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*Institute of Anatomy, AG Molecular Neuroendocrinology, University of Münster, Germany; and †Institute of Medical
Psychology, AG Molecular and Cellular Neurobiology, University of Magdeburg, Germany

Received August 7, 1997

family of receptors with seven transmembrane do-
Several hormones not only regulate the activity of mains. The signal transduction cascade is coupled to

endocrine cells and non-endocrine tissues but also two intracellular second messenger systems. The acti-
serve as neuronal transmitters or modulators of neu- vation of adenylate cyclase by a GS-protein (4, 5) is the
ronal activity. Accordingly, the expression and physio- predominant pathway whereas the inositol phosphate
logical significance of hormonal receptors in the cen- (IP3)/Ca2/ response via a Gq/G11-protein plays a minor
tral nervous system (CNS) could be demonstrated for role (6-8).
a whole set of hormones (e. g. hCG/LH, GH, T3, CRF, After cloning of the TSHR (9, 10) much efforts haveTRH). The G-protein coupled TSH receptor is densely been made to elucidate the structure and function ofexpressed in the thyroid gland and mediates the pro-

TSHR at the molecular level (for review see 11) sinceduction and secretion of thyroid hormones. Not all
autoantibodies against the TSHR are thought to beTSH effects, especially in neurological and psychiatric
involved in the expression of autoimmune thyroid dis-disease states, can readily be explained by the action
eases and Graves’ disease (for reviews see 12, 13).of the hormone on the thyroid gland and/or TRH levels.

Besides the thyroid gland (3) the TSHR has beenTherefore, it has been suggested that TSH might exert
localized in several tissues like peripheral lymphocytesits effects directly in the CNS, although no direct proof
(14), brown and white adipose tissue (15), retro-ocularfor a TSH receptor in the human brain has been pro-
fat tissue (16, 17), fibroblasts in culture (18), and invided yet. Here we describe the cloning of a TSH recep-
the cardiac muscle (19). Moreover, in the recent yearstor from an ovine hypothalamic cDNA library that is
some indirect evidence lead to the supposition that alsosimilar to thyroid derived cDNA clones. The compari-
a brain specific TSHR might exist. It could be shownson of amino acid sequences indicates that several pro-
that hormonal parameters in neurological and psychi-tein domains important for the function and activity
atric disorders show a striking correlation between theof the receptor are highly conserved. RT-PCR and RNA
occurrence of depression and a blunted TSH secretionprotection assay demonstrated that the TSH receptor
response (20), a fact that could not solely be explainedmRNA is widely expressed throughout the ovine brain.
by a central deficiency of hypothalamic thyrotropin-The expression of a TSH receptor in the CNS indicates

that TSH is not only a hormonal messenger for the releasing hormone (TRH).
thyroid gland but can also act directly in the brain. Several hormones do not only regulate the biosynthe-
Further studies should focus on the physiological role sis and secretion of endocrine target cells and non-en-
of TSH in the CNS and the regulation of TSH receptor docrine tissues but also act as neuromodulators alter-
expression in the mammalian brain. q 1997 Academic Press ing neuronal activity via binding to CNS receptor sites,

i. e. hCG/LH receptor (21), GH receptor (22-24), T3 re-
ceptor (for review see 25), and CRF receptor (for review
see 26). The expression of a TSHR in the brain would
give further evidence for a comparable role of TSH inThe hypophyseal hormone thyrotropin (Thyroid
the brain.Stimulating Hormone: TSH) plays a crucial role in reg-

In this study we report the cloning of a brain derivedulating the function of the thyroid gland via the hypo-
ovine TSHR that seems to be identical to gene productsthalamo-pituitary axis modulating both (i) the secre-
from thyroid cDNA libraries. Furthermore, we show thetion of the thyroid hormones—triiodothyronine (T3)
expression pattern of the receptor in several differentand thyroxine (T4)—and (ii) the gland trophism (For
brain regions by RT-PCR and RNase protection assay.review see: 1, 2). These effects of TSH are mediated by

a specific membrane bound receptor on the thyroid cell, MATERIALS AND METHODS
TSH receptor (TSHR) (3), which is a member of the Construction of a hypothalamic cDNA library. For mRNA prepa-

ration ovine hypothalami were carefully dissected and collected inguanine nucleotide binding protein (G-protein) coupled
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liquid nitrogen. Total RNA from PD and PT was isolated according of the excised TSH receptor clone in pBK-CMV; Stratagene]. The
DNA was amplified by PCR using a TSH receptor specific senseto the procedure of Chomczynski and Sacchi (27) (TRIzol reagent;

