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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 

99 99 



CHFPT€Ft7 CHFPT€Ft7 

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 BIOLOGICAL 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 receptor signalling 

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-responsivee target genes 

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-STELLATE CELLS AND THEIR ROLE IN THE PITUITARY 

Folliculo-stellatee cells 

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 
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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). 

Functionall significance of folliculo-stellate cells 

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. 

Paracrinee actions by folliculo-stellate cells 

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-stellatee cell lines 

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). 

Adenohypophyseall hormone receptor expression by folliculo-stellate cells 

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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