybridisation of cDNA probes to the cDNA arrays 

Thee cDNA arrays (Atlas Mouse 1.2 cDNA Expression Array, Clontech Laboratories, Inc.) 

weree prehybridised in 10 mL DIG EasyHyb (Roche Molecular Biochemicals) for 60 min at 

54°C.. Subsequently, the prehybridisation solution was replaced by 10 mL hybridisation 

solutionn containing equivalent amounts of DIG-labelled probes. After overnight hybridisation 
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att 54°C in roller bottles under continuous agitation, the arrays were washed three times with 2 

xx SSC/1% SDS and twice with 100 mL 0.5 x SSC/0.5% SDS at 54°C. Hybridisation was 

detectedd with anti DIG Fab fragments conjugated to alkaline phosphatase. Then the 

membraness were reacted to the chemiluminescent substrate CDP Star, wrapped in plastic, and 

hybridisationn was visualised and quantified using Lumi-Imager software (Roche Molecular 

Biochemicals). . 

AnalysisAnalysis of the cDNA arrays 

Too investigate the differential gene expression between TSH- and LPS-stimulated TtT/GF 

cellss with the untreated TtT/GF cells, arbitrary Boehringer light units (BLU) were assessed 

usingg Lumi-Imager software. First the local background was subtracted from the hybridisation 

signals,, and then the values were normalised to the average expression levels of 8 

housekeepingg genes included on the array (ubiquitine, phospholipase A2, hypoxantine-

guaninee phosphoribosyltransferase, glyceraldehyde-3-phosphate dehydrogenase, ornithine 

decarboxylase,, cytoplasmic fl-actin, 45-kDa calcium binding protein, 40S ribosomal protein 

S29).. The expression levels of the genes were then compared by calculating the ratio 

BLUTSH/BLUcontroii  and BLULPs/BLUCOniroi- Expression levels > 5 were regarded upregulated, 

andd ratio's < 0.2 were regarded down regulated. Expression levels of genes that were either 

newlyy synthesised, or suppressed below the detection limit by TSH or LPS treatment, were 

expressedd in absolute BLU above background. 

6.44 RESULTS 

TSHRR protei n expressio n 

Westernn blot analysis on TtT/GF whole cell extracts using the monoclonal anti-TSHR 

antibodyy A10 showed two specific bands (Figure 6.1). A strong band at 62 kD representing 

thee dissociated A subunit (23,24), and a weaker band at 52 kD caused by cross reaction of the 

antibodyy with a serum protein (25). Additionally, a smear from approximately 85-112 kD was 

visible,, representing the holoreceptor. A control incubation omitting the primary antibody 

revealedd no such bands. 
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Figuree 6.1. Western blot analysis using the monoclonal anti-TSHR antibody A10 on TtT/GF cell homogenates 

producess a strong band at 62 kDa, a weaker smear around 100 kDa, respectively representing the dissociated A 

subunitt and the holoreceptor. Aspecific cross reactivity appears at 52 kDa. The control incubation omitting the 

primaryy antybody revealed no such staining. 

Whic hh secon d messenge r syste m is activate d by TSH? 

AdenylAdenyl cyclase/cAMP signalling 

Afterr confirming the presence of TSHR in TtT/GF cells at the protein level, the next question 

wass what signalling cascade is activated in TtT/GF cells upon TSHR activation. First we 

evaluatedd whether adenyl cyclase is activated. Figure 6.2 shows the accumulation of 

intracellularr cAMP in TtT/GF, JP26 and JP02 cells after exposure to increasing doses of 

bTSH.. Basal cAMP levels in TtT/GF cells were lower compared to JP26 and JP02 cells. 

Stimulationn with bTSH failed to induce cAMP production in TtT/GF cells and JP02 cells, 

whereass the positive control cell line JP26 did show a dose-dependent cAMP response to 

bTSH. . 

IPs/calciumIPs/calcium signalling 

Wee then pursued whether TSHR is coupled to the phosphatidylinositol/calcium pathway. 

Representativee intracellular calcium responses in TtT/GF cells to bTSH are illustrated in 

Figuree 6.3a. The addition of 100 mU/mL bTSH to the incubation medium only provoked a 

minimall  and slow rise in [Ca2+]j . When ionomycine was added to the same cells they 

respondedd with a rapid increase of [Ca2+]i , followed by a sustained phase (Figure 6.3b). 
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Figuree 6.2. cAMP accumulation in TtT/GF, JP26 and JP02 cells after stimulation with increasing concentrations 

off  bTSH for 1 h. Whereas intracellular cAMP levels in JP26 increase in a dose responsive manner, no such effect 

iss seen in TtT/GF cells or in JP02 cells. 

55 |jM ionomycin e 

|| m 150 

d)) .S 100 
L. . 

ÓÓ 50 

A. . 

100mU/mLTS H H 

200 0 

timee (sec) 

Figuree 6.3. Representative graphs showing the relative changes in intracellular calcium levels in individual 

TtT/GFF cells measured using the calcium probe Oregon-Green-1. The addition of 100 mU/mL bTSH does not 

provokee a calcium surge (a). The addition of the calcium ionophore ionomycine however does provoke a 

calciumm release (b). 
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JAK/STAJAK/STA T3 signalling 

Finally,, we evaluated the ability of TSH to induce nuclear translocation of STAT3. Under 

basall  conditions we observed a low level of oligonucleotide-STAT3 complex. Competition 

withh a ten-fold molar excess of unlabeled STAT3 oligo prevents formation of the labelled 

complex,, whereas the addition of the mutant STAT3 oligo does not prevent this formation. 

However,, no induction of STAT3 translocation was observed when the cells were stimulated 

withh bTSH at concentrations of 1 or 100 mU/mL for different time periods ranging from 5 

minn to 24 h. A typical result, where cells were exposed to 1 raU/mL for 2 and 24 hours, is 

shownn in Figure 6.4. 

Analysi ss  of TSH-regulated gene expressio n by cDNA array hybridisatio n 

Sincee TSH failed to induce three well known signalling cascades in these cells we then 

questionedd whether TSHR expression in this cell line had any physiological relevance. We 

thereforee decided to evaluate the expression patterns of a broad range of genes using 

differentiall  cDNA hybridisation. By stimulating the cells not only via the TSHR by TSH, but 

alsoo by LPS, we wanted to contrast TSHR-specific responses versus more general responses 

alsoo elicited by LPS. Comparison of hybridisation data obtained from TtT/GF cells exposed to 

eitherr bTSH or LPS with data obtained under basal conditions is summarised in Figure 6.5. 

244 h 

Figuree 6.4. Electrophoretic mobility shift assay of nuclear extracts from TtT/GF. Nuclear extracts were 

incubatedd with a STAT3-specific oligonucleotide and the reaction mixture was separated on a 6% acrylamide 

gel.. Lane 1 shows low levels of STAT3 under basal conditions (arrow). Stimulation with 100 U/mL for 2 or 24 h 

doess not increase this basal level (lanes 4 and 7, resp.). Competition with a ten-fold molar excess of unlabeled 

STAT3-specificc oligonucleotides prevents the formation of protein-oligonucleotide comlexes (lanes 2, 5 and 8), 

whereass the unlabeled STAT3-mutant oligonucleotide does not (lanes 3, 6 and 9). 
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Figuree 6.5. Schematic plot of the cDNA array hybridisation. Upper  panel. Under basal conditions 233 genes are 

detectedd on the array. Stimulation of the cells with either TSH or LPS results in down regulation, upregulation 

andd the induction of new genes as shown in the bar graph (TSH, upper bar; LPS, lower bar). The lower  panel 

depictss the number of genes per category that are down regulated, unchanged, upregulated or newly induced by 

TSHH (upper bars) and LPS (lower bars). The numbers in the bars represent the percentage of genes as compared 

too the total number of genes expressed in the respective category under basal conditions. 
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Off  the 1176 arrayed clones, 233 were detectable above background in TtT/GF cells 

underr basal conditions, representing 20% of the total number (Figure 6.5a). Of these 233 

expressedd genes, 32 (14%) were upregulated and 21 (9%) were down regulated 5-fold or more 

byy TSH. Twenty additional new genes were induced by TSH. LPS treatment on the other 

hand,, resulted in upregulation of 12 genes, whereas 55 were down regulated (5 and 24%, 

resp.)) and 7 genes were newly induced. 

AA schematic representation of these regulated genes, classified according to the 

functionn of their respective protein products, is given in Figure 6.5b. Under basal conditions, 

27%% of the expressed genes can be categorised as genes encoding proteins involved in cell 

proliferation,, cell differentiation and apoptosis (group A). Twenty eight percent of these 

geness (18 out of 63) are regulated by TSH and 7 genes are newly induced. LPS on the other 

handd influenced the level of 29% (18 out of 63) in this group. Groups B and C are represented 

byy intracellular transducers, effectors and modulators (24%) and transcription factors and 

DNA-bindingg proteins (23%). TSH affected 13 out of 53 (25%) expressed genes in group C, 

andd even less so in group B (7%). In both categories TSH induced the expression of 2 new 

genes.. LPS on the other hand had an effect on expression levels of 21 (40%) of the 

transcriptionn factors and DNA-binding proteins, whereas only 13 (23%) of the intracellular 

transducers,, effectors and modulators was affected. The group of structural proteins (group D) 

wass represented by 13% of the expressed genes under basal conditions. TSH regulated 8 out 

off  30 (27%) and 7 new genes in this group, whereas LPS had an effect on 5 genes (17%) in 

thiss class with 5 genes newly induced. The two smallest groups were classified as genes 

encodingg growth factors, cytokines and chemokines (group E, 7%), and stress response-

relatedd proteins (group F, 7%). TSH regulated 32% and 31% of these genes, respectively, and 

inn both groups 1 new gene was expressed. LPS on the other hand had an effect on 57% of the 

expressedd growth factors, cytokines and chemokines, whereas only 1 of the stress-related 

proteinss was upregulated. 

Off  the newly synthesised genes, the growth factor TGF-P2 (group C) was the most 

prominentt gene induced by TSH. This transcript was undetectable under basal conditions or 

LPSS treatment, but it was induced up to a level of 13 700 BLU after TSH exposure. The 

secondd most abundant transcript induced by TSH only was IFNy receptor (group B; 7 400 

BLU)) followed by the transcription factor STAT5a (group B; 4000 BLU) (Table 6.1). 
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Tablee 6.1. Genes that are newly induced, upregulated or down regulated in TtT/GF cells by TSH". 