Gibco BRL, Life Technologies, Eggenstein, Germany). Poly(A)/ RNA primer (-5*-GCCAGCGAGCTGTCTGTGTA-3 *-; see fig. 1) and an
antisense primer that binds to the vector encoded T7 RNA polymer-was separated using oligo(dT)/-cellulose columns (Pharmacia Bio-

tech, Uppsala, Sweden). 5mg poly(A)/ RNA was used for cDNA syn- ase promotor (-5*-TAATACGACTCACTATAGGG-3 *-) generating a
PCR fragment of 387 bp containing 335 bp of TSH receptor sequencethesis employing the ZAP Express cDNA Synthesis Kit (Stratagene,

Heidelberg, Germany). After size fractionation the cDNA was ligated (nucleotides 1553-1887; see fig. 1), 32 bp vector DNA, and 20 bp
encoding the T7 promotor sequence [PCR conditions: 1 ng templateinto ZAP Express vector arms and packaged according to the manu-

facturer’s descriptions yielding approximately 7.51105 independent DNA, 50 pmoles primer, 20 ml PCR SuperMix (Life Technologies,
Eggenstein, Germany) in a total volume of 22 ml; 957C for 30 s, 667Crecombinants each.
for 30 s, 727C for 30 s; 35 cycles; 727C for 3 min]. The PCR fragment

Cloning techniques. The cloning procedure was based on succes- was isolated from a 2% agarose gel and extracted by a silica gel
sive fractionations of a hypothalamus-specific cDNA library (28) and matrix (Jetsorb Gel Extraction Kit, Genomed, Bad Oeynhausen, Ger-
a PCR based detection of positive clones. In brief, 1.2 1 106 phages many). 0.2 mg of the PCR product were transcribed (RNA Transcrip-
of the cDNA library (lZAP Express; Stratagene) were incubated with tion Kit, Stratagene) by T7 RNA polymerase for 2 hours at 377C in
1 1 108 E. coli XL1 Blue MRF’, mixed with melted top-agar and the presence of 50 mCi [35S]-UTP (Amersham Buchler) and 2 mM
plated on ten 150 mm NZCYM-agar plates (29). After overnight incu- unlabeled UTP to get full length transcripts of 369 nucleotides. After
bation at 377C the phages were washed from the plates with SM- DNAse I treatment (Life Technologies, Eggenstein, Germany) with
buffer. Each lysat was tested for the presence of TSH-receptor cDNA 5 units for 30 min at 377C unincorporated nucleotides were separated
by PCR [957C for 30 s, 667C for 30 s, 727C for 30 s; 35 cycles; 727C for by size exclusion chromatography (Bio-Spin 6 Chromatography Col-
3 min; 20ml PCR SuperMix (Life Technologies, Eggenstein, Germany) umn, BioRad). The products of ribonuclease protection were sepa-
containing Taq-polymerase, buffer, dNTP, and Mg2/ in a total volume rated on a denaturing gel (5% polyacrylamide/8 M urea/1 1 TBE)
of 22 ml] using DNA primers complementary to the bovine sequence and exposed to b-max Hyperfilm (Amersham Buchler).
(accession number: U15570; sense primer: -5*-GCCAGCGAGCTG-
TCTGTGTA-3 *-; nucleotides 1568-1587; antisense primer: -5*-CCG-
GGTTGTAGTGGGGATTTC-3 *-; nucleotides 1904-1884; fragment RESULTS
size: 337 bp) revealing 4 positive lysats. The procedure was repeated
by plating ten times 1.5 1 104 phages of one positive lysat resulting

