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CHAPTER 1

INTRODUCTION






Chapter 1

1.1 General introduction

Thyrotrophin-releasing-hormone (TRH), a tripeplide, is produced by hypothalamic
neurons and transpored along their axons to the median eminence (ME}. From
thers it is released at nerve terminals inlo hypophyseal portal biocod. It is then
transported to the anterior pituitary gland where it stimulates the function of the 1
thyrotrophs and lactotrophs, which synthesize and release thyroid-stimulating-
hormone {TSH) and prolactin (PRL) respectively. TSH, in turn, stimulates the
secretion of trilodothyronine (T3} and thyroxine {T4) from the thyrold gland. PRL is
involved in a broad spectrum of biclogical activities. In this thesis its role in the
initiation and maintanance of lactation will be described.

Damage to the hypothalamus or transsection of the pituitary stalk results in a
hypothyroid status in rats. Circulating thyroid hormones exert powerful negalive
feadback control on the thyrotrophs, and to a lesser extent on the TRH-producing
neurons of the hypothalamus (Fig.1}. In addition to TRH, there is a variety of
secondary modulators which play a role in controlling TSH secretion. Somatostatin
and dopamine (DA) are important modulators in the inhibilion of the TSH secretion,
whereas o-adrenergic pathways are in general stimulatory. Other modulators of
thyroid hormone sacretion include glucocoiticoids, various cytokines, and other
inflammatory mediators. The net result of all these factors is the maintenance of a
steady output of TSH and, thus, of thyroid hormones.

PRL plays a predominant role during lactogenesis. The neuronal control of
PRL release involves both PRL-inhibiting and -releasing factors, The rapid increase
in plasma PRL levsis in the factating rat may result from an increased hypothalamic
secretion of PRL-releasing factors (PRFs), an enhanced sensitivity for PRFs, or
from suppressed hypothalamic secretion of PRL-inhibiting factors (PIFs) into the
portal system. TRH has been considered as one of the major PRFs in lactating rats,
whereas DA is the main PIF,

Suckling-induced variations in plasma PRL are not in proportion to those in
plasma TSH. However, the lack of a parallel increase of plasma TSH and PRL
during suckling does not exclude a physiological role of TRH as a PRF, since
separate control of PRL and TSH release by other factors might play a role under
differant physiological conditions.
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Figure 1.  Schemalic representation of the hypothalamic-piluilary axis leading to TSH
and PRL secretion. The fundamental actions are hypothalamic stimulation
of thyrotroph and laclofroph function, balanced by the powerful negative
feadback inhibition exerted by thyroid hormones or PRL, respectively.

1.2. Basic aspects of TRH

1.2.1. Historical background
in "De Usu Partium” (2nd century A.D.), Galen of Pergamon was the first 10
describe a conneclion between the encephalon and the anterior pituitary gland (1).
Galen described two pairs of channels for the eliminalion of thicker residues, the
pituita, from the encephalon. According to him, one pair of channels was used
under normal conditions, whereas the second pair of channels was used when
there was too great a quanlity of residues to be carried off by the other pair, for
example when one has a cold. Vasalius supported Galen's description and
lustrated the pathway along which the 'pituita’ of the brain were transported on
their way to the pituitary gland and from there to the nasal cavalies in more detail
(2).

The belief that the pituitary is more than a conduit for pituita, was proposed by
Smith et al in 1927 (3), who described a variety of disabilities caused by
hypophysectomy in rats. Geoffrey Harris was the first who seriously argued that the
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hypothalamus controlled the pituitary gland, if not by nervous signals, then by
chemical means (4). In 1957 it has been demonstrated thal the mammalian
hypothalamus secreles a substance stimulating the thyrotrophic function of the
pituitary {5). This observation formed the foundalion for the simultanecus
description of the isclation and chemical characterization of TRH, by the groups of
Schally and Guillemin in 1969 {6, 7). Using kmmunohistachemical techniques, the
presence of TRH was demonslrated mainly in the paraventricular area of the
hypothalamus. These localisation sludies have demonstrated that hypothalamic
factors are discharged from axon terminals into a vascular hetwork which connects
the hypothalamus and the anterior pituitary. From this time on, the role of TRH as a
hypothalamic hypophysiotrophic hormone releasing TSH from the anterior pituitary
gland has become generally accepted (8, 9). lis role in the regulation of lactation
through stimulation of PRL from the anterior pituitary is stift controversial (8, 10-12).

1.2.2. TAH synthesis, processing and metabolism
Pyrogiutamine-histidine-proline-amide (TRH) is synthesized following a classic
peptide biosynthetic pathway, i.e. polyribosomal synthesis of a larger precursor
protein which Is postiranslationally processed by microsomal enzymes, and
packaged Into secretory granufes (13). Although TRH was the first hypothalamic
releasing factor to be chemically identified, the sequence of ils precursor (proTRH)
was the iast to be elucidated (14).

The ¢cDNA sequence of the rat TRH precursor encodes a protein of 255 amino
acids, which contains five TRH progenitor sequences Gln-His-Pro-Gly flanked by
pairs of basic amino acid residues Lys-Arg or Arg-Arg (Fig. 2). The remainder of the
precursor consisls of a signal peptide, two aminoterminal flanking sequences
separated by a paired arginine sequence, four spacer peptides, and a carboxy-
terminal flanking sequence.

Figure 2 also shows the processing of one TRH-progenitor sequence. First the
two basic amino acid cleavage sites that are flanking the TRH progenitor sequence
Gin-His-Pro-Gly are removed by a tripsin-like protease and a carboxypeptidase
(15). Subsequently, Gin is cyclized to pGlu, presumably by the enzyme glutaminyl
cyclase {i6). Amidation of Pro by modification of Gly is the last and rate limiting
step and is catalyzed by a peplidyl o-amidating monooxygenase (PAMase),
requiring oxygen, copper and ascorbate as cofactors (17).

Next to TRH, processing of the prohormone produces several other proTRH-
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derived neuropeplides {Flg. 2), which may in the future prove o exert important
intracellular or extraceliular functions {18, 19). Different processing palterns of
proTRH in vatious brain regions and cther tissues suggest tissue-specific regulating
mechanisms for TRH synthesis and release (18, 20-25), lmmunchistochemical
sludies have revealed that several Intervening peplides derived from proTRH are
found in terminals of the external zone of the ME (22, 26, 27), suggesting that
these 'cryptic’ peptides may be released in the portal blood together with TRH, and
thus may reach the anterior pituitary. The hiologica! significance of non-TRH
connecting sequences is currently a matter of speculation.
1 24 Arghre TRH  TRH TR:j’4TRH TRH 255