Newlyy induced BLU 

TGF-022 13 700 

IFN-yy RII 7 400 

STAT5aa 4 000 

Upp regulated Fold 

GADD455 34 

BAX- aa 28 

TNFRSF-RIPK11 17 

Downn regulated Fold 

SOCS-22 02 

Mastt cell factor 0.2 

HSF22 nd 

SHHSHH nd 

GADD45,, growth arrest & DNA damage-inducible protein; BAX-a, BCL-2 associated X protein membrane 

isoformm cc; TNFRSF-RIPK1, TNF receptor superfamily-interacting serine-threonine protein kinase 1; SOCS2, 

suppressorr of cytokine signaling protein 2; HSF2, heat shock transcription factor 2; SHH, sonic hedgehog 

homologue;; nd, not detectable above background. 

6.55 DISCUSSION 

Wee and others have demonstrated by immunohistochemistry that the folliculo-stellate (FS) 

cellss in the human anterior pituitary express the thyrotropin receptor (TSHR) (8,9). To 

elucidatee its function in vitro studies using a FS cell line is needed. Such a cell line is the 

TtT/GFF cell line. 

Heree we report that this cell line indeed expresses the TSHR, because on Western blot 

analysiss using a well-characterised monoclonal anti-TSHR antibody, the cleaved A subunit 

wass detected as a strong 62 kDa band (23,24). 

But,, the presence of a protein does not necessarily mean that this protein is functional. 

Therefore,, we performed a set of experiments to elucidate the second messenger signalling 

cascadee that might be coupled to TSHR in FS cells. It is well established that in thyrocytes the 

TSHRR signals through activation of adenyl cyclase, resulting in increased intracellular cAMP 

levelss (11,12). Incubation of TtT/GF cells with TSH did, however, not increase basal cAMP 

levels.. This is in line with findings by Theodoropoulou et al (9), who reported that TtT/GF 
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cellss only responded with a small increase in cAMP levels in response to physiologically high 

(10000 ng/mL, -0.4 10"7 M) concentrations of TSH. 

Inn thyrocytes, TSHR also signals through the phosphatidylinositol/calcium pathway, 

albeitt at a 1000-fold higher TSH concentration necessary to elicit a cAMP response (13-15). 

Wee could not find such an effect in TtT/GF cells. The addition of bTSH up to 100 mU/mL did 

nott significantly increase intracellular calcium concentrations. 

Wee further studied whether this cell line signals via the kinase/signal transducer and 

activatorr of transcription (JAK/STAT) pathway. Recently, Park et al (16) demonstrated that in 

CHOO cells transfected with human TSHR and in rat FRTL-5 cells, TSHR is functionally 

linkedd to the JAK/STAT3 signalling pathway. Our experiments, however, could not confirm 

thiss in TtT/GF cells. The basal level of STAT3 expression was not increased after stimulation 

withh different concentrations of bTSH for varying time periods. 

Thus,, TSHR did not activate the three signalling cascades described above. Failure to 

stimulatee either the adenylate cyclase/cAMP cascade, or the phosphatidylinositol/calcium 

cascadee via the TSHR has also been reported in astroglial cells (26). Instead, in these cells 

TSHH stimulates arachidonate release through phospholipase A2 activation, and it stimulates 

mitogen-activatedd protein kinase (27). 

Inn order to elucidate the possible function of TSHR expression in FS cells, we then 

decidedd to study the expression profile of a broad range of genes (1176 known clones) in 

TtT/GFF cells in response to TSH by using cDNA array hybridisation. This supported the 

absencee of a STAT3 response in our previous experiments. Hybridisation of the arrays with 

probess produced from RNA derived from TSH-stimulated TtT/GF cells did not reveal 

upregulationn of STAT3 transcripts. Instead, the array hybridisation experiment indicated that 

TSHH induced STAT5a, another member of the STAT family. No such effect was seen after 

LPSS exposure, which supports the specific effect of TSH on the level of this transcription 

factor.. It thus seems that in TtT/GF cells, as in astroglial cells, the TSHR is coupled to the 

JAK/STATT signalling cascade. However, instead of signalling through STAT3, TSH results 

inn upregulation of STAT5a gene transcripts. The transcription factor STAT5a is known to be 

activatedd by various cytokines receptors and is implicated in the induction of cellular 

processess such as differentiation, proliferation and antiapoptotic activities (28,29). 

Thee most prominent gene, upregulated upon TSH stimulation was transforming 

growthh factor f$2 (TGF-p2). This response was not observed after LPS exposure. This growth 
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factorr is known to decrease prolactin mRNA levels in the rat pituitary cell line GH3 (30). 

Likewise,, the induction of this growth factor by TSH might play a role in a paracrine 

feedbackk mechanism on TSH secretion. Another possibility is that the FS cells provide a 

paracrinee link between the hypothalamus-pituitary-thyroid axis and the prolactin system at the 

levell  of the pituitary. The increased levels of TGF- 2̂ mRNA after TSH stimulation are 

accompaniedd by a down regulation of TGF-p receptor transcripts, possibly indicating a 

mechanismm to protect FS cells to increased TGF-p2 levels. However, decreased TGF-f} 

receptorr mRNA levels were also observed after LPS exposure. TGF-p receptor and TGF-P1 

expressionn have been demonstrated in TtT/GF cells and in microdissected rat FS cells by Jin 

etet al. (31). TGF- 2̂ expression has been reported in the human pituitary as well (32), but to 

ourr knowledge this is the first report of TGF-P2 expression in TtT/GF cells. 

Furthermore,, TSH also had a strong stimulatory effect on IFN-y receptor expression. 

Vanckelecomm et al. (33) demonstrated that FS cells mediate the inhibitory effect of IFN-y on 

thee stimulated ACTH and GH release from rat anterior pituitary monolayers as well as in cell 

aggregates.. Moreover, IFN-y is known to suppress the expression of TSHR in thyrocytes (34). 

Thiss suggests that in TtT/GF cells TSH enhances this suppressive effect on TSHR expression. 

Noo such effect was observed upon LPS simulation. 

Analysiss of the overall effects of TSH and LPS on gene expression levels in functional 

categoriess as shown in Figure 6.5, reveals that TSH has its most prominent effect on 2 classes 

off  genes. Genes encoding structural proteins, such as cell-cell adhesion proteins, membrane 

channels,, transporters and cytoskeleton proteins on the one hand, and genes involved in cell 

proliferation,, cell differentiation and apoptosis on the other hand. In both classes 7 genes were 

newlyy expressed after TSH stimulation, and almost 30% of the genes were up or down 

regulatedd 5-fold or more. It should be noted that all the gene transcripts encoding structural 

proteinss regulated by TSH were upregulated. LPS clearly had its major effects on 

transcriptionn factors and DNA-binding proteins, of which 40% was regulated, and on growth 

factors,, cytokines and chemokines of which 57% responded. 

Wee conclude that a functional TSHR is expressed on the murine FS cell line, TtT/GF. 

Althoughh TSH failed to activate three well known signalling pathways of the TSHR, we 

showedd that TtT/GF cells are indeed responsive to TSH. The activation of the JAK/STAT5a 

signallingg cascade supports that TSH has a proliferative effect on these cells. Furthermore, the 
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inductionn of TGF-F52 supports our hypothesis that TSHR expression in FS cells plays a role in 

thee paracrine regulation of TSH secretion at the level of the pituitary. It is clear, however, that 

thee exact role of TSHR expression in pituitary FS cells needs more study to validate the data 

obtainedd using cDNA array hybridisation technology. 
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7.11 INTRODUCTION 

Inn many patients with Graves' hyperthyroidism, plasma thyrotropin (TSH) values remain low 

despitee adequate antithyroid treatment, as witnessed by a return of T4 and T3 serum values to 

normal,, and by clinical euthyroidism. This has been attributed to a so-called 'delayed 

recoveryy of the pituitary-thyroid axis'. We have developed a new theory explaining this 

phenomenonn by postulating that a TSH receptor may be present in the pituitary, enabling 

ultra-shortt loop feedback control on TSH secretion. This pituitary TSH receptor is also 

recognisedd by TSH receptor stimulating autoantibodies (TSAb). TSAb are present despite 

clinicall  and biochemical euthyroidism in many patients with Graves' disease, albeit their 

presencee may remain unnoticed. However, these TSAb may still have an influence on a 

pituitaryy TSH receptor and down regulate pituitary TSH secretion. 

Thee main objective of this thesis was to investigate if TSAb could indeed be 

responsiblee for the long-term TSH suppression in treated, euthyroid Graves' disease patients 

throughh their action on the postulated pituitary TSH receptor. In short, we asked the following 

questions:: first, is the TSH receptor expressed in the human anterior pituitary? Second, if so, 

whatt is its biological significance? And third, through which mechanism does it accomplish 

thiss function? In this chapter, these three questions will be addressed. 

7.22 TSH RECEPTOR IS EXPRESSED IN THE HUMAN ANTERIOR PITUITARY 

Inn chapter 2 we demonstrated that full length TSH receptor mRNA is expressed in the human 

anteriorr pituitary as is evident from screening of a human pituitary cDNA library. In situ 

hybridisationn and immunohistochemistry confirmed this finding at the mRNA as well as the 

proteinn level. The cell types expressing the TSH receptor were phenotypically characterised as 

aa subset of MHC class II-positive folliculo-stellate cells. These results were further supported 

byy the demonstration of TSH receptor expression in a murine pituitary folliculo-stellate cell 

linee (TtT/GF) (Chapters 5 and 6). 

Ourr findings were later confirmed by Theodoropoulou and co-workers (1). Using RT-

PCRR they detected TSH receptor mRNA in normal human pituitary tissue and in TtT/GF 

cells,, and immunohistochemical studies indicated TSH receptor protein expression in distinct 

areass of the anterior pituitary. Double immunostaining with antibodies against each of the 
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adenohypophyseall  hormones and the folliculo-stellate cell marker S-100 protein revealed that 

TSHH receptor protein is present in folliculo-stellate cells as well as in thyrotroph cells (1). 

Despitee extensive double-labelling experiments, using two different monoclonal antibodies, 

wee never observed colocalisation of TSH receptor with TSH in thyrotrophs. What causes this 

discrepancyy is unclear, but it might be due to differences in the immunohistochemical 

procedure.. The sensitive avidin-biotin-peroxidase complex (ABC) method may easily result 

inn false positive results by aspecific binding of avidin, especially in anterior pituitary tissue 

(personall  observation), and should be accompanied by proper control incubations. Therefore, 

inn our experiments we replaced the primary antibody with non-immune serum, whereas 

Theodoropoulouu and co-workers omitted the primary antibody in the histochemical procedure. 