Cloning of the TSHR. Using a novel strategy forin only one positive lysat that was again plated to 1.5 1 104 phages/
plate. On the next day the agar disk was cut into 372 agar blocks cloning by subsequent fractionations and PCR based
that were put into SM-buffer, 10 % chloroform. Each 14 agar block detection we cloned an ovine TSHR from a hypothala-
lysats were pooled to 31 pools that were again pooled to 5 master mus cDNA library (fig. 1). DNA sequence analysis and
pools. Via three successive PCRs all pools were tested for TSH-recep-

comparisons between the ovine brain derived TSHRtor cDNA. The phages of one positive agar block lysats (Ç40 single
and TSHRs cloned from the thyroid glands of severalplaques) were plated. 100 plaques were picked with Pasteur pipets,

put into SM-buffer, 10 % chloroform, pooled to ten pools à 10 single other species like bovine, canine, human, murine, and
plaques, and tested by PCR as before. The resulting single plaque rat TSHR revealed DNA sequence similarities between
was in vivo excised from the lZAP Express vector to a pBK-CMV 97.4% (bovine) and 86.5% (rat) within the 764 aminoplasmid according to the manufacturers’ instructions and sequenced

acids, respectively (fig. 2). Interestingly the sequence(Thermo Sequenase flourescent labeled primer cycle sequencing kit
identities were not randomly distributed over the en-with 7-deaza-dGTP, Amersham Buchler) in an automatic sequencer

(LI-COR 4000L, MWG-Biotech). tire proteins, although the ovine and bovine sequences
only diverged to a little extent. The signal peptide re-PCR techniques. To test the selectivity of the TSHR expression,
gion and the C-terminal 50 amino acids showed sig-we employed the PCR methodology. One mg of total RNA was reverse

transcribed (SuperScript II, Life Technologies, Eggenstein, Ger- nificant exchanges of about 25-40% between the ovine
many) in a total volume of 20 ml using random primers according to and bovine TSHRs and TSHRs of other species. The
the manufacturers’ instructions. The TSHR cDNA was detected by residues 303-382 belonged to a long region in the C-PCR in 0.5 ml of the transcription reaction with 50 pmoles of each

terminal portion of the extracellular domain whose de-primer (see fig. 1 for sequence), and 20 ml of PCR SuperMix (Life
letion or exchange had essentially no effect on receptorTechnologies, Eggenstein, Germany) (PCR conditions: 957C for 30 s,

667C for 30 s, 727C for 30 s; 35 cycles; 727C for 3 min). Five microliters function (33, 34). Besides these three regions the ho-
of the reaction products were separated in a 2% agarose-gel and mologies were about 90.0-98.2%, respectively.
visualized by staining with ethidium bromide.

As a control rat specific b-actin primers were used in PCR experi- Localization of ovine TSH receptor by PCR and
ments (accession number V01217; sense primer: -5*-CACCTTCTA- RNase protection assay. PCRs were performed with
CAA(C/T)GAGCTGC -3 *-; nucleotides 1594-1613; antisense primer: reversely transcribed RNA from thyroid gland, blood,-5*-TTCATGAGGTAGTC(A/C/G/T)GTCAG -3 *-; nucleotides 2366-

and different neuronal tissues including hypothala-2347; fragment size 308 bp).
mus, cerebellum, and cortex. Using specific DNA prim-

RNase protection assay. Total RNA was extracted from the se- ers for amplification (see fig. 1 for DNA sequences) TSHlected tissues (ovine hypothalamus, cortex, cerebellum, thyroid,
receptor cDNAs with the correct size of 337 bp couldblood; collected in liquid nitrogen) according to the procedure of
be detected in every tested tissue (fig. 3). Control exper-Chomczynski and Sacchi (27) (TRIzol reagent, Life Technologies, Eg-

genstein, Germany). 15 mg of RNA of each tissue were used for the iments with primers coding for b-actin (308 bp; for
ribonuclease protection assay (HybSpeed RPA, Ambion, USA) and primer sequences see PCR techniques above) resulted
hybridized with 40 ng of a TSH receptor specific complementary in discrete bands of nearly identical intensities indicat-riboprobe (2 1 106 cpm).