-Lys-Arg-Gln-His-Pro-Gly-(Lys/Arg)-Arg-
trypsin-liks proteesefearboxypeptidase
Gln-His-Pro-Gly
| sponlanceusfgiutaminyl cyclase
pGIu-I-;’is-Prn-Gly
l peplidy! w-amidating monooxygenase

pGlu-His-ProNH2

Flgure 2. Schematic represemtation of the rat proTRH. The molecule contains &
coples of a progenitor sequence of TRH (in blackj, several non-TRH
sequences Including two N-terminal peplides separated by an arginine-
arginine residue, one C-terminal-flanking sequence, four spacer sequences
and & pulafive signal peplide sequence (1-24). The posilion of proTRH-
(160-169) (Ps4) is indicated, The processing of one pultative proTRH
maolely (underfined), flanked by pafred basfe amino acids, is represented,

Spacific receptors for one of the cryptic peplides, proTRH-(160-169), also called
spacer peptide 4 (Ps4), have been demonstrated in the pituitary gland by Valentijn
et al (28). It has been demonstrated that synthetic Ps4 potentiates the TRH-induced
release of TSH in vifro from the rat anterior pituitary (23, 29), Concurrently, Ps4 has
been shown to increase the expression of TSHB subunit and PRL mRNA in primary
cultures of rat pituitary cells (29, 30). However, Ps4 alone has no effect on TSH or
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PRL secretion into the medium (23, 29). Therefore, Ps4 acts as a regulator of both
TSH and PRL synthesis, bul, unlike TRH, does not act as a secretagogue. On the
other hand, further research has demonstrated that Ps4 and its receplor are widely
distributed in the central nervous system (CNS) and peripheral tissues (31),
suggesting that Ps4 can act as neuromodulator or neurotransmitter in the CNS. The
possible biological function of the other intervening peptides slill has to be revealed.

TRH is rapidly degraded in serum and tissue (32} into two main products:
pGlu-His-Pro (acid TRH} and His-Pro-NH, (Fig.3) (33). Acid TRH results from the
aclion of TRH-deamidating postproline cleaving enzyme and lacks biological
activity. His-Pro-NH, is formed by hydrolysis at the pGlu-His bond by a TRH-
degrading pyrogiutamyl aminopeptidase (34-36). His-Pro-NH, Is rapidly cyclized to
His-Pro-diketopiperazine {DKP} which has intrinsic biological effects on PRL
secretion, thermoregulation and appetite (37, 38). It has been suggested that TRH
may act as a prohormone for this molecule, although recent data suggest that DKP
may also arise from other pathways in several tissues (39, 40).

Q NH—CH c—

V_H HH,
Pyreglutamate

aminopoplldau TARH deamidase

HISTIDYL PROLINEAM[DE ACID TRH

H,—tl:H—c—n C—NH—CH—c—-
CH;
f# no
u\/n—u I Hz

cycllullon

DIKETOPFPERAZ[NE

Flgure 3. Metabolism of thyrotropin-releasing hormone (TRH) into fwo main products:
pyroghitamythystidylproline (acid TRH) and histidyl profineamide. Most of
the latter is rapldly cyclized to form histidy! profine dikelopiperazine (DKF).
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Due to their intracellular localization, TRH-degrading pyroglutamyl
aminopeplidase and TRH-deamidating postproline enzyme cannot participate in the
inactivation of extracellular TRH. This inaclivation is catalyzed by a peptidase on
synaptosomal and anterior pituitary membranes, which exhibils a high degree of
substrate specificity, like the TRH-degrading serum enzyme {41). The ectoenzyme
is localized preferentially on neuronal cells in the brain and on lactotrophic pituitary
cells (42). The activity of the anterior pituitary enzyme is controlled by estradiol and
thyroid hormones, whereas the activity of the brain enzyme is not (32, 42, 43).
Therefore it has been postulated that this TRH-degrading ectoenzyme may serve
regulatory functions by inactivating TRH afler its release. In plasma the half-fife of
TRH is shor, ranging from about 2 minutes in thyrotoxic animals to 6 minutes in
hypothyroid animals. This difference reflecls in part the effects of thyroid status on
the serum TRH-degrading enzyme (44, 45), which suggests that this enzyme may
serve a biclogical function as well.

1.2.3. Localization and distribution

Using immunocytochemical techniques the rat TRH precursor and TRH itself have
been demonstrated to be present within the hypothalamic paraventricutar nucleus
{PVYN} and the brainstem raphe nucleus perlkarya (46, 47). A similar localization
pattern for proTRH has been found by in situ hybridisation histochemistry, using
RNA probes complementary to preTRH mRNA (86). In rats, immunoreactive TRH is
found in the internal layer of the ME, the anterior horn of the spinal cord and the
pituitary gland, using immunocytochemical techniques, whereas immunoreactive
proTRH is not. This indicates that processing of TRH in rats occurs In the perikarya
and not during axonal transport {48). In man, immunocreactive proTRH and proTRH
mRNA have been demonstrated in the hypothalamus as well as in anterior pituitary
lissues (49, 50). To demonstrate proTRH mRBNA in human anterior pituitary reverse
transcription-polymerase chain reaction has been used. Methodological differences
may explain the discrepancy belween proTRH gene expression in human and rat
pituitary.

Immunoreactive TRH Is widely distributed in the rat hypothalamus; particularly
high concentrations are found in the preoptic suprachiasmatic nucleus and the
periparaventricular area (46, 51-53). Nerve terminals staining for TRH in the ME of
the hypothalamus are presumably derived from these cell bodies. Furthermore,
netlworks of TRH-positive nerve fibers have been demonstraled to extend into the
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posterior pituitary (46, 54-56). Lesions of the PVN reduce the level of
immunoreactive TRH in the posterior pituitary glands, indicating that the
hypothaiamus is the probable source of TRH in this area (57). In contrast, lesions of
the PVN cause an increase in TRH levels in the nucleus of the tractus solitarius,
indicating that TRH fibers in this region do not arise in the hypothalamus (58).

The non-TRH peplides derived from proTRH are colocalized with TRH in cell
bodies and nerve terminals in rats. In addition, they are present in brain regions
where TRH is not detected {14). This suggests a differential processing of preTRH
in the CNS.

In rats, TRH has bsen demonstrated to be present in extrahypothalamic brain
areas, as well as in the spinal cord, testis, retina, gastrointestinal tract, pancreas,
placenta, and other peripheral locations (55, 59-62}. During the first days of
postnatal fife, the rat pancreas contains farge amounis of TRH which are even
larger than those in the hypothalamus, These levels progressively decrease over a
period of a few weeks (61, 63). This finding may reflect a possible ontogenic role of
TRH in pancreas development.

1.2.4. TRH recepiors

The avallability of a radiolabelled high affinity TRH analogue, °H-labelled [3-Me-
His®JTRH, has facilitated the measurement of TRH receplor binding. TRH binding
sites are distributed throughout the CNS and in the anterior pituitary, but there is a
wide species difference between receptor densities in various regions (64). Based
on the diversity of analomical focalization and apparent physiological functions
biochemical heterogeneily of these receptors was postulated. A classification of
brain and anterior pituitary TRH receptors as a heterogenous group has indeed
been made according to charge characteristics, differences in regulation by guanine
nucleotides, and differences in amino acld sequences (65, 66).