This,, however, should not be considered a proper control. The primary antibody should be 

replacedd by non-immune serum, normal immunoglobulins, or an irrelevant antibody of the 

samee immunoglobulin iso-type. Thus, aspecific binding of the primary antibody might have 

resultedd in aspecific labelling of thyrotrophs in their study. Their finding of a thyrotropin 

receptorr on thyrotrophs is, however, not contradictory to our hypothesis. Indeed, it may 

actuallyy just offer an additional ultra-short loop feedback mechanism. TSH receptor 

expressionn has not been described in other cell types within the pituitary. The expression of 

thee TSH receptor on folliculo-stellate cells is not surprising, because it is well documented 

thatt folliculo-stellate cells are capable of influencing anterior pituitary hormone secretion (2-

4)) and the expression of a TSH receptor by these regulatory cells within the pituitary suggests 

thatt these cells might also be involved in paracrine regulation of TSH secretion. 

7.33 DOES THE EXPRESSION OF A TSH RECEPTOR IN THE PITUITARY HAVE 

AA BIOLOGICA L SIGNIFICANCE? 

Expressionn of the TSH receptor within the pituitary supports the view that besides feed 

forwardd control on TSH secretion by TRH and feedback control by thyroid hormones, 

additionall  autocrine or paracrine regulatory mechanisms also regulate TSH secretion. This 

wouldd support our theory that TSAb may have a direct effect on TSH secretion. This was 

testedd in rats in which the thyroid hormone secretion was blocked by the antithyroid drug 

methimazole.. Thus, treated rats indeed showed lower plasma TSH levels after injection with 

TBII-containingg immunoglobulins purified from Graves' disease patients containing, as 
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comparedd to rats receiving immunoglobulins from a healthy person (Chapter 3). Furthermore, 

chapterr 4 describes how in euthyroid, treated Graves' disease patients, TSH plasma levels are 

indeedd lower in patients with a positive TBII titre compared to patients that have become TBII 

negative,, despite similar free T4 and T3 serum concentrations. Moreover, we quantitatively 

showedd that in these patients, plasma TSH levels do not correlate with thyroid hormone 

levels,, whereas a strong negative correlation was found between TSH and TBII levels. In our 

view,, stimulation of the pituitary TSH receptor by TSAb mimics the action of TSH and 

resultss in down regulation of TSH secretion. Thus, these two experiments provide strong 

evidencee in favour of the importance of a pituitary TSH receptor, as an additional regulator of 

TSHH secretion. 

Butt what about euthyroid patients treated for other forms of hyperthyroidism? In our 

view,, these patients should show normalised TSH levels when thyroid hormone levels have 

returnedd to normal values, similar to the TBII negative patients in our clinical trial. Initially, 

wee aimed to include non-autoimmune hyperthyroid patients with toxic multinodular goitre in 

thee clinical study described in chapter 4. However, this was not done. First, because this kind 

off  patients is preferably treated directly with radioiodine and not with antithyroid drugs. And 

second,, because they differ from Graves' patients both in severity and duration of 

thyrotoxicosis. . 

Thee expression of not only the TSH receptor, but also other hypophyseal hormone 

receptorss (Chapter 5), in pituitary folliculo-stellate cells suggests that these cells play a more 

generalisedd role in the paracrine regulation of anterior hormone secretion. What could be the 

biologicall  function of these ultra-short-loop feedback mechanisms? First, in analogy to a 

centrall  thermostat in modern central heating systems, it might enable the pituitary to 

efficientlyy fine-regulate endocrine secretion. This is in accordance with the observations that 

folliculo-stellatee cells dampen hormone secretion in response to stimulatory and inhibitory 

hypothalamicc factors. 

Second,, anterior pituitary hormones are secreted in a pulsatile manner, superimposed 

onn a tonic secretion. It is generally believed that these pulsatile patterns of secretion are 

generatedd by the integrated actions of stimulatory and inhibitory hypothalamic hormones. 

However,, a pulsatile secretory profile persists in perifused pituitaries disconnected from 

hypothalamicc input (5), indicating the presence of a pulsatile secretory system within the 

pituitaryy gland itself. With their long cytoplasmic processes contacting other folliculo-stellate 

cellss as well as endocrine cells, folliculo-stellate cells are in an ideal position to play a role in 
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aa paracrine communication system, and in generating pulsatility. In a recent study (6) it was 

demonstratedd that local electrical stimulation of folliculo-stellate cells in pituitary slices 

triggerss cytosolic Ca2+ waves, which propagate to other folliculo-stellate cells through gap 

junctions.. This is the first report to show that folliculo-stellate cells are excitable and capable 

off  synchronising their electrical activity and Ca + signals in a three-dimensional manner. This 

providess strong evidence that the folliculo-stellate cells provide an intrinsic system of 

communicationn that allows long-distance transfer of information within its parenchyma and 

mayy rapidly adjust cellular activities within the pituitary. The excitability of both folliculo-

stellatee cells and endocrine cells indicates that besides chemical communication, a common 

'neurall  language' could be of importance to the interactions between them. Thus, endocrine 

cellss might be regulated through co-ordinated information from both extrapituitary molecules 

slowlyy carried by the pituitary microvasculature and intrapituitary signals mostly originating 

fromm the folliculo-stellate network. 

7.44 HOW DOES A FUNCTIONAL PITUITARY TSH RECEPTOR DOWN 

REGULATEE TSH SECRETION? 

Thee experiments mentioned above provided strong evidence in favour of a functional TSH 

receptorr that is involved in an ultra-short loop feedback mechanism on TSH secretion. 

However,, they did not yet prove that TSH or TSAb indeed binds to the TSH receptor on 

folliculo-stellatee cells, nor that such binding results in a response within folliculo-stellate 

cells. . 

TSHH recepto r signallin g 

Wee first confirmed the expression of TSH receptor in a murine folliculo-stellate cell line. 

Usingg this cell line we then showed that in folliculo-stellate cells in culture, TSH did not 

signall  through activation of the classic adenylate cyclase/cAMP/protein kinase A pathway. 

Norr did it activate the phospholipase C/Ca2+/protein kinase C and the JAK/STAT3 pathways 

(Chapterr 6). Failure to stimulate adenylate cyclase and phospholipase C was also reported by 

Saunierr and co-workers in rat astroglial cells (7). Instead, in these cells, TSH signals through 

phospholipasee A2 and mitogen-activated protein kinase (8). Theodoropoulou reported that 
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TtT/GFF cells did show a modest increase of intracellular cAMP, but only when the cells were 

stimulatedd with very high concentrations of TSH (-0.4 10 7M) (1). However, since the pattern 

inn which anterior pituitary cells are exposed to paracrine factors is different to endocrine type 

exposure,, a number of realisations should be noted in interpreting these data (4): 1. Effects 

observedd to occur only at high concentrations may be physiologically relevant because of the 

highh levels encountered by target cells located in the vicinity to the signalling cells for a given 

factorr (e.g. TSH). 2. Anterior pituitary cells may be chronically exposed to a factor and the 

normall  response to that factor is thereby down- (or up-) regulated. 3. The 'cocktail' of 

intercellularr factors to which anterior pituitary cells are normally exposed is likely quite 

differentt to that of peripheral cells. Thus, the media used for in vitro experiments may include 

orr omit compounds that would normally modulate the activity of the cells in vivo. 

Nonetheless,, TSH concentrations up to 100 mU/mL (~10~7 M) did not elicit a cAMP increase, 

Ca2++ rise nor STAT3 translocation in our experiments. 

TSH-responsiv ee targe t gene s 

Thee unresponsiveness of STAT3 to TSH is in line with our results obtained in the mouse 

folliculo-stellatee cell line by cDNA array hybridisation (Chapter 6). TSH stimulation did not 

influencee STAT3 transcription in TtT/GF cells. However, STATSa transcripts were strongly 

upp regulated. No change in expression of STAT5a was observed after LPS treatment, 

supportingg a TSH-specific effect on STAT5a gene transcription. Although phosphorylation of 

thee STAT protein is the crucial step in the signal transduction cascade, up regulation of its 

mRNAA level is strongly suggestive of increased activity of this transcription factor. STAT5a 

activationn is implicated in the induction of cellular processes such as differentiation, 

proliferationn and anti-apoptotic activities (9-12). This is in agreement with the finding that the 

majorityy of the genes with differential-expression between basal and TSH stimulated TtT/GF 

cellss could be classified as genes encoding structural proteins, and genes involved in cell 

cycle-relatedd processes. Park and co-workers reported the ability of TSH to signal through 

STAT33 activation in rat FRTL-5 cells and Chinese hamster ovary (CHO) cells transfected 

withh the human TSH receptor (13). It thus seems that TSH can interact with various members 

off  the STAT family. 

Thee marked up regulation of transforming growth factor (TGF)~p2 mRNA levels in 

TtT/GFF cells by TSH strongly suggests that this growth factor is a target gene for TSH and 
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mightt be one of the paracrine factors implicated in the cross talk between the folliculo-stellate 

cellss and the thyrotrophs. TGF-P receptor and TGF-pi expression have been demonstrated in 

TtT/GFF cells and in microdissected rat FS cells by Jin and co-workers (14). TGF-f}2 

expressionn has been reported in the human pituitary as well (15), and TGF-p2 decreases 

prolactinn (PRL) mRNA levels in the rat somatomammotroph cell line GH3 (16). TGF-02 

expressionn in folliculo-stellate cells has not been described yet, and its effects on TSH 

secretionn remain to be elucidated. 

Itt should be noted that the results obtained by cDNA array hybridisation should be 

interpretedd with great care. Due to limitations in time, the experiment has been performed 

onlyy once, and expression levels of regulated genes have not been validated by other 

techniques,, such as RT-PCR or Northern blotting. Currently, experiments are carried out to 

validatee the expression levels of TGF-P2 by quantitative real-time RT-PCR. In order to reduce 

thee chance of false positive results to a minimum, we considered differential expression 

significantt only when we observed a five-fold or more up or down regulation. In most studies, 

differencess by a factor 2 are regarded as a significant change in transcript level. 

7.55 FOLLICULO-STELLAT E CELLS AND THEIR ROLE IN THE PITUITARY 

Folliculo-stellat ee cell s 

Thee anterior pituitary is composed of both granular and agranular cells. The granular cells 

containn secretory granules and produce the six adenohypophyseal hormones [TSH, luteinizing 

hormonee (LH), follicle-stimulating hormone (FSH), adrenocorticotropic hormone (ACTH), 

growthh hormone (GH) and PRL]. These hormones are known to regulate vital processes such 

ass reproduction, growth, metabolism and the immune system. The agranular cells, however, 

weree long believed to be non-secretory, because they lacked the typical secretory vesicles. 

