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6.11 ABSTRACT 

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 MATERIALS AND METHODS 

Materials 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 culture 

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 protein analysis by Western blot analysis 

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). . 

Intracellularr cAMP accumulation 

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. 

IPycalciumm signalling 

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/STATT signalling 

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 hybridisation 

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 protein expression 

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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| -- 85-1121© 
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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. 

Whichh second messenger system is activated 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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TtT/GF F 

JP02 2 

-JP26 6 

10 0 10"1  10'9 10 

[bTSH]] (M) 
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 ionomycine 

|| m 150 

d)) .S 100 
L. . 

ÓÓ 50 

A. . 

100mU/mLTSH H 

200 0 
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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. 

Analysiss of TSH-regulated gene expression by cDNA array hybridisation 

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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