The sequencing of a c¢DNA encoding mouse piluitary TRH receptor (67)
revealed that this receptor is a membrane-bound protein with a seven-
transmembrane-domain structure, which transduces its signal via binding to a G-
protein. Zhao el al (68) isolated a full-lenght ¢cDNA encoding a TRH recepior from
GH, pituitary tumor cells, while Sellar et al (69) isolated a TRH receptor from a rat
anterior pituitary cDNA library and successively determined its sequence and
functional characteristics. In GH, rat anterior pituitary tumor cells two different
isoforms of the TRH receptor with indistinguishable functional properties are
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generated by alternative splicing {70). Also in the normal pituitary gland two TRH
receptor mRNAs have been demonstrated with different C-terminal amine acid
saquences (66}. Both receptor forms are expressed throughout the ral pituitary
gland and CNS.

Following its binding to the receptor, there are two pituitary respeonses to TRH:
stimulation of the release of stored hormone and stimulation of gene transcription.
TRH receptors can couple to the phosphoinositide or to the adenyiyl cyclase
pathway in GH, pituitary tumor cells (71-74). The adenylyl cyclase pathway leads to
increased levels of cyclic AMP and the activation of protein kinase A, The
phosphoinositide cascade leads to hydrolysis of phosphatidylinositol-4,5-
bisphosphate which produces two intracellufar second messengers - inositol 1,4,5-
trisphosphate which opens calcium channels, and diacylglycerol which activales
protein kinase C. The increase in intracellular free calcium is responsible for an
immediate hormone release, while the activation of protein kinase C is believed to
be responsible for a slower and sustained hormone secretion (74-77). It remains to
be established whether the sfructural heterogeneity of the receptors and the
different signal transmission pathways are correlated. In addition to stimufating TSH
and PRL release, TRH stimulaies synthesis of these hormones by promoting
transcription and translation of the TSHRB subunit and PRL gene (29, 78-81).

Occupancy of TRH receptors by TRH leads lo a subsequent loss of TRH
hinding sites. This homologous down-regulation occurs in both thyrotrophs and
lactotrophs (82, 83). The desensitization of the pituitary TRH receptors occurs by a
decrease in number rather than a decrease in affinity of receplor sites (82). It has
been suggested that the TRH-induced decrease in TRH receptor mRNA expression
is not due io inhibition of mMRNA synthesis alone and may present a post-
transcriptional effect as well (84). For the human TRH receplor, it is believed that
the carboxy-terminal domain of this seven-transmembrane-domain receptor may
play an important role in receptor downregulation/internalisation {85).

The density of TRH receptors can also be modulated by other hormones,
which is termed heterologous receptor regulation. Thyroid hormones exert a
powerful negative control on TRH receptor binding (83, 86-89). On the other hand,
experimental hypothyroidism increases TRH receptor binding and TRH receplor
mRNA levels in rat pituitary {90). Estrogens increase piluitary TRH receplor levels
(86, 91), which recently has heen found fo be reguiated at the mBNA level by an
increase of both the transcription rate and mRNA slability (92). Glucocorticoids also
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lead to an increase of TRH receptor density on pituitary cefls in culture (93). The
relatively sfow time course of changes in TRH receptor densily suggest that
glucocorticoids, like thyroid hormone and estrogen, act at the level of gene
transcription.

Cellular distribution, potential functional differences, and homologous and
heterologous receptor down-regulation of the different isoforms of TRH receplor are
alt important factors to be considered in the evaluation of the role of TRH in the
regutation of the function of the anterior pituitary and CNS.

1.3. Actions of TRH

TRH exerls a number of effects at the lavel of the CNS and in peripheral organs.
Hypolhalamic TRH, transported through the portal blood to the anterior pituitary,
acts at this level as a neurchormone, while extrahypothalamic TRH may act as a
neuromoduiator, or possibly by Influencing cell-to-cell communication.

1.3.1. TRH as a neurohormone
The best defined physiological action of TRH is its role in the control of anterior
pituitary TSH secretion. Various studies have demonstrated thal TRH stimulates
TSH secretion from the thyrotraphs and that lesions in the hypothalamus or the
interruption of the hypothalamo-pituitary connection result in hypothyroidism due to
impaited TSH secretion (8, 9, 94, 95). Passive immunization with anti-TRH
antibodies results in decreased basal and cold-induced TSH secrstion (8, 96-99)].

At the pituitary level, after binding to specific receptors on the thyrotroph
membrane, TRH has a stimulatory effect in the complex system regulating TSH
secrelion, which also includes thyroid hormones, DA and somatostatin as inhibitory
counterparts {100). In addition to stimulating TSH release, TRH also stimulates TSH
synlhesis by promoting transcription and translation of the TSHB subunit gene
(78-81). In addition, TRH influences the glycosylation of TSH which is critical for the
biological activity of TSH (101-103). In some patients with hypothalamic
hypothyroidism the biological activity of secreted TSH is reduced, which is restored
by prolonged TRH administration (104). In rats with hypothalamic hypothyroidism,
caused by seleclive lesions of the PVN, carbohydrate structure of TSH is altered
which may affect its bioactivity and molecular clearance rate (105).

Although first recognized because of its effects on the release of TSH, it soon
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became clear that TRH alse slimulates the release of PRL (see chapter 1.5) and,
under particular circumstances, of some other anterior pituitary hormones (55,
106-108).

1.3.2. TRH as a neurotransmitter or neuromodulator

The extensive exirahypothalamic distribution of TRH, its localization in nerve
endings, and the presence of TRH receplors in extrahypothalamic brain tissue
suggest that TRH can act as a neurotransmitter or neuromodulator outside the
hypothalamus, TRH has predominanfly a stimulatory neuronal activity, but the
mechanism by which TRH induces neural responses has slill not been completely
elucidated (38, 55, 109).

it has been suggested that TRH can cause changes in the synthesis and
secretion of classic neurotransmitters, such as DA, noradrenaline, acelylcholine and
seretonin. TRH increases the concentration of DA metabolic products, such as
homovanillic acid and dihydroxyphenylacetic acid, DA release from brain slices, and
activity of enzymes involved in DA synthesis, such as thyrosine hydroxylase.
Furthermore, TRH increases noradrenaline and acetylcholine turnover and
potentiates the effects of serotonin (38, 55, 110-113),

TRH exerts neuromodulatory effects on cardiovascular and respiratory
functions in rats and cats (114-118), and is believed to act as a neurotransmitier in
the human retina (62). Microinjections of TRH into the brainstem stimulate
respiration, possibly by inducing the rhythmic electric activity in neurons of the
nucleus tractus solitarius (117).

TRH is also involved in the physiological neural control of gastrointestinai and
pancreatic functions at either the peripheral or central ievel (118-121). It has been
reporied that exogenous TRH reverses experimental hyperglycemia by stimulating
insulin release through an action in the CNS. Conversely, hypothalamic TRH-
containing neurons are sensitive to changes in circulating glucose and can be
activated in response to such changes {122, 123).