Althoughh a vast amount of morphological data on these cells has been collected over the 

years,, only in the last decade attention has been paid to the possible role they might play in 

thee anterior pituitary. Already half a century ago, Rinehart and Farquhar (17) described non-

granulatedd stellate-shaped cells in the anterior pituitary, representing approximately 5-10% of 

alll  pituitary cells. Later, these cells were further defined as epithelial-like cells surrounding 

smalll  follicular cavities (18), hence their name folliculo-stellate cells. The long cytoplasmic 

704 4 



G€N€fVKG€N€fVK DISCUSSION 

processess extend outwards from the follicles to connect to processes of other folliculo-stellate 

cellss and to hormone producing cells, generating an extensive network within the anterior 

pituitaryy (2). 

Functiona ll  significanc e of folliculo-stellat e cell s 

Severall  functions have been ascribed to folliculo-stellate cells. Initially they were believed to 

representt renewal, or stem cells (19,20). This was, however, disputed by other authors, who 

arguedd that folliculo-stellate cells were fully differentiated cells (21,22), or de-differentiated 

hormonee producing cells (23). Subsequent studies have indeed confirmed that folliculo-

stellatee cells are mature cells capable of secreting several bioactive molecules that are 

probablyy not released into the blood but act locally as paracrine factors (2). The presence of 

gapp junctions between folliculo-stellate cells (18,24) and also between folliculo-stellate cells 

andd hormone producing cells (25) suggested that they might play a supportive role in the 

architecturee of the pituitary (25) as well as a role in compartmentalisation of interstitial 

cavitiess (18). The follicular cavities are interconnected and form a network of channels within 

thee pituitary, suggesting a role in the regulation of the microcirculation in the interstitial 

cavitiess (21). Other observations, such as cytoplasmic inclusions within folliculo-stellate cells 

andd the presence of phagocytotic vesicles and lysosomal organelles, are consistent with a role 

inn the degradation of waste material from other cells (25,26) or of superfluous storage 

productss (27) and ingested basal lamina (28). More recent studies indicated that folliculo-

stellatee could transport Na+, K+ and probably also CI", suggesting that they play a role in the 

maintenancee of the ionic composition of the interstitial fluid in the anterior pituitary (29). This 

wass also concluded by Bambauer and co-workers (30), who showed the presence of Ca2+-

ATPasee at the external side of the plasmamembrane of guinea pig folliculo-stellate cells, 

suggestingg a role in controlling the Ca2+ concentration in the extracellular space. 

Folliculo-stellatee cells form a heterogeneous group of cells, at the ultrastructural 

(21,31),, immunohistochemical (31) and functional level (32). Double immunohistochemistry 

showedd that some populations express the calcium-binding protein S-100 and glial fibrillary 

acidicc protein (GFAP), suggesting a neuroectodermal glial-like origin. Other populations 

expresss keratin as well as S-100 protein, suggesting an ectodermal origin. Moreover, some of 

thee S-100 and GFAP-positive cells also expressed vimentin, which is known as a 

mesenchymall  marker (33). Folliculo-stellate cells also share many features with cells from the 
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monocyte-macrophage-dendriticc cell lineage (34,35). These dendritic cells are described as a 

groupp of non-lymphocytic, MHC-class II positive cells with stellate morphology and excellent 

antigen-presentingg capacity. They are found in various organs and thought to act as accessory 

cellss in immune responses. It has become clear however, that additionally these dendritic cells 

havee a role in the regulation of endocrine cells (35). This group, which includes the 

Langerhanss cells in the skin, the interdigitating reticulum cells in lymphoid organs and the 

veiledd cell in lymph, also expresses S-100 protein, produces IL-6 and fulfi l a phagocytotic 

function.. They are excellent antigen presenting cells (36) and can be identified 

immunocytochemicallyy by their dendritic morphology and marked MHC class II expression 

(37).. Allearts and co-workers (31) showed that at least a subpopulation of folliculo-stellate 

cellss in the rat pituitary also express MHC class II, as shown by colocalisation with S-100 

protein.. Together with weak, or absent expression of typical macrophage markers, these 

resultss are in favour of a homology between folliculo-stellate cells and dendritic cells. 

However,, these authors also clearly showed that not all folliculo-stellate cells are derived 

fromm bone marrow precursor cells. 

Paracrin ee action s by folliculo-stellat e cell s 

Strongg evidence has been accumulated for a role of folliculo-stellate cells in the paracrine 

regulationn of hormone secreting cells. Baes and co-workers (38) and Allaerts and Denef (39) 

foundd that folliculo-stellate cells attenuate the secretory activity of pituitary cells by reducing 

theirr response to stimulatory as well as inhibitory hypothalamic releasing factors. Rat 

folliculo-stellatee cells were separated by density gradient centrifugation and co-aggregated 

withh other pituitary cell populations, enriched in somatotrophs or lactotrophs. The GH 

responsee to GH releasing factor, isoproterenol and somatostatin, as well as the prolactin 

responsee to dopamine, angiotensin II and thyrotropin-releasing hormone (TRH), were both 

markedlyy reduced by the presence of folliculo-stellate cells in the aggregates. Furthermore, at 

leastt in the case of the inhibition of angiotensin II-stimulated prolactin release, both studies 

showedd that the interaction between folliculo-stellate cells and lactotrophs does not require 

intimatee contact between the two cell types, suggesting that folliculo-stellate cells interact 

withh hormone producing cells in a paracrine manner. Similarly, in rat pituitary co-aggregates, 

Allaertss and co-workers (40) showed that folliculo-stellate cells may also play a role in 

establishingg a biphasic LH release at the pituitary level following GnRH administration. 
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Thee recognition that folticulo-stellate cells have a generalised attenuating effect on 

stimulationn and inhibition of pituitary hormone secretion and the ability of folliculo-stellate 

cellss to regulate the ionic composition of the interstitial fluid, suggests that these cells might 

actt as a physiological buffer system (2). This system might dampen the hormone secreting 

cellss to stimulatory and inhibitory stimuli that could otherwise be deleterious to the organism. 

Paracrinee communication by folliculo-stellate cells is further supported by the finding 

thatt they produce a variety of growth factors, cytokines and other bioactive molecules, such as 

IL-66 (41), vascular endothelial growth factor (42), basic fibroblast growth factor (43), 

follistatinn (44), leukemia inhibitory factor (45), neural nitric oxide synthetase (nNOS) (46,47), 

andd leptin (48,49). Furthermore, they are responsive to IL-1 (50,51) and express receptors for 

TNFF (52), leptin (48,49), and TSH (this thesis). 

Thee production of cytokines by folliculo-stellate cells, especially IL-6, has been 

extensivelyy studied by Vankelecom (41,53) and Renner and co-workers (54). In the normal 

pituitaryy only folliculo-stellate cells have been identified as the source of IL-6 (41,53) 

whereass in pituitary adenomas, IL-6 is produced in large amounts by the pituitary tumour 

cellss themselves (55). The secretion of IL-6 is stimulated by the hypothalamic factor pituitary 

adenylatee cyclase activating peptide (PACAP) and the closely related vasoactive intestinal 

peptidee (VIP). This stimulatory effect involves both the PACAP type 1 and type 2 receptors 

andd activates the adenylate cyclase/protein kinase A signalling pathway (56-58). IL-1 has 

beenn shown to stimulate IL-6 secretion via the EP3/protein kinase C pathway (50,51,59), but 

IL-11 receptors have not yet been demonstrated in folliculo-stellate cells. TNF binding sites 

havee been reported on folliculo-stellate cells and TNF-a and TNF-p1 are able to stimulate IL-6 

releasee (52). Furthermore, glucocorticoids suppress the secretion of IL-6, indicating that these 

cellss also contain functional glucocorticoid receptors (60). IL-6 itself stimulates the secretion 

off  GH, PRL and LH from cultured rat pituitary cells and the actions of TRH and dopamine on 

prolactinn secretion and GH releasing factor-stimulated GH release are potentiated by IL-6 

(61,62).. IL-6 also stimulates ACTH secretion in vitro (63) as well as in vivo (64). IL-6 

administrationn has a suppressive effect on the hypothalamus-pituitary-thyroid axis and leads 

too thyroid hormone levels similar to those seen in acute non-thyroidal illness. Serum TSH 

levelss in healthy human subjects are generally reported to be suppressed by IL-6 (65-69). It 

shouldd be kept in mind, that circulating levels of cytokines in the blood do not necessarily 

reflectt their concentrations in tissues, where they are produced locally and act as paracrine 

factors.. Moreover, in vivo studies do not allow distinguishing between effects mediated by 
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intrapituitaryy cytokines or by circulating cytokines, which might exert their effects on anterior 

pituitaryy hormone secretion through actions at the hypothalamic or peripheral levels. 

Folliculo-stellat ee cel l line s 

Currently,, three different folliculo-stellate cell lines are available to study the function of 

folliculo-stellatee cells in the anterior pituitary. In 1992, Inoue and co-workers (70) derived the 

firstt stably growing immortalised folliculo-stellate cell line from an isologously transplantable 

mousee thyrotrophic pituitary tumour (TtTb) that had been induced by radiothyroidectomy. 

Becausee of the strong GFAP-immunoreactivity, these cells were named TtT/GF cells. These 

cellss showed the characteristics of folliculo-stellate cells in the anterior pituitary, i.e. the 

presencee of many lysosomes and numerous intermediate filaments in the cytoplasm, 

phagocytoticc activity, follicle formation, and GFAP and S-100 protein positivity. Gloddek and 

co-workerss reported that TtT/GF cells release VEGF (71), a growth factor exclusively 

expressedd by a subpopulation of S-100 positive folliculo-stellate cells in the normal anterior 

pituitaryy (72). TtT/GF cells require basic fibroblast growth factor (bFGF) in the culture 

mediumm in order to grow, suggesting that they do not produce bFGF themselves (70). This 

differss from folliculo-stellate cells in primary culture, which do show bFGF production (43). 

Anotherr shortcoming of these immortalised cells is the lack of nNOS production. Whether 

thesee differences are caused by the diversity of the folliculo-stellate cells (32), or simply 

becausee they have lost this characteristic is unknown. 

Recently,, another murine folliculo-stellate cell line has been characterised (73). This 

immortalisedd cell line was derived from an anterior pituitary gland of a temperature-sensitive 

largee T antigen transgenic mouse and named Tpit/Fl. Cytological studies showed that, in 

contrastcontrast to TtT/GF cells, these cells do express mRNA of bFGF and nNOS. Moreover, both 

nNOSS mRNA and nitric oxide (NO) secretion were increased by ATP. Interestingly, ATP is 

co-secretedd with hormones from endocrine cells and stimulates NO production by FS cells. 

Thee released NO may regulate neighbouring cells and blood vessels. Furthermore, these cells 

producee IL-6, which is stimulated by PACAP, similar to pituitary folliculo-stellate cells 

(58,74). . 