ing that the same amount of intact RNA has been usedThe [35S]-UTP labeled riboprobe was derived from an ovine TSH
receptor cDNA subclone [nucleotides 1-1887; SmaI deletion mutant in RT-PCR experiments.
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In RNase protection assays the expression of the
TSH receptor could be detected both in peripheral tis-
sues like thyroid gland and blood, and in all three
tested neuronal tissues (fig. 4) with almost identical
intensities. Compared to the length of the hybridization
riboprobe of 369 nucleotides (lane 8) the RNase treated
RNA fragments were only composed of TSHR specific
nucleotides (335 nucleotides; lanes 1-5) and lacked un-
hybridized vector sequences. The specificity of RNase
treatment was tested by using the [35S]-UTP labeled
riboprobe in hybridization experiments without any
mRNA showing no detectable band after RNase treat-
ment (lane 6). The same experiment without RNase
incubation revealed a main band at 369 nucleotides
and a ladder of bands below caused by different second-
ary structures of the labeled probe mimicking smaller
RNA fragments (lane 7).

DISCUSSION

In this study we report the cloning of an ovine TSH
specific receptor gene from a hypothalamus cDNA li-
brary. Sequence analysis and the comparison of the
deduced amino acid sequence with several TSHRs
cloned from the thyroid gland revealed only minor se-
quence differences. With respect to these findings and
the detection of the TSHR by RT-PCR and RNase pro-
tection assay it has to be stated that:

(i) The transcribed mRNA is an identical isoform
known from the thyroid gland. The comparison of the
ovine brain derived TSHR with five other receptor pro-
teins reveals species specific average identities of
86.5% to 97.4%. Besides three regions of significant
increases of divergencies, i. e. the signal peptide, the C-
terminus, and a deletable portion of about 80 residues
within the N-terminal extracellular loop the remaining
610 residues are highly conserved (§ 90%). The con-
served region contains domains which are important
for receptor activity, namely the TSH binding domain
within the large N-terminal extracellular loop, the
seven transmembrane helices, and the three intracellu-
lar loops which are responsible for mediating the TSH
signal to the second messenger systems (cAMP, IP3/
Ca2/). The third cytoplasmic loop (between TM5 and
TM6) is mainly involved in the coupling of Gq-protein
and together with the first cytoplasmic loop (between
TM1 and TM2) mediates the IP2/Ca2/ signal (35, 36)
whereas the middle portion of the second loop (between
TM3 and TM4) is most important for Gs-protein cou-
pling (34).

In contrast to the LH/CG receptor (37) there is no
evidence for alternative splicing events of the TSHR in

FIG. 1. Nucleotide and deduced amino acid sequence of the ovine
different tissues. Although Tomer et al. (38) reportedbrain derived TSH receptor. Sequences that have been used as bind-
identical mRNAs in normal and abnormal tissuesing sites for PCR primers are underlined, the DNA fragment used

in in vitro transcription experiments for constructing the riboprobes (multinodular goiter; Graves’ disease) they detected ad-
is in bold face. The termination codon is indicated by a star. ditional transcripts by liquid hybridization that seem
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FIG. 3. Comparison of the TSH receptor expression in different
ovine tissues by RT-PCR (b-actin was used as a control): lanes 1, 6,
thyroid gland; lanes 2, 7, blood; lanes 3, 8, hypothalamus; lanes 4,
9, cerebellum; lanes 5, 10, cortex. 0.5 ml of the reverse transcription
experiment was used as template together with 50 pmoles of each
primer and 20 ml of PCR SuperMix (Life Technologies, Eggenstein,
Germany) in a total volume of 22 ml. Five microliters of the b-actin
PCR and eight microliters of the TSHR PCR were separated in a 2%
agarose gel and visualized with ethidium bromide. The sizes of the
DNA fragments are given in base pairs (1 kb DNA ladder; Life Tech-
nologies, Eggenstein, Germany).

to lack physiological importance. Until now only one
alternatively spliced form could be detected (39). This
human TSHR cDNA encodes a protein of 253 amino
acids for the N-terminal half of the extracellular do-
main containing exons 1-8 and an additional unidenti-
fied DNA tract, presumably an intron. The authors pos-
tulated that this truncated TSHR might be secreted
and functions as a TSH binding protein.