Furthermore, TRH Induces hyperthermia (124} and a beneticial psychological
effect of intravenous TRH administration has been reported in depressed patients

(109).

1.3.3. Paracrine action of TRH
A paracrine mechanism of action of TRH is suggested by the presence of TRH in

10
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the B-cells of the islets of Langerhans In neonatal rats {125). After streptozotocin
{STZ) treatment, which destroys the insulin-secreling B-cells, the conlent of TRHE-
immunoreadctivily in the Islets decreases markedly {126). In vitro, glucose Inhibits
TRH and giucagon secretion and stimulates somatostain and insulin secretion from
the islets (127). Since TRH opposes the action of somatostatin, it has been
postulated that TRH can play an antagonistic role in the control of isiet-cell
secretion {128). Exposure of culiured islets to exogencus TRH exerts a dose-
dependent effect on islet secretion of insulin, somatosiatin and glucagon, i.e. an
inhibition of the glucose-induced insulin secretion, a blockade of the glucagen
response to glucose, and a slimuiation of the glucose-induced somatostatin
secretion (127).

1.4. Role of TRH in the regulation of TSH secretion

To define the physiological role of TRH in the control of anterior pituitary secretion
of TSH, one has to consider the effects of other modulators which interact with the
hypothalamo-pituitary-thyroid axis. Some of these modulators exert their effect
mainly at the level of the hypothalamus, thereby influsncing TRH synthesis or
release, whereas others directly affect the pituitary TSH secretion. The interactions
between TRH and such secondary modulators and their separate effects at the
hypothalamic and pituitary tevel will be discussed in this section,

1.4.1. Interactions with thyroid hormones

Thyroid hormones (T4 and T3) are involved in growth and maturation processes
during fetal development. Throughout life, they play a vital role in the metabolic
processes in all tissues. The thyroid gland is the only source of T4. T3, which is
biologically more active than T4, is mainly produced extrathyroidally from T4.
Pitultary TSH stimulates thyroid activity.

Thyroid hormones exert poweriui effects on hypothalamic function, which was
tirst demonstrated by Belchetz et al (129}, who showed that injection of T3 into the
hypothalamus of hypolhyroid monkeys causes an acute inhibition of TSH release .
Whether this effect was due lo inhibilion of TRH secrstion or to stimulation of
somatostatin or DA secretion was unknown at that time. In the succeeding years,
the effect of thyroid status on hypothalamic TRH synthesls and/or release has been
extensively investigated in rats. Hypothyroidism has been shown to increase TRH

11
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mRNA in the PVN, whereas hypothyroidism suppresses the expression of TRH
mRNA (130, 181). in fine with these findings, hypophysectomy stimulates
hypothalamic TRH synthesis and release in rats; this eifect can be reversed by
administration of thyroid hormones (132, 133). Deyss and Yamada showed that
TRH concentrations and proTRH gene expression in the medial parvocellular
division of the PVYN and posterior hypothalamic nucleus, but not in any other group
of TRH neurons In the brain, are specifically regulated by T3 (134, 135).

To determine whether thyroid hormone exeits these effects direclly on TRH-
producing neurons in the PVYN, the presence of thyroid hormone receptors in these
neurcns has been investigated. Several nuclear thyroid hormone receplors have
been identified, i.e. o and B isoforms, that are derived from two separale genes
{136, 137). Double labeling immunoccytochemistry techniques revealed marked
differences in staining Intensity in the PVN and other regions of the brain for the
specific thyroid hormone receptor isoforms {138). The distribition of thyroid hormone
receptor isoforms in these regions demonstrates a selectivity in thyrold hormone
sites of action. In addition, Wang et al demonstrated two binding sites for the
thyrold hormone receptor on the proTRH gene {139). These results indicate that the
PVN of the hypothalamus is indeed a target for thyroid hormones and that the
hormones’ action in this nucleus likely coniributes to the regulation of TRH
secretion.

In addition to their inhibitory action at the hypothalamic level, thyroid hormones
exert strong effects on TSH secretion at the pituitary level. The sensitivity of
pituitary thyrotrophs to circulating thyroid hormone levels has been well documented
by the finding of blunted serum TSH responses to TRH following variations of
thyroid hormone concentrations within the normal range through administration of
minute doses of T3 or T4 (140, 141). Administration of T3 or T4 in doses sufficient
to increase serum thyroid hormone concentrations above the normal range
completely suppress the TSH response to TRH. Refractoriness of the thyrotrophs to
TRH persists for a certain time after the withdrawal of TSH-suppressive doses of
thyroid hormenes (142),

Thyreid hormones exert their action at the pituitary through a direct inhibitory
effect on TSHf3 subunit gene expression and TSH release, but they also modulate
the number of TRH receptors on the thyrotrophs. In hypothyroid animals TRH
binding to anterior pituitary membranes is doubled; these increased levels can be
reduced by thyroid hormone replacement (86, 143), TRH iiself causes a dose-

12
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related reduction in pituitary T3 receptors and T3 responsiveness (144), yielding a
further site of interaction between T3 and TRH at the pituitary level.

1.4.2. Interactions with glucocorticoids

Stress activates the hypothalamo-pituitary-adrenal axis, whereas the hypothalamo-
pituitary-thyrold axis often is suppressed. As a response to stress, glucocorticolds
are produced in the zona fasciculata and zona reticularis of the adrenal cortex.
Glucocorticoids modulate the functions of various physiological regulatory systems.
They appear to be involved in the regulation of thyroid function through interaction
at the level of both the hypothalamus and pituitary.

in the studies of Brabant et al (145) and Rubello et al {146) on the effects of
cortisol on TSH secretion, the unaffected TRH-stimulated TSH response suggested
inhibition of TRH release by glucocorticoids. In rats, high-dose glucocorticoid
treatment is followed by a reduction of proTRH mRNA in the PVN. The coexistence
of glucocorticoid receptors in TRH neurons in the PVN (147) and the presence of a
ghucocorticoid response element in the TRH gene (148} add further credibility to this
hypothests.