AA human pituitary-derived folliculo-stellate cell line has also recently been established 

(75).. This cell line, named PDFS, was developed spontaneously from a clinically non-

functioningg pituitary macroadenoma. It showed an epithelial-like morphology with long 
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cytoplasmicc processes and frequent intercellular junctions. These cells express vimentin and 

S-1000 protein, both markers for anterior pituitary folliculo-stellate cells. Furthermore, they 

expresss both follistatin and activin A and have an intact activin intracellular signalling 

pathway.. Follistatin is readily expressed in the normal pituitary in gonadotrophs and folliculo-

stellatee cells (44), and locally secreted activin is a potent factor in controlling production and 

secretionn of FSH, GH and PRL (76-78). 

Adenohypophysea ll  hormon e recepto r expressio n by folliculo-stellat e cell s 

Ass described in chapter 5, folliculo-stellate cells not only express mRNAs of receptors for 

TSH,, but also for GH and ACTH. No expression of PRL receptor or gonadotropin receptors 

wass apparent. ACTH receptor expression in the anterior pituitary has not been reported 

before.. GH receptor expression, however, has been reported in human somatotrophs, 

lactotrophs,, and gonadotrophs (79), and in somatotrophs and non-somatotroph cells in the 

rodentt pituitary (80-83). Unfortunately however, these non-somatotrophs were not further 

characterised,, so it is unknown whether these GH receptor positive cells included folliculo-

stellatee cells. Evidence for a role of the GH receptor in ultra-short loop feedback on its own 

secretionn is accumulating (84,85). The PRL receptor in the human anterior pituitary is 

expressedd in lactotrophs and gonadotrophs (86). Moreover, ultra-short loop feedback by 

prolactinn on its own secretion through an autocrine/paracrine mechanism has indeed been 

reportedd (87-89). Gonadotropin receptor expression in the anterior pituitary has not been 

reportedd yet. However, results obtained using double immunocytochemistry indicated that the 

FSHH receptor is expressed by the gonadotroph cells in the human anterior pituitary (own 

unpublishedd observation). FSH-receptor immunoreactivity did not co-localise in S-100 or 

MHCC class H-positive folliculo-stellate cells. This suggests that gonadotropin cells might 

modulatee their own production of LH and/or FSH via an ultra-short loop feedback by FSH. 

Thee expression pattern of the hypophyseal hormone receptors in the anterior pituitary 

iss remarkable. The folliculo-stellate cells do express receptors for TSH, GH, and ACTH, but 

nott for PLR, LH and FSH. The question arises why not all receptors are expressed on 

folliculo-stellatee cells, and why some appear to be expressed on the endocrine cells. The 

reasonn for this is unclear. Evolutionary differences are unlikely, since the TSH receptor and 

thee gonadotropin receptors are evolutionary closely related and highly conserved (91). On the 

otherr hand, GH and PRL receptors are closely related. Both are single-pass transmembrane 
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Tablee 7.1. Adenohypophy seal -hormone receptor expression in the anterior pituitary. 

TSHRahh FSHRa' LHR GHRa PRLRa b ACTHR 

Folliculo-stellatee cells + 

TtT/GFF celi line? + + - + 

Thyrotrophh cells 

Gonadotrophh cells - + + + 

Lactotrophh cells - - + + 

Somatotrophh cells - + 

Corticotrophh cells 

'' Immunocytochemistry (1,79,90), in situ hybridisation (86,90). ' Unpublished personal observation.T data on 

TtT/GFF cells is obtained by RT-PCR (Chapter 5). 

receptorss and, despite a relatively low degree (-30%) of sequence identity, they share several 

structurall  and functional features (92,93). The receptors on folliculo-stellate cells for TSH, 

GHH and ACTH might indicate that they are responsive to hormones which may play a role in 

thee metabolic processes within the folliculo-stellate cells, rather than be involved in paracrine 

regulationn of hormone secretion. Another explanation may be that nature decided to keep the 

secretionn of hormones involved in reproduction out of direct control by folliculo-stellate cells. 

Thiss might indicate that gonadotrophs and lactotrophs escape direct dampening of hormone 

secretionn by folliculo-stellate cells, because LH and PRL have to reach high levels and a 

sustainedd pulse during ovulation and lactation, respectively. For the other hormones these 

sustainedd surges do not exist. A last explanation may be that the expression of some, but not 

alll  hypophyseal hormone receptors in the folliculo-stellate cell line reflects the heterogeneity 

off  folliculo-stellate cells. Different subpopulations of folliculo-stellate cells, not represented 

byy TtT/GF cells, might express different subsets of adenohypophyseal hormone receptors 

7.66 CONCLUSIONS AND PERSPECTIVES 

Thee studies described in this thesis provide strong evidence in favour of an ultra-short loop 

feedbackk mechanism modulating TSH secretion from the anterior pituitary. Moreover, this 

intrapituitaryy control mechanism offers a plausible explanation for the frequent observation of 

decreasedd serum TSH levels in the presence of normal thyroid hormone levels in euthyroid 

treatedd Graves' disease patients. 
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Inn our view, TSH is secreted into the extracellular space where it binds to the TSH 

receptorr expressed by neighbouring folliculo-stellate cells. Stimulation of this pituitary TSH 

receptorr stimulates TGF-02 secretion after activation of the JAK/STAT5a signalling cascade. 

TGF-P22 might be one of the paracrine factors that signals back to the thyrotrophs resulting in 

downn regulation of TSH secretion. This ultra-short loop control likely functions as a fine-

tuningg mechanism, with TRH and thyroid hormones as the main determinants of TSH levels. 

Inn treated euthyroid Graves' disease patients, circulating TSAb will also stimulate the 

pituitaryy TSH receptor, although their presence might be unnoticed because thyroid functions 

aree blocked by antithyroid drug treatment (Figure 7.1). 

TRH H 

TSAb b 

Figuree 7.1. Ultra-short loop feedback mechanism regulating TSH secretion in the anterior pituitary. In response 

too TRH and T,/T4, the thyrotrophs secrete TSH, which binds to the folliculo-stellate cell TSH receptor. 

Activationn of this receptor activates the JAK/STAT5a signalling pathway and up regulates TGF-B2 transcription. 

Whetherr this is up regulation is mediated by STAT5a transcription factors is uncertain. TGF-B2 or another, yet 

unknown,, paracrine factor is released by the folliculo-stellate cell and closes the feedback loop by down 

regulatingg TSH secretion in the thyrotroph. Similarly, stimulation of the TSH receptor by TSH receptor-

stimulatingg antibodies (TSAb) will also result in down regulation of TSH secretion. 
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Thee concept of a paracrine folliculo-stellate network, discussed in this chapter, needs 

furtherr elaboration. As already noted, in vivo studies measuring paracrine factors in the 

generall  circulation do not reflect concentrations within the pituitary are not likely to 

contributee to a better understanding of this concept. Instead, studies on pituitary cell 

populationss are required. Early studies of anterior pituitary regulation in vitro made use of 

relativelyy intact tissue in the form of whole glands, hemipituitaries,, and tissue fragments. 

Experimentall  limitations of these models resulted in treating intact tissue with proteolytic 

enzymess in order to obtain individual cells. These dispersed cells are either grown as 

monolayers,, or as three-dimensional cell aggregates. Several studies however have indicated 

thatt monolayer primary cultures are not a suitable model to examine for example cytokine-

mediatedd effects (94). However, when these dispersed cells are grown in pituitary cell re-

aggregates,, they display various characteristics of normal anterior pituitary tissue (39,95) and 

alloww the investigation of folliculo-stellate cells in a tissue-like configuration. These enriched 

celll  populations can be obtained by various cell separation techniques, and by selectively co-

aggregatingg enriched folliculo-stellate cells with endocrine cell populations, the interactions 

betweenn folliculo-stellate cells and secretory endocrine cells can be studied (38,53). A major 

drawbackk in these models used to be that they did not allow studying 100% pure cell 

populations.. This is often of great importance in molecular and other analyses, such as RT-

PCRR or sequence analysis. 

Anotherr approach to study the cross talk between folliculo-stellate cells and endocrine 

cellss in 100% pure cell populations is the use of several immortalised cell lines which are now 

available.. These can be grown in a two compartment system, where the cells are separated by 

aa membrane that allows passage of soluble factors. Although the physical separation of the 

twoo cell types might be desirable to discriminate between effects induced by direct cell-cell 

contactt and effects by soluble factors, it is questionable whether the concentrations of 

paracrinee factors, normally released in the tight extracellular spaces of the pituitary, will reach 

similarr effective concentrations when released in the culture medium. Pilot experiments 

performedd with this 'transwell' model did not yield reproducible results in our laboratory. 

Furthermore,, immortalised cells are never identical to primary cultured cells. The folliculo-

stellatee cell line TtT/GF, for example, lacks nNOS, which might seriously impair certain 

signallingg pathways. 

Recently,, a new technique has been developed, which combines immunophenotypic 

characterisationn with laser capture microdissection (Immuno-LCM) (14,96-100). This method 
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allowss for the collection of individual cells from heterogeneous primary pituitary cell cultures, 

eitherr three-dimensionally cultured in aggregates or grown as monolayers. Once dispersed, 

thee cells are cytospun onto glass slides. Immunocytochemistry is then employed to 

characterisee and localise cells of interest and using infrared laser pulses these cells can be 

capturedd and processed for analysis. In this way, approximately 400 S-100-positive folliculo-

stellatee cells were captured from one normal rat pituitary using 2-3 slides (14). RT-PCR 

analysiss showed that the folliculo-stellate cells were not contaminated with other cell types. 

Thiss relatively rapid technique offers a valuable tool in further studies aimed at unravelling 

thee intimate autocrine and paracrine communications in the complex mixture of cells in the 

anteriorr pituitary in particular, and expands our ability to investigate gene expression in 

heterogeneouss tissues in general. 
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SUMMARY Y 

Aimm of the thesi s 

Whenn patients with Graves' hyperthyroidism are treated with antithyroid drugs, they usually 

becomee clinically euthyroid within 1-3 months. Thyroid hormone levels normalise and the 

TBIII  titre usually declines. Remarkably, this restoration of euthyroidism is not always 

paralleledd by normalisation of plasma TSH levels. These can remain suppressed for several 

monthss up to years, despite adequate antithyroid treatment. To date, the explanation for this 

phenomenonn has been that TSH secretion by the pituitary thyrotrophs slowly recovers from 

thee prolonged suppression of TSH production and secretion by excess thyroid hormone. 

However,, experimental evidence supporting this hypothesis has been lacking so far. Thus, the 

aimm of the studies described in this thesis was to provide a more plausible explanation for the 

long-termm suppression of plasma TSH frequently seen in treated Graves' disease patients that 

aree otherwise euthyroid. 