(ii) The TSHR is localized in several brain areas, at
least in the hypothalamus, cerebellum, and cortex. As
shown by RT-PCR and RNase protection assay the sig-
nal intensitites between the thyroid gland and the dif-
ferent brain areas are almost identical. Provided the
prominent expression of the TSHR mRNA in the brain
is correlated with the mRNA and protein expression in
the thyroid gland, a yet unknown role of the TSHR in
central nervous structures is likely.

In analogy to other hypophyseal hormones like LH/
CG (21) and GH (22-24) which bind to receptors local-
ized in the brain, the TSHR could also play a role in
an additional feedback mechanism on neuroendocrine
control of the thyroid gland. Such a role could be related
to sensing the actual TSH serum concentrations in
the hypothalamus thereby controlling TRH secretion
through both thyroid hormone and TSH levels.

RT-PCR experiments, however, showed that the lo-
calization of the TSHR was not only restricted to the
hypothalamus. The signal intensities of the detected

FIG. 2. Comparison of the amino acid sequences of TSHRs from
the ovine (see fig. 1), bovine (accession number U15570), canine (9), box, the seven putative transmembrane helices (TM1–7) by shaded
human (10, 11), murine (31), and rat TSHR (32). Identical residues boxes. The bold letters show a peptide fragment which could be de-
are compared with the entire ovine sequence (upper line) and are leted or exchanged by other residues without any change in TSHR
indicated by hyphens. The signal sequence is denoted by an open activity.
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microvessels (45-47) and 45kDa in parenchymal cells
(48, 49), GLUT3 in neurons (48, 50), and GLUT5 in
microglia (51). In a recent publication Morgello and
coworkers (52) could show by electronmicroscopy that
in humans and monkeys the GLUT1 glucose trans-
porter is localized in the CNS endothelium and in gray
matter astrocytes forming part of the gray matter
blood-brain barrier. By virtue of its location this trans-
porter seems to be involved in postendothelial path-
ways of glucose and glucose metabolite transport both
to the astrocytic and neuronal compartments. This sup-
ports the hypothesis that TSH could directly regulate
and facilitate the uptake of glucose into cells of the
CNS where glucose is the principal energy source. A
continous supply of this substrate is essential to main-
tain normal neuronal function. In this respect, the pro-FIG. 4. RNase protection assays of different tissue specific RNAs

(lane 1, thyroid gland; lane 2, blood; lane 3, hypothalamus; lane 4, posed action of the TSHR in the CNS has to be exam-
cerebellum; lane 5, cortex). 15 mg of total RNA was hybridized with ined by generating TSHR specific antibodies and a
the [35S]-UTP labeled TSH receptor specific riboprobe and processed thorough analysis of its expression in different CNSaccording to the manufacturers’ instructions (Ambion, USA). Lanes

cell types.6, 7, hybridization of [35S]-UTP labeled riboprobe without any mRNA
with (lane 6) and without RNase treatment (lane 7). Lane 8, 100 fold
dilution of [35S]-UTP labeled riboprobe. ACKNOWLEDGMENTS
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17. Feliciello, A., Porcellini, A., Ciullo, I., Bonavolontà, G., Avvedi- 36. Kjelsberg, M. A., Cotecchia, S., Ostrowski, J., Caron, M. G., and
mento, E. V., and Frenzi, G. (1993) Lancet 342, 337–338. Lefkowitz, R. J. (1992) J. Biol. Chem. 267, 1430–1433.

18. Mengistu, M., Lukes, Y. G., Nagy, E. V., Burch, H. B., Carr, F. E., 37. Frazier, A. L., Robbins, L. S., Stork, P. J., Sprengel, R., Segaloff,
Latrivi, S., and Burman, K. D. (1994) J. Endocrinol. Invest. 17, D. L., and Cone, R. D. (1990) Mol. Endocrinol. 4(8), 1264–1276.
437–441. 38. Tomer, Y., Graves, P. N., Jin, A., Schwartz, A. E., Friedman,
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