Effects of glucocorticoids on pituitary TSH secretion have been described
extensively (145, 146, 149-151). Brabant et al (145) demonstrated a rapid abolition
of TSH pulses and a suppression of basal TSH secretion after an intravenous
injeclion of 4 mg dexamethasone in euthyroid men. Samuels et al (151) studied the
effects of 100 or 300 mg cortisol infusions over 24 h on the puisatite secrelion of
pituitary glycoprotein hormones in healthy subjects. Both infusions had profound
effects on plasma TSH levels. TSH pulse amplilude was decreased, the nocturnal
TSH surge was abolished, while the TSH puise frequency was unaltered. However,
in a study of Rubello et al (146) infusion of a larger dose of cortisol (500 mg over 1
h), had no effect on both basal and TRH-stimulated TSH secretion. From the latter
study it was concluded that only prolonged hypercottisolism interferes with pitultary
TSH secretion. The undetlying machanism for acute or prolonged inhibitory effects
of hypercortisolism at the pituitary level is still a matter of debate. Kokonen et al
{150) have demonstrated a colocalization of glucocerticoid receptors and TSH in the
anlerior pituitary of rats. In contrast, only a minority of the PRL-immunoreactive
cells expressed the glucocoricoid receptor. Glucocoricoids may therefore
differentially regulate the secretion and/or synthesis of TSH and PRL by directly
affecting the hormone producing cells of the anterior pituitary.
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1.4.3. Interactions with somatostatin

Somatostatin is the major physiologic hypothalamic inhibitor of pituitary growth
hormone release (152, 153). In addition, somatostatin exeris an inhibitory control on
TSH secretion in both experimental animals and humans (100, 154), Many workers
have tried to elucidate the potential role of somatostatin as a pituitary TSH inhibiting
factor.

The petiventricular and the medial parvocelluiar subdivisions of the rat PVN
are innervated by immunoreaclive somatostatin fibers originating from both PVN
neurons as well as more rostal neurons in the anterior periventricular nucleus (155,
156). The dense plexus of immunoreactive somatostatin fibers in the ME originates
from these lwo subdivisions of the hypothalamus (157-160). Immunoreactive
somatostatin containing axon terminals innervate TRH synthesizing neurons in the
periventricular area of the rat PVN (161, 162} In addition, immunoreactive
somatostatin fibers have been found in close proximity to TRH axons in the external
layer of the rat ME {48). Collectively, these observations provide anatomical basis
for a neuroendocrine regulation of TRH hypophysiotrophic neurons by somatostatin.

The effect of somatostatin on TRH-producing neurons is likely to be inhibitory,
gince in rat hypothatamic fragments, somatostatin inhibits TRH secretion (163).
Although acute cold exposire caused rapid but opposite changes of hypothalamic
levels of somatostalin mRNA and TRH mRBNA (164), this study couid not provide
evidence for a regulatory effect of somatostatin on TRH synthesis or release.
Thyroid hormone has been found to stimulate somatostatin synthesis and release
from rat hypothalamic fragmenls (165), while hypothyroidistn decreases
hypothalamic somatostalin  content (166). it was therefore suggested that
somatostalin was Involved in the negative feedback effect of thyroid hormone on
TRH release (167). In other studies, however, the regulation of synthesis and/or
release of somatostatin by thyroid hormone could not be confirmed (168-170).

in cultured rat anterior pituitary cells (171) somatostatin inhibits basal and
TRH-stimulated TSH release, an effect enhanced in the presence of low thyroid
hormone levels (172), These findings led to the proposal that TSH release is
regulated by the hypothalamus through a duat control system, i.e. stimulation by
TRH, and inhibition by somatostatin. in studies using somatostatin antiserum in rats,
increased serum TSH levels and increased serum TSH responses to both cold
stress and TRH confirmed the inhibitory control of somatostatin on TSH secretion
(173).
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1.4.4. Interactions with tumor necrosis factor and cytokines

Host responses to infeclion, inflammation and injury, are characterized by changes
in the immune, nervous, and endocrine systems (174, 175). Interaction between
these systems is highly complex. Hormones, neurotransmitiers, and neuropeptides
are capabls of affecting immune processes. Conversely, immune cell products such
as cytokines can affecl endocrine, autonomic, and central mechanisms (176, 177).
inflammation stimulates the production of a cascade of cylokines, of which, in
particular, tumor necrosis factor {TNF), interleukin-1 (IL-1), and interleukin-6 (li-6)
represent key factors for communication between the immune and the endocrine
systems (178-180),

In addition to its role in the coordination of host defense mechanisms, IL-1
activates the hypothalamo-pilultary-adrenal axis in rats and mice, characterized by
high levels of ACTH and cotlicosterone in plasma {181-185). It has been suggested
that during acute and chronic systemic iliness, the suppression of the hypothalamo-
pituitary-thyroid function-is mediated by cylokines as well (186-190). The site of
action of interleukins has, however, not been fully identified.

After 3 daily v injections of 50, 200, and 800 ug TNF/kg BW, TRH content in
the rat hypothalamus is reduced while the piluitary TSH response to TRH is
preserved (189). Therefore, the authors suggested that the primary site of action of
TNF is the hypothalamus, Kakucska et al (191) showed by in sifu hybridization a
reduction of proTRH mRNA in the PVYN 24 h after a constant intracerebroventricular
infusion of IL-1. High concentrations of IL-1 receptors mRNA are present in the
hippocampus and midbrain raphe, which is thought to be an imporiant region in the
feedback regulation of the hypothalamo-pituitary-adrenal axis by affecting CRF
production (192). As CRF neurons lie adjacent to TRH neurons in the PVYN (193),
and show increased CRF gene expression following intracerebroventricular IL-1
infusion {194), it has been suggested that CRF may mediate the effects of
cytokines on TRH neurons.

In pituitary cells TNF does not affecl basal TSH secretion, but it reduces TRH-
stimulated TSH secretion {195). Direct action of IL-1 on piluitary cells in monolayer
culture has been measured by Beach el al (196, 197} who demonsirated an
increased TSH release. IL-6, the production of which is induced by iL-1 in anterior
pituitary cells (198, 199), failed to cause any change in the secrelion of TSH from
pituitary cells (200).

In many studies the invelvement of cytokines in the regulation of the pituitary

15



Introduction

hormone secretion during systemic illness has been described, but the predominant
route of modulation needs further investigation.

1.4.5. Interactions with catecholamines

An extensive network of neurons terminates on the cefl bodies of the
hypophysiotrophic neurons in the PVN and within the interstitial spaces of the ME,
where they regulate the release of hypophysiotropic peptides into hypophyseal
portal blood. In this way, the hypophysiotrophic neuronal systems that regulate TSH
secretion (TRH, somatostatin, and dopamine) are influsnced by networks of other
neurons that project from several brain regions (201). The catecholaminsrgic
pathway that arises from groups of nuclei located in the midbrain and projects to
the hypothalamus, plays a substantial role in the regulalion of the TSH secretion at
the leve! of both the pituitary and hypothalamus. Noradrenerglc and dopaminergic
control on hypothalamic TRH and pituitary TSH release will be discussed in the

next section.