Wee hypothesised that in addition to the classic endocrine control mechanisms, 

providedd by hypothalamic TRH and peripheral thyroid hormones, TSH secretion is also 

regulatedd through autocrine or paracrine mechanisms within the anterior pituitary. In this 

view,, TSH secretion is directly monitored near its site of production. The most direct way of 

achievingg such a control mechanism is by the expression of a TSH receptor in the pituitary; 

eitherr by the thyrotrophs themselves or by one or more intermediate cell types. Ligand 

bindingg would then ultimately result in down regulation of TSH secretion. This additional 

controll  mechanism could enable fine-tuning of TSH secretion, with TRH and thyroid 

hormoness as the most potent and main determinants of plasma TSH levels. 

Duringg Graves' hyperthyroidism, autoantibodies directed against the TSH receptor 

(TSAb)) might act as agonists that, like TSH, stimulate not only the thyroid but also the 

pituitaryy TSH receptor thereby causing down regulation of TSH secretion. Since TSAb can 

remainn present for months up to years, they might well be the cause of the long-term 

suppressionn of TSH plasma levels in euthyroid Graves' disease patients, even when thyroid 

hormonee levels have been normalised by adequately treating these patients with antithyroid 

drugss and subsequent thyroid hormone replacement. 
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Summar yy of the result s 

Inn chapter 2 we showed that full length TSH receptor is indeed expressed in the human 

anteriorr pituitary. Using combined immunohistochemistry and in situ hybridisation, as well as 

doublee immunohistochemistry, we phenotypically characterised the cell types bearing this 

TSHH receptor as a subset of folliculo-stellate cells. These cells make up approximately 10% of 

thee anterior pituitary cell population and have been well recognised as paracrine mediators of 

anteriorr pituitary hormone secretion. Furthermore, this finding was supported by the 

functionall  expression of the TSH receptor in a murine folliculo-stellate cell line (chapters 5 

andd 6). 

Chapterr 3 describes that TSAb are indeed capable to suppress plasma TSH levels 

withoutt the involvement of thyroid hormones. Hence, TSAb-containing immunoglobulins, in 

contrastt to normal human immunoglobulins, induced a decrease in plasma TSH levels in rats 

thatt were unable to mount a thyroid response. Since the pituitary resides outside the blood 

brainn barrier, this strongly suggests that this action of TSAb is mediated through stimulation 

off  the pituitary TSH receptor. 

Thee ability of TSAb to decrease plasma TSH levels through an extrathyroidal pathway 

wass further supported in a prospective clinical study (chapter 4). Euthyroid Graves' disease 

patientss that were treated with antithyroid drugs showed significantly lower plasma TSH 

levelss when they had a positive TBII titre, as compared to TBII-negative patients. Thyroid 

hormonee levels did not differ between TBII-positive and TBII-negative groups. TSH plasma 

levelss correlated quantitatively with TBII titres and not with fT4, FT3I, duration of the thyroid 

disease,, nor the L-T4 dose they received, further supporting the hypothesis that TSAb indeed 

actt as a ligand for the pituitary TSH receptor, resulting in down regulation of TSH secretion. 

Inn chapters 5 and 6 post-receptor effects through which the folliculo-stellate cells 

mightt down regulate TSH secretion in the thyrotrophs were studied. Using a murine folliculo-

stellatee cell line, we showed that in contrast to the TSH receptor in thyroid follicular cells, the 

pituitaryy TSH receptor does not signal through the classical adenylate cyclase/cAMP 

pathway,, nor through the phospholipase C/intracellular calcium pathway. Instead, we provide 

evidencee that TSH activates the JAK/STAT signalling cascade. However, instead of 

activatingg the transcription factor STAT3, as has been demonstrated by others in a rat thyroid 

follicularr cell line and in Chinese hamster ovary cells transfected with the human TSH 
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receptor,, stimulation of the pituitary TSH receptor induces up regulation of STATSa 

transcripts. . 

TGF-022 is identified as one of the target genes of TSH in the foiliculo-stellate cell line 

(chapterr 6). This indicates that this growth factor could be the paracrine mediator that 

providess the cross talk between TSH-stimulated folliculo-stellate cells and thyrotrophs. 

However,, it remains to be elucidated whether TGF-J32 indeed down regulates TSH secretion 

byy the thyrotrophs. 

Folliculo-stellatee cells not only expresses the TSH receptor. Transcripts of growth 

hormonee receptor and adrenocorticotropin receptor were also detected (chapter 5). This 

suggestss that folliculo-stellate cells might be involved in the paracrine control of other 

adenohypophyseall  hormones too. Remarkably, receptors for follicle-stimulating hormone, 

luteinizingg hormone and prolactin were not detected in the cell line. Apparently, hormones 

involvedd in reproductive functions escape paracrine regulation by folliculo-stellate cells. 

Summarising,, the studies described in this thesis strongly support the hypothesis that 

TSHH secretion is regulated within the pituitary through an ultra-short negative feedback loop 

mediatedd by a TSH receptor on folliculo-stellate cells. By binding to this receptor, TSAb are 

responsiblee for the long-term suppression of TSH plasma levels in otherwise euthyroid 

Graves'' disease patients treated with antithyroid drugs. Stimulation of the TSH receptor 

activatess the JAK/STAT signalling pathway and up regulates TGF-f52 in folliculo-stellate 

cells.. TGF-J32 might be the paracrine factor that is secreted by the folliculo-stellate cells to 

causee down regulation of thyrotroph TSH secretion. 
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SAMENVATTING G 

Doell  van di t proefschrif t 

Wanneerr patiënten met Graves' hyperthyreoïdie worden behandeld met thyreostatica worden 

zee gewoonlijk euthyreoot binnen 1 tot 3 maanden. Hun schildklierspiegels normaliseren en de 

TBIII  titer daalt meestal ook. Het is opmerkelijk dat het herstel van euthyreoïdie niet altijd 

gepaardd gaat met een herstel van de onderdrukte TSH spiegels. Ondanks een juiste 

behandelingg kunnen deze nog gedurende enige maanden tot zelfs jaren onderdrukt blijven. De 

enigee verklaring voor dit verschijnsel is een vertraagd herstel van de TSH afgifte door de 

thyreotrofee cellen na langdurige onderdrukking van TSH productie en afgifte door de 

overmaatt aan schildklierhormoon. Experimenteel bewijs voor deze aanname is nooit geleverd. 

Hett doel van de studies beschreven in dit proefschrift was dan ook om een plausibele 

verklaringg te geven voor de langdurige onderdrukking van TSH spiegels in euthyreote 

patiëntenn met de ziekte van Graves' die behandeld worden met thyreostatica. 

Hett uitgangspunt van de in dit poefschrift beschreven studies was de hypothese dat 

TSHH niet alleen endocrien gereguleerd wordt door TRH uit de hypothalamus en 

schildklierhormoonn uit de periferie, maar dat er additionele autocriene of paracriene 

mechanismenn binnen de hypofyse een rol spelen bij de fijn-regulatie van TSH afgifte. 

Volgenss deze hypothese wordt de afgifte van TSH dus direct ter plaatse opgemerkt en 

gereguleerdd via een ultrakorte terugkoppeling. De meest directe manier om te kunnen 

reagerenn op veranderende TSH spiegels is door middel van het tot expressie brengen van een 

TSHH receptor in de hypofyse. Deze zou zich kunnen bevinden op de thyreotrofe cellen zelf, of 

opp andere cellen die als intermediair optreden. Ligand binding aan deze receptor zal volgens 

onzee theorie moeten leiden tot een daling van de TSH afgifte. Dit paracriene controle 

mechanismee maakt fijn-regulatie mogelijk van de TSH spiegels die verder vooral door TRH 

enn schildklierhormoon bepaald worden. 

Tijdenss Graves' hyperthyreoïdie zal deze hypofysaire TSH receptor ook gestimuleerd 

wordenn door TSH receptor stimulerende autoantilichamen (TSAb), resulterend in een 

onderdrukkingg van TSH spiegels. Aangezien TSAb gedurende enkele maanden tot zelfs jaren 

inn het bloed aantoonbaar kunnen blijven, kunnen deze verantwoordelijk zijn voor de 

langdurigee onderdrukking van TSH spiegels in het bloed van behandelde, euthyreote Graves' 

patiënten. . 
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Samenvattin gg van de resultate n 

Inn hoofdstuk 2 wordt beschreven dat het volledige TSH receptor mRNA tot expressie komt in 

dee humane hypofysevoorkwab. Met behulp van gecombineerde immuunhistochemie en in situ 

hybridisatie,, en dubbele immuunhistochemie, wordt aangetoond dat een subpopulatie van de 

folliculo-stellatee cellen de TSH receptor tot expressie brengt. Deze cellen vormen ongeveer 

10%% van de hypofysevoorkwab cellen en staan bekend om hun paracriene effecten op de 

secretiee van hypofysevoorkwab hormonen. 

Hoofdstukk 3 beschrijft dat TSAb plasma TSH spiegels kunnen onderdrukken zonder 

dee tussenkomst van verhoogde schildklierhormoon spiegels. TSAb bevattende immuno-

globulines,, in tegenstelling tot normale humane immunoglobulines, verlagen de TSH spiegels 

inn ratten waarbij de schildklier zelf niet meer kon reageren op immunoglobulines. Aangezien 

dee hypofyse zich buiten de bloed-hersen barrière bevindt, suggereert dit dat het effect van 

TSAbb gemedieerd wordt via stimulatie van de adenohypofysaire TSH receptor. 

Datt TSAb de TSH spiegels kunnen onderdrukken zonder tussenkomst van de 

schildklierr wordt waarschijnlijk uit een prospectieve klinische studie, beschreven in hoofdstuk 

4.. Euthyreote patiënten met de ziekte van Graves' die behandeld werden met thyreostatica 

haddenn een lager TSH gehalte in het serum wanneer zij aantoonbare TBII spiegels hadden dan 

TBII  I-negatieve patiënten. Schildklierhormoonspiegels verschilden niet tussen beide groepen. 

Ookk werd aangetoond dat in deze patiënten de TSH serumgehaltes kwantitatief correleren met 

TBII ,, en niet met fT4, FT3I, duur van het schildklierlijden, noch met de dosis L-T4. Deze 

resultatenn ondersteunen de hypothese dat TSAb inderdaad als ligand voor de adenohypo-

fysairee TSH receptor optreden, resulterend in een verlaging van de TSH spiegels. 

Inn de hoofdstukken 5 en 6 worden post-receptor effecten bestudeerd waarlangs de 

folliculo-stellatee cellen een verlaging van TSH secretie door de thyreotrofe cellen zouden 

kunnenn bewerkstelligen. Met behulp van een muizen folliculo-stellate cellijn wordt 

aangetoondd dat, in tegenstelling tot de TSH receptor in de schildklier, de hypofysaire TSH 

receptorr niet gekoppeld is aan de adenylaat cyclase/cAMP cascade of aan de phospholipase 

C/intracellulairr calcium cascade. In plaats daarvan blijkt dat de TSH receptor in de hypofyse 

gekoppeldd is aan de JAK/STAT signaaltransductie cascade. In plaats van activatie van de 

transcriptiefactorr STAT3, zoals door anderen is aangetoond in een ratten schildklier cellijn, 

wordtt in folliculo-stellate cellen een ander lid van deze familie geactiveerd, te weten STAT5a. 
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TGF-p22 werd geïdentificeerd als een van de doelwit genen in folliculo-stellate cellen 

diee gereguleerd worden door TSH. Dit suggereert dat deze groeifactor de verantwoordelijke 

paracrienee boodschapper zou kunnen zijn voor de terugkoppeling van de folliculo-stellate 

cellenn naar de thyreotrofe cellen. Verdere studies zullen moeten uitwijzen of TGF-(i2 

inderdaadd in staat is de TSH secretie door thyreotrofe cellen te onderdrukken. 

Folliculo-stellatee cellen bezitten niet alleen een TSH receptor. In hoofdstuk 5 wordt 

beschrevenn dat de receptoren voor groeihormoon en adrenocorticotroop hormoon ook tot 

expressiee worden gebracht. Dit geeft aan dat folliculo-stellate cellen betrokken kunnen zijn bij 

dee paracriene regulatie van meerdere adenohypofysaire hormonen. Het is opmerkelijk dat de 

receptorenn voor follikelstimulerend hormoon, luteïnizerend hormoon en prolactine niet in 

dezee cellen voorkomen. Blijkbaar worden hormonen die betrokken zijn bij de voortplanting 

niett paracrien gereguleerd door deze folliculo-stellate cellen. 

Samenvattendd kan geconcludeerd worden dat de studies zoals beschreven in dit 

proefschriftt de hypothese ondersteunen dat TSH afgifte ook gereguleerd wordt door middel 

vann een ultrakorte negatieve terugkoppeling, gemedieerd door een TSH receptor in folliculo-

stellatee cellen. Doordat TSAb zich ook aan deze receptor binden, lijken deze verantwoordelijk 

voorr de onderdrukte TSH spiegels in euthyreote Graves patiënten die behandeld worden met 

thyreostatica.. Stimulatie van de TSH receptor in folliculo-stellate cellen activeert de 

JAK/STATT signaaltransductie cascade en induceert een verhoging van TGF-(i2 transcriptie. 

TGF-(322 is daarmee een potentiële paracriene factor die afgegeven wordt door folliculo-

stellatee cellen om vervolgens de TSH afgifte in thyreotrofe cellen te onderdrukken. 
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SAMENVATTINGG VOOR NIET-INGEWIJDEN 

Dee schildklie r 

Dee schildklier is een vlindervormige klier die zich in de nek vlak voor de luchtpijp bevindt. 

Zijnn functie is de productie en afgifte van een voorloper-hormoon, T4 (thyroxine), dat 

voornamelijkk in de lever omgezet wordt in het direct werkzame schildklierhormoon, T3 (tri-

jodothyronine).. Dit hormoon speelt een belangrijke rol in vrijwel alle weefsels in het lichaam, 

enn reguleert daar processen als groei, differentiatie en metabolisme. Dit doet het middels 

bindingg aan specifieke schildklierhormoonreceptoren, resulterend in zowel activatie als 

remmingg van diverse genen. Tijdens de foetale ontwikkeling speelt schildklierhormoon een 

essentiëlee rol in vrijwel alle deelprocessen in de hersenontwikkeling; in het latere leven 

reguleertt het vooral diverse aspecten van de energiehuishouding. Bij een normale 

schildklierfunctiee is de hoeveelheid schildklierhormoon in het bloed ook normaal. De 

medischee term hiervoor is euthyreoïdie. Wanneer de schildklierhormoonspiegel in het bloed 

tee hoog is, wordt gesproken van hyperthyreoïdie; produceert de schildklier te weinig 

schildklierhormoonn dan spreekt men van hypothyreoïdie. 

Dee hypofys e 

Dee productie en afgifte van schildklierhormoon wordt voornamelijk gereguleerd door de 

hypofyse.. Deze centrale klier ter grootte van een pinda hangt onder aan de hersenen, en 

controleertt naast de schildklier een groot aantal andere hormoonproducerende klieren in het 

lichaam,, zoals de bijnieren, eierstokken en zaadballen. De hypofyse wordt op zijn beurt weer 

gecontroleerdd door een deel van de hersenen, dat hypothalamus heet. 

Terugkoppelin g g 

Alss de schildklierhormoonspiegels te laag zijn, wordt dit via een terugkoppeling (feedback) 

opgemerktt door de hypofyse en, in mindere mate, door de hypothalamus. In specifieke 

thyreotrofee cellen in de hypofysevoorkwab wordt vervolgens de afgifte van 

schildklierstimulerendd hormoon (TSH) verhoogd. Via de bloedbaan bereikt dit hormoon de 

schildklier,, waar het aan specifieke TSH-receptoren bindt, resulterend in de productie en 

131 131 



SfiM6NVfmiNGSfiM6NVfmiNG VOOR Nl€T-tNG€lVUD€N 

afgiftee van meer schildklierhormoon. De verhoging van de schildklierhormoonspiegels in het 

bloedd wordt vervolgens weer opgemerkt door de hypofyse, die als reactie de afgifte van TSH 

verlaagt.verlaagt. Er is dus sprake van een negatieve terugkoppeling van schildklierhormoon op de 

afgiftee van TSH door de hypofyse. De schildklier kan beschouwd worden als een kachel en 

schildklierhormoonn als warmte. De hypofyse fungeert in deze als thermostaat. Als de ruimte 

afkoeltt (schildklierhormoon daalt), wordt de thermostaat aangezet (TSH gaat omhoog) en de 

kachell  gaat meer warmte (schildklierhormoon) produceren. Het gevolg van deze terug-

koppelingg is dat er onder normale omstandigheden een sterke omgekeerde relatie bestaat 

tussenn de hoeveelheid schildklierhormoon en de hoeveelheid TSH in het bloed: als 

schildklierhormoonspiegelss laag zijn, zijn TSH spiegels hoog, en vice versa. 

Ziekt ee van Graves 

Eenn uitzondering op deze strakke relatie wordt gezien tijdens de behandeling van de ziekte 

vann Graves. Deze auto-immuunziekte kenmerkt zich door de aanwezigheid van antistoffen in 

hett bloed die tegen het eigen schildklierweefsel zijn gericht. Deze auto-antistoffen binden, net 

alss TSH zelf, aan de TSH-receptor in de schildklier. Dit resulteert in overmatige stimulatie 

vann de schildklier en leidt tot hyperthyreoïdie en groei van de schildklier (struma). Door de 

verhogingg van de schildklierhormoonspiegels daalt de hoeveelheid TSH in het bloed. 

Wanneerr deze patiënten vervolgens behandeld worden met schildklierremmende 

medicijnenn zodat de schildklierhormoonspiegels normaliseren, blijkt vaak dat desondanks de 

TSH-spiegelss gedurende lange tijd verlaagd blijven. De karakteristieke negatieve terug-

koppelingg is hier dus verloren gegaan. Als verklaring voor dit fenomeen werd aangenomen 

datt dit veroorzaakt wordt door een vertraagd herstel van de thyreotrofe cellen in de hypofyse-

voorkwabb na de langdurige blootstelling aan verhoogde schildklierhormoonspiegels. Het 

bewijss voor deze aanname is echter nooit geleverd. 

Opzett  van het proefschrif t 

Doorr middel van de studies beschreven in dit poef schrift is gepoogd een betere verklaring te 

gevenn voor dit fenomeen. Een langdurig onderdrukt TSH bij normale schildklierhormoon-

spiegelss wordt vaker gezien tijdens de behandeling van de ziekte van Graves' dan bij andere, 

niet-autoimmuun,, vormen van hyperthyreoïdie. Bovendien is bekend dat auto-antistoffen 
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gedurendee lange tijd (enige maanden tot zelf jaren) aanwezig kunnen blijven in het bloed. Dit 

wijstt erop dat auto-antistoffen gericht tegen de TSH-receptor betrokken zouden kunnen zijn 

bijj  de langdurige onderdrukking van TSH-spiegels in behandelde, euthyreote Graves 

patiënten.. Daarnaast is er de laatste 10 jaar bewijs geleverd dat aangeeft dat de afgifte van 

hypofysehormonenn niet alleen gereguleerd wordt door de hypothalamus en door hormonen 

afkomstigg van doelwitorganen in het lichaam, maar ook door stoffen die in de hypofyse zelf 

afgegevenn worden (paracriene regulatie). Dit heeft geleid tot de hypothese dat de afgifte van 

TSHH direct door de hypofyse zelf opgemerkt kan worden. Om dit mogelijk te maken zou de 

hypofysee zelf een TSH-receptor kunnen bevatten. In analogie met de eerder genoemde kachel, 

betekentt dit dat de warmteproductie niet alleen via een kamerthermostaat wordt gereguleerd, 

maarr dat er ook een kortere terugkoppeling bestaat, middels een centrale thermostaat op het 

niveauu van de hypofyse. Volgens onze hypothese zullen auto-antistoffen, net als TSH, aan 

dezee centrale TSH-receptor in de hypofyse binden en zo de TSH afgifte onderdrukken, 

ondankss normale schildklierhormoonspiegels. 

Inn hoofdstuk 2 is daarom eerst bestudeerd of er daadwerkelijk een TSH-receptor in de 

hypofysee aanwezig is. Door middel van immuunhistochemie en in situ hybridisatie is aan-

getoondd dat de TSH-receptor inderdaad aanwezig is in de humane hypofyse. Bovendien is 

aangetoondd dat de TSH-receptor tot expressie wordt gebracht door zogenoemde folliculo-

stellatee cellen. Deze cellen zijn bekend om hun capaciteit om hormoonafgifte in de hypofyse 

tee moduleren. 