Noradrenergic effects on the hypothalamo-pituitary-thyroid axis.
The network of noradrenergic terminals present in the hypothalamus and the
preoptic area derives mostly from fibers originating from noradrenegic cell bodies in
the pons and the meduila oblongata (202). The effect of noradrenaline on TRH
release in the PVN seems 1o be stimulatory, since in vitro studies demonstrated that
noradrenaline stimulates TRH release from hypolhalamic preparations (163, 203). In
addition, noradrenaline may also stimulate TRH secretion from the ME, as
noradrenergic axon terminals were found adjacent lo TRH axons in the external
layer of the ME {204). It has been shown that noradrenaline releases TRH from
both isotated ME fragments In vitro and push-pull cannulated ME in vivo (205), The
effect of noradrenaline on TRH neurons may be modulated by peripheral hormonal
influences, such as thyroid hormones. in hypothyroid rats increased levels of
noradrenaline, in turn, stimulate TRH release. Thyroid hormone replacement can
reverse this effect (206). It has been postulated that TSH may also be Involved in
the reguiation of noradrenergic-stimulated TRH release during hypothyroidism,
through a short feedback mechanism by suppressing stimulalory noradrenergic
influences on TRH release to counterbalance hypersecretion of TSH (207). These
observalions require confirmation.

Noradrenaline and dopamine are present in rat hypophyseal portal blood at
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higher concentrations than in peripheral blood and at a level thai could exert
physiologic action on thyrotrophs (208, 209). In rat and bovine anterior piluilary cells
noradrenaline slimulates TSH release (210-212), Quantitatively, the adrenergic
stimulation of TSH release is almost eguivalent to that Induced by TRH (210).
These two agents, at maximal doses, produce additive effects on TSH releasse,
suggesting activation of separate intracellular pathways.

Dopaminergic effects on the hypothalamo-pituitary-thyroid axis.

DA cell bodies from the nucleus arcuatus project to the external layer of the ME,
where they could influence TRH secretion by conlacts with TRH axons (204). It has
been suggested that DA exerts direct Inhibitory control on TRH secretion in rals,
likely acting on TRH axcns in the ME (213}. Howsever, these data are indirect and
need confirmalion. DA might also inhibit TRH release indirectly by stimulating
hypothalamic somatostalin secretion (214-216), which in turn is inhibitory to TRH
release (163). Studies on the direct effects of DA on TRH and somaltostatin release
using hypothalamic fragments revealed slimulatory response of both hormones
{203, 216 ). The net resuit of DA control at the hypothalamic level may be mediated
by medulation of both TRH and somatostatin release.

Thyroid hormones have been found to influence DA control on TRH release by
directly acting on the TRH axons in the ME (206). This effect could be reversed by
thyroid hormone replacement. in addition, TSH may increase Inhibitory
dopaminergic influences in TRH release during hypothyroidism, to counterbalance
its own hypersecretion (207).

Dopamine is released directly info hypophyseal portal blood and exerts direct
aclions on anlerior pituitary cells, particularly as the major inhibitor of PRL release,
and to a fesser extent as an inhibitor of TSH release {217). In anterior pituitary cells
in culture, the inhibition of TSH and PRL secretion by dopamine and dopamine-
agonistic drugs is mediated via a DA receptor present upon lactotrophs and
thyrotrophs, with similar characteristics on the two cell types (218). In addition to the
acute inhibitory effect on TSH and PRL secretion in vifro, DA decreases the levels
of o subunit and TSHB subunit MRNAs in cultured pituitary cells from hypothyroid
rats (81). Dopaminergic control of PRL mBNA in male pituitary has been described
as well (218).

in conclusion, the existence of stimulatory noradrenergic and inhibitory
dopaminergic pathways in the control of TSH secretion in rals have beaen
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demonslrated at the hypothalamic and pituitary level.
1.5. Role of TRH in the regulation of PRL secretion during lactation

PRL is secreted by the anterior pituitary and is involved in a broad spectrum of
biological actions, including nurturing of the young, control of growth and
development, metabolic effects, reproductive actions, regulation of water and
electrolyte balance, effects on integumentary (eclodermal} structures, and
interactions with stercid hormones (220, 221), Thus, unlike most other anterior
pituitary hormones, PRL does not regulate a single but a variety of functions (222).

PRL plays a predominant role in the initiation and maintenance of lactation.
Suckling is the most powerful natural stimulus for PRL release in mammals, and the
quantity of PRL released depends upon the intensily and duration of suckling and
the time intervals belween suckling episodes (223-226). In addition to the release of
PRL, suckiing also triggers that of oxytocin from the posterior pituitary, PRL
regulates milk secretion by influencing synthesis of milk constituents and their
transport from the alveolar cells into the lumen. Oxytocin regulates milk removal by
causing contraction of myoepithelial cells, leading to Increased intramammary
pressure and milk ejection (227).

The suckling stimulus induces a classic neurcendocrine reflex. The input to the
hypothalamus is neuronal (nipple initialed sensory nerve impulses that ascend in
the spinal cord and pass through the midbrain into the hypothalamus), while the
output from the hypothalamo-hypophysial complex is hormonal. The neuronal
control of PRL release has become a central issue of PRL research, and involves
both PRL-inhibiting and -releasing factors (10, 228-231).

The predominant sffect of the hypothalamus on PRL secrelion is that of tonic
suppression by DA, Disruplions of the connections belween the hypothalamus and
the plluitary gland by hypothalamic lesions, piluitary statk section or pituitary
transplantation all induce hyperprolactinemia and increased PRL storage (232-235).
PRL inhibits its own secretion via a short-loop feedback, by directly increasing
synthesis and release of DA (236). Under resting conditions PRL release is tonically
inhibited by DA. The rapid increase in plasma PRL levels in the lactating rat may
result from a stimulated hypothalamic secretion of PRL-reteasing factors (PRFs), an
enhanced sensilivily for PRFs, or from suppressed hypothalamic secretion of PRL.-
inhibiting factors (PIFs) into the portal system.
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Electrical stimulation of the mammary nerve to simulate suckling evokes a
marked increase in plasma PRL and a transient fall in the levels of DA in portal
blood (237-239). in push-pull perfusates of the ME area, suckling induces conly a
brief decrease in DA concentrations in conscious rats (12). DA levels in portal blood
soon return te normal values despite the sustained suckling-induced PRL release,
which suggests that other stimulating factors are involved in the control of PRL
release {240-242),

PRF activily of several substances has been postulated, but only TRH is
known to act directly on the anterior pituitary during suckling (237, 243-251).
Moreaver, specific membrane receptors for TRH have been characterized on
lactotrophs (252, 253). Mammary nerve stimulation in anaesthetized rats increases
TRH concentrations in pertal blood (237), but TRH concentrations in push-pull
perfusates of the ME in conscious rats decrease rather than increase during
suckling {12). Although the PRL response to TRH has been found to Increase
during suckling (254}, intravenous injection of TRH in rats does not always stimulate
PRL secretion (244, 255-258). After short-term suckling TRH release has been
found to increase (256, 259}, while hypothalamic proTRH mRNA decreased from
day 1 to day 5 in lactating rais {260Q). Acule suckling, after an 8 h separation of
mothers and pups, has heen found lo increase hypothalamic proTRH mRNA briefly
(261). From these data it is clear that the PRL-releasing action of TRH during
suckling is still controversal, and needs further investigation,

The PVN plays a pivotal role in coordinating events associated with suckling.
This has been confirmed in studies in which bilateral lesions of this area decrease
suckling-induced PRL release and abolish the high amplilude, episodic pattern of
PRL release in continuously laclaling rats (262-265). Such lesions also induce
hypothyroidism by reducing TRH content in the ME (266) and portal blood (262).
Substitution with T4 completely restores PRL levels during suckling (264).
Hypothalamic DA releass increases in hypothyroid and in PVN-lesioned rats (262,
267, 268). This indicates that the decline in PRL secretion in PVYN-lesioned lactating
rats may be secondary to the increased hypothatamic secretion of DA, as well as
from the decreased hypothalamic TRH release.

Several studies have shown that In lactating rals, a transient decrease in DA
is necessary for effeclive PRL release in response 1o exogenous TRH. Without this
reducticn in dopaminergic tone, TRH does not provoke a substantial rise in PRL
(237-239, 269), The sensitivity of the pituitary to TRH increases during the transient
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suckling-induced DA decline. Rondesl et al (12) has estimated hypothalamic
release of both TRH and DA by push-puli perfusion of the median eminence-
arcuate nucleus area in conscious rals during suckling. DA secretion was transiently
depressed within 15-30 minutes after the onset of suckling with a rapid return to
basefine levels, which is in agreement with previous studies in anaesthetized rats
during mammary nerve stimulation {237, 238, 270). However, during a 60 min
suckling period TRH release did not change (12}. The expected rise in TRH may
not have been found in this study, due to methodological limitations of push-pull
perfusion. Since the TRH concenirations in push-puli perfusates are low and vary
considerably between individuals (12, 271, 272), the measurement of TRH in push-
pull perfusates on the median eminence-arcuate nucleus area has been challenged
(273).

The role of TRH as a PRF in lactating rats has been challenged by some
investigalors, because of the lack of a concomitant rise in TSH during suckling
(244, 255, 258). Although the threshold dose of exogenous TRH to release PRL or
TSH is the same for both hormones (274), the administration of TRH antisera
causes an unequivocal decrease in levels of plasma TSH, whereas this procedure
does not consistently affect the levels of plasma PRL (8, 37-99). Suckling-induced
variations in plasma TSH are not in proportion to those in plasma PRL. A suckiing-
induced sensitization of pituitary tissue to PRFs has been demonstrated by a
decrease in number of cells susceptible to inhibition by DA and an increase in those
responsive o PRFs (275). Moreover, it is likely that the sensitivity of the lactotrophs
and thyrolrophs 1o hypothalamic factors may be modutated differently by central and
peripheral factors. Indeed, it has been shown that oxytocin, which is also released
during suckling, blunts the TSH response to TRH in vitro (276). PRL and TSH are
also differently correfated under conditions such as slress (244, 277-279) and
primary hypothyroidism {280-283)., Therefore, the lack of a paraliel increase of
plasma TSH and PRL during suckling does not exclude a physiclogical role of TRH
as PRF. lts exact role in medialing the suckling-induced PRL release needs further
elucidation.

1.6. Scope of thesis

TRH exerls control over thyroid function and faclation through the stimuiation of
TSH and PRL secretion from the anterior piluitary thyrotrophs and lactotrophs,
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respectively. Synthesis and processing of proTRH, transport of TRH to the ME, its
retease into the portal blood, its binding at specific TRH receptors in the anlerior
pituitary and its degradation in serum and tissue, are all aspects that influence the
effect of TRH on TSH and/or PRL release. in this thesis, many of these aspects will
be described under different physiological conditions, in order to get further insight
into the rote of TRH in the control of pituitary TSH and PRL secretion.

Firstly, the role of TRH in the regulation of TSH secretion under four thyroid
function-suppressing conditions - starvation, long-term food reduction, interleukin-
induced systemic illness and streptozotocin {STZ)-induced diabetes mellitus - has
been investigated. Slarvation and food reduction cause a suppression of the
metabolic rate, which Is assoclated with low plasma levels of T3, and is therefore
known as the low T3 syndrome. Interfeukin-induced systemic illness and STZ-
induced diabetes mellilus are examples of non-thyroidal illness, also resulting in a
fow T3 syndrome. With respect to the low plasma T3 levels, these four (patho-)
physiological conditions are characterized by inappropriately narmal or low levels of
TSH. We postulated a common central mechanism to explain the generation of the
low T3 syndrome and therefore investigated the role of TRH in the regulation of
TSH secretion,

Secondly, the role of TRH in the secretion of PRL has been investigated
during lactation. Lactation is the most powerful natural stimulus for PRL release.
Although exogencus TRH has been shown to be a prominent PRL-releasing factor,
the function of TRH as a PRF during suckling has been questioned, because of the
lack of a concomitant rise in TSH secretion during suckling. in order to invesligate
the physiological role of TRH as a PRF, this thesls describes the effecls of litler
size throughout lactation and the effects of acute suckiing after a period of
separation of mothers and pups on the various aspects involved In TRH synthesis
and release.

Next to TRH, various other modulators are involved in the synthesis and
release of pituitary TSH and PRL. In order to analyse the contribution of
glucocorticoids as such a modulator, changes in levels of this parameter have been
extensively invesligated under all conditions mentioned above.

Summarizing, the aim of the thesis is to define the role of TRH in the
regulation of the TSH and PRL secretion under severai (patho-) physiological
condilions in more detail.
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Abstract

The purpese of this study was to investigate the mech-
anisms involved in the reduced thyroid function in starved,
young female rats. Food deprivation for 3 days reduced the
hypothalamic content of prothyrotrophin-releasing hor-
mone (proTRH) mRNA, the amount of proTRH-
derived peptides (TRH and proTRH gy 1) in the
paraventricular nucleus, the release of proTRH-derived
peptides into hypophysial portal blood and the pituitary
levels of TSHf mRNA. Plwma TSH was either not
affected or slightly reduced by starvation, but food depri-
vation induced marked increases in plasma corticosterone
and decreases in plasina thyroid hormones. Refeeding after
starvation normalized these parameters. Since the molar
ratio of TRH and proTRH (.o in hypophysial portal
blocd was not affected by food deprvation, it seems
unlikely that proTRH processing is altered by starvation,
The median cminence content of pGlu-His-Pro-Gly
(TRH-Gly, a presumed immediate precursor of TRH),
proTRH 4 146 or TRH were not affected by food
deprivation. Since median eminence TRH-Gly levels
were very low compared with other proTRH-derived
peptides it is unlikely thar ¢-amidation is a rate-limiting
step in hypothalamic TRH synthesis.

Possible negative effects of the increased corticosterone
tevels during starvation on preTRH and TSH synthesis
were studied in adrenalectomized rats which were treated
with corticosterone in their drinking water (0-2 mg/ml).
In this way, the starvation-induced increase in plasma
corticosterone could be prevented. Although plasma levels
of thyroid hormenes remained reduced, food deprivation
no longer had negative effects en hypothalamic proTREH
mBRNA, pituitary TSHE mRNA and plasta TSH in
starved adrenslectomized rats. Thus, high levels of corti-
costeroids seem to excrt negative effects on the synthesis
and release of proTRH and TSH. This conclusion is
cerroborated by the observation that TRH release into
nypophysial portal blood became reduced after adminis-
tration of the synthetic glucocorticosteroid dexamethasone.