Vervolgenss is in hoofdstuk 3 in een rattenmodel aangetoond dat auto-antistoffen van 

patiëntenn met de ziekte van Graves inderdaad in staat zijn TSH-spiegels te verlagen zonder 

tussenkomstt van de klassieke negatieve terugkoppeling door schildklierhormoon. Ratten 

werdenn hiertoe behandeld met schildklierremmers zodat hun schildklier niet meer in staat was 

tee reageren op auto-antistoffen. Tegelijkertijd werden hun schildklierhormoonspiegels op peil 

gehoudenn door het toedienen van schildklierhormoon. Vervolgens werden deze ratten 

ingespotenn met antistoffen opgezuiverd uit het bloed van patiënten met de ziekte van Graves. 

Eenn controle groep werd behandeld met antistoffen van een gezond persoon. De groep die 

behandeldd werd met antistoffen van Graves patiënten had inderdaad een verlaagd TSH niveau 

tenn opzichte van de controle groep, terwijl de schildklierhormoonspiegels niet verschilden 

tussenn beide groepen. 

Hoofdstukk 4 beschrijft een soortgelijke studie in Graves patiënten. In een prospectieve 

studiee laten we zien dat TSH-spiegels inderdaad onderdrukt zijn in patiënten die na 
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behandelingg nog steeds antistoffen in hun bloed hebben. Deze onderdrukking van TSH werd 

niett veroorzaakt door verhoogde schildklierhormoonspiegels. Deze verschilden niet tussen 

patiëntenn met en zonder auto-antistoffen. Bovendien toont deze studie aan dat TSH-spiegels 

inn deze patiënten niet voorspeld kunnen worden door hun schildklierhormoon waarden, maar 

well  door de hoogte van hun auto-antistofspiegels. 

Voorgaandee studies wijzen er dus sterk op dat de auto-antistoffen inderdaad direct 

verantwoordelijkk zijn voor de onderdrukking van TSH in behandelde euthyreote Graves 

patiëntenn via een mechanisme buiten de schildklier om. Aangezien er een TSH-receptor op 

folliculo-stellatee cellen aanwezig is, is het waarschijnlijk dat dit gebeurt via een korte terug-

koppelingg binnen de hypofyse. Om te achterhalen hoe de folliculo-stellate cellen dit bewerk-

stelligenn is gebruik gemaakt van een onsterfelijke muizen folliculo-stellate cellijn. In 

hoofdstukk 5 is eerst bestudeerd welke receptoren voor hypofysevoorkwabhormonen tot 

expressiee komen in deze cellijn. Het bleek dat deze folliculo-stellate cellen receptoren bezitten 

voorr TSH, groeihormoon en bijnierstimulerend hormoon. Dit geeft aan dat deze cellen niet 

alleenn betrokken zouden kunnen zijn bij de paracriene regulatie van TSH, maar dat meerdere 

hypofysehormonenn door een korte terugkoppeling in de hypofyse gereguleerd worden. 

Opmerkelijkk was dat receptoren voor de andere 3 hypofysevoorkwabhormonen (follikel-

stimulerendd hormoon, luteïnizerend hormoon en prolactine) niet in deze cellen voorkomen. 

Ditt suggereert dat hormonen die betrokken zijn bij de voortplanting niet onder controle staan 

vann de folliculo-stellate cellen. 

Naa binding van TSH aan de TSH receptor op de buitenkant van de thyreotrofe cel 

moett dit signaal worden doorgegeven naar het interne van de cel om daar een effect te 

sorteren.. Daartoe worden specifieke boodschappers in de cel geactiveerd. Als response hierop 

moett de folliculo-stellate cel op zijn beurt een stof afgeven om zo de TSH productie en afgifte 

inn de thyreotrofe cel te remmen. In hoofdstuk 6 is aangetoond dat STAT5a een van de 

boodschapperss zou kunnen zijn die het signaal van de TSH-receptor doorgeeft aan de celkern. 

Bovendienn is aangetoond dat TGF-p2 de mogelijke paracriene factor is die als boodschapper 

fungeertt tussen de folliculo-stellate cellen en TSH-producerende thyreotrofe cellen. 
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DANKJULLIEWELWOOR D D 

Aann alles komt een eind, al zou je dat soms niet denken. Ook aan 4 jaar AMC. Met veel 

plezierr denk ik terug aan een te gekke en tevens vruchtbare tijd. Het is een cliché in de lange 

rijrij  van dankwoorden voor mij, maar ook ik ontkom er niet aan om toe te geven dat dit boekje 

nooitt tot stand zou zijn gekomen zonder de hulp van velen. En omdat ik normaliter erg zuinig 

benn met complimenterende woorden is dit wellicht de uitgelezen plaats om deze alsnog 

kenbaarr te maken. Dat ik hierbij mensen ga vergeten te noemen is onvermijdelijk; vooraf mijn 

oprechtee excuses hiervoor. 

Inn de eerste plaats zijn die woorden van lof aan mijn prof gericht. Wilmar, jouw scherp 

analytischee denkwijze is bepalend voor de kwaliteitshandhaving van de groep. Dit heb ik 

altijdd erg bewonderd en als bijzonder motiverend ervaren. De wijze waarop ji j invulling gaf 

aann de dinsdagmiddag-researchbesprekingen waren soms erg confronterend. Juist daarom heb 

ikk deze als meest stimulerende momenten van de week ervaren. Ik heb veel van je geleerd. 

Mark,, ook al waren we het wel eens oneens over de uit te voeren experimenten, toch 

hebb ik jou inbreng in het onderzoek erg op prijs gesteld. Je creatieve geest levert veel nieuwe 

ingangenn in het onderzoek op. Het Frankonisch tripje naar Würzburg was een van de, helaas 

schaarse,, sociale gelegenheden waar ik zeer van heb genoten. 

Onno,, het is een genot geweest om op jouw F2-112 te mogen werken. Je biochemische 

expertisee gecombineerd met je brede belangstelling buiten de wetenschap, en je lessen in 

efficiëntt congresbezoek heb ik bijzonder gewaardeerd en zijn een groot voorbeeld voor me. 

Opp momenten dat de moed me wel es in de schoenen zakte waren jouw enthousiasme en/of 

neus-dicht-en-doorwerkenn advies vaak de juiste stimulans om weer met frisse moed de draad 

opp te pakken. 

Vann erg grote invloed op het welslagen van mijn aio-tijd zijn onmiskenbaar de mede-

aio'ss geweest. Iris (indeed, lotgenoot van het eerste uur; hoeveel DNG's?), Behrouz (wijze 

raadd in hotelkamers en shabby pubs in de vroege uurtjes onder het genot van, en tóch 'op tijd' 

aanwezig),, Daphne, Erwin (woord van de week & hoe staat UPC?), Hanneke, en José, dankzij 

julli ee was het altijd goed toeven op de aiokamer. Natuurlijk ook 'de meisjes van boven' 

Jantien,, Cassandra en Bente, en Chretienne en Anneke op het NIH. Ondanks de wat grotere 

fysiekee afstand heb ik altijd erg van julli e aanwezigheid genoten. 

137 137 



DftNHJULU€LU€LWOOftD DftNHJULU€LU€LWOOftD 

Miekee en Marianne, voor julli e wijze tips & tricks op zowel het labtechnische als 

relationelee vlak ben ik julli e buitengewoon erkentelijk. Jullie beiden zijn voor mij een lichtend 

voorbeeldd datje 'ouder' kunt worden zonder 'in te kakken'. Enne, Marianne, dat 'etentje' van 

zondagavondd op maandagochtend zal ik niet licht vergeten (verder hoeft niemand te weten 

watt we op jou badkamer uitspookten...). 

Natuurlijkk waren daar ook de studenten. Asha, Henriëtte, Paulus, Nora, Marit (blijf 

lekkerr eigen-wijs! en succes met je promotieonderzoek), en 'mijn' Masja. Jullie aanwezigheid 

enn bijdragen zijn niet onopgemerkt gebleven. 

Ookk wil ik iedereen van het 'routinelab' bedanken voor het verzamelen van 

bloedmonsters,, hormoonbepalingen, en de verdraagzaamheid als ik weer es een en ander liet 

rondslingeren.. In het bijzonder wil ik Erik bedanken voor zijn inspanningen ter verruiming 

vann ons lab (...maar waar blijf t nu m'n fles wijn?). Henk, bedankt voor de alternatieve 

rookruimtee in het post-cryptotijdperk met Ruud als strenge doch rechtvaardige stuffer. En 

natuurlijkk voor het ie-meel circuit (een van de weinige diensten waarvoor je geen formuliertje 

hoeftt in vullen) dat dagelijks voor de hoognodige afleiding heeft gezorgd. Lowie, bedankt 

voorr de koffie en het bezorgen van de vele cadeautjes waarmee je ons op F2 kwam verblijden. 

All ee mensen van het 'kinderendo-lab' op G2. Altij d kon ik bij julli e terecht voor de 

nodigee chemicaliën als die bij ons weer es op waren. Jan, je belangstelling voor mijn 

onderzoekk en je immer vrolijke gesprekken effe snel tussendoor heb ik erg gewaardeerd. 

Bartt en Unga, julli e zijn een grote hulp geweest bij het opstarten van de histologie in 

onss lab. De gastvrijheid en collegialiteit die ik bij julli e op het NIH ontmoette zijn ongekend, 

huldee hiervoor. 

Ook,, of misschien wel juist, buiten de wetenschap waren er veel mensen die me 'er 

doorheen'' hebben geholpen. In de eerste plaats mijn allerbeste maatjes van het eerste uur, 

Maarten,, David, Harald en Boon, tijdens WP's en Ardennenoffensieven (dit jaar in de 

sneeuw?!)) altijd goed voor eindeloze en toch vruchtbare discussies (wie poneert er nog een 

stelling?).. Verder alle kroegtijgers die me tot in de kleine uurtjes hebben opgevangen. Cees, 

José,, Ryan, hou een kruk vrij in De Zaak. En natuurlijk Coen (Aahuummm, tequilatje?), ik 

hadd me geen relaxtere paranimf kunnen wensen, thanx! Rock'n roll will never die; laten we 

dee draad weer snel oppakken als ik terug ben! 

Joyce,, ji j bent in de woelige 4 jaar mijn rode draad geweest waar ik altijd (te vaak?) op 

konn terugvallen. Met jou, Bootje en Deborah door Friese wateren en bossen is de perfecte 

manierr om de wetenschap te relativeren. Ghigg, wij snappen het;-) Laten wij blijven struinen! 
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Uiteindelijkk ben ik de meeste dank verschuldigd aan mijn ouders, die mij alle vrijheid 

hebbenn gegeven om 'de dingen' op mijn eigen eigenwijze wijze te doen, zonder ooit hun 

vertrouwenn in me op te hebben gegeven. Dit vertrouwen was, en is, een grote steun voor me. 

Bedanktt ma, bedankt pa. Voor alles. 

Tenslotte,, to all: remember, let the good times roll! 

Leon. Leon. 
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