On the basis of these results, it is suggested that the
reduced thyroid function durdng starvation is due to a
reduced synthesis and release of TRH and TSH. Further-
more, the reduced TRH and TSH synthesis during food
deprivation are probably caused by the starvation-induced
enhanced adrenal secretion of corticosterone.
fovmnal of Endecrinology (1995) 145, 143-153

Introduction

In the rat, thyrotrophin (TRH) is synthesized in the
paraventrdeular mucleus as proTRH, a 255 amino acid
precussor with five TRH progenitor sequences {Jackson
et al. 1990), which is sequentially processed to yield TRH
(pGlu-His-Pro-NH,} and peptides which connect the
TRH progenitor sequences (Lechan er al. 1986, Bulant
et al. 1988), While proTR H-derived peptides are probably
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released into hypophysial portal bloed {Bruhn ef af. 1991,
Valeatijn ef al. 1991}, this has only been shown for TRH
(de Greef & Visser 1981}, Hypothalamic proTRH mRNA
content and TRH release are influenced by thyroid
hormones (Keller et al. 1987, Segerson ef al. 1987,
Roondeel ¢ ol 1988, 1992h, Liao et of. 1989, Bruhn et gl
1991), low temperatures {Zoeller ef al. 1990, Rondeel ef al.
1991) and starvation (Blake ef al. 1991, Chua ef al. 1991,
Rondeel e al. 1992¢). Thus, hypethalamic TRH seems
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to play a physiological role in the control of thyroid
function.

Pruring starvation, a condition with diminished thyreid
function, hypothalamic TRH synthesis and release are
decreased (Blake ef af. 1591, Rondeel ef al. 1992¢, Shi etal.
1993) despite the fact that a reduced thyroid function has
been found to increase TRH synthesis and release (Koller
et al. 1987, Segemson ¢f al. 1987, Rondeel ef ol 1988,
19926). Apparently, the fecdback action of thyreid hor-
mones at the hypothalamic level is disturtbed during
starvation. The mechanisms involved in the loss of feed-
back action of thyroid hommones during starvation are
unknown but since corticosterone levels are increased in
food-restricted and food deprived rats (Woodward o al,
1991, Garcia-Belenguer ef al. 1993, Mitev of al. 1993) and
corticostercids have been found to decrease hypothalamic
proTRH mRNA levels (Kakucska & Lechan 1991), it is
possible that the enhanced adrenal secretion of corticoster-
one is part of this mechanisi, An alternative hypothesis is
that starvation affects post-translational processing of pro-
TRH leading to an altered hypothalamic secretion of
proTRH-derived connecting peptides. While the func-
tions of these proTRH-derived peptides are not known,
cne of these peptides, proTRH,,, 4. potentiates the
TRH-induced relcase of thyroid stimulating hormone
(TSH} (Bulant of of, 1990) and increases the pituitary
content of TSHP and prolactin mRNA in a dose-
dependent manner (Care e af, 1992), It was therefore
decided to undertake the present studies to answer the
following questions: (1} are the starvation-induced changes
of proTR H synthesis and release reversed by refeeding: (2)
is post-translational processing of proTRH affected by
starvation; and (3) is corticosterone an important factor in
the starvation-induced decrease in thyroid function?

Materials and Methods

Auninls

Rats of a locally bred Wistar substrain (R-Asmsterdam)
were used, and for all experiments approval was ohtained
from the Animal Welfare Committee {(DEC) of the
Erasmus University. Since, in a previous study, it appeared
that the effects of starvatdion on thyroid function were most
apparent in young female rats (Rondeel e ol 19920,
2-month-cld female rats were used. They were honsed
three o four raws per cage in a cemperature-regulated room
{22+ 2°C), with a b4-h light:10-h darkness cycle (lights
on 05001900 h) and had free access to drnking water.
Their body weights were monitored daily during the
experiments. In two experiments the rats were anaesthy-
etized with urethane {ethyl carbamate; Brocades-ACF,
Maarssen, The Netherlands; 1-2 g/kg, given i.p. as a 20%
(w/v) solution in saline) to collect peripheral or hypo-
physial portal blood. Since urethane lowers the body
temperature, which may affect hormone release, the

urethane-anaesthetized rats were placed during blood
collection on a heating pad maintained at 37 °C and their
bodies were covered with a blanket. In one expetitnent,
the rats were sham-operated or adremalectomized 1 week
before starting che experiment, Adrenalectomized rats
received drinking water conwining  corticosterone
(0-2 mg/ml {w/+v); Sigma, St Lonis, MO, USA) and 0:9%
(w/v) NaCl, whezeas sham-operated rats were given
similar drinking water without corticesterone. Cortico-
sterone was dissolved in ethanocl, and this solution was
added to water yielding a final concenitration of 4% {v/v}
cthanol. Since the rats drink between 15 and 25 ml
water/day, they received about 3—5mg corticosterone
daily. Because water consumption follows -a circadian
thythm, this way of administering corticosterone ensures
diurnal corticosterone levels in adrenalectomized rats, In
a pilot experiment, adrenalectomized rats substicuted
with corticosterone in the drnking water were found
to have similar plasma levels of adreaocorticotrophin
(119427 ng/l, #=8) as sham-operated rats (101 + 15 ng/l,
n=8). Morcover, thyroid function was identical in
corticosterone-treated  adrenalectomized {0°35 2010 pg
TSH/l, 59317 nmol thyroxine (T,/1, 102+
0:02 nimol tri-iodothyronine (T4)/1) and shami-operated
092014 pg TSHA, S46+=42nmol Ty, 095+
0-06 nmcl T, /1) rats,

Expesinental design

In the fist experiment, the hypothalamic levels of
proTRH mRNA and proTRH-derived peptides, the
pitaitary content of TSHP mRNA and the plasma con-
centrations of TSH, thyroid hormones and corticosterone
were measured in fermale rats after foed deprivation
and after subsequent refeeding. The rats were mandeomly
divided into three groups of 30 animals each. Control rats
had tree access to food, whereas other rats were starved for
3 days, or refed for 2 days after a 3-day starvation perded.
The mean body weights (£s.n.a1.) of the three groups
werg, at the heginning of the experment, 156429,
1529432 and 1512+ 44 g respectively. The rats were
decapitated between 1000 and 1200 h, and trunk blead
was collected to determine plastna honinone levels, The
skull was opened and the brain removed, and the hypo-
physial stalk was grasped with forceps and lifted from the
brain. The protruding tissue fragiment, comprising hypo-
physial stalk and median eminence but referred to as
median eminetice, was cut from the brain and placed in
2 ml methanol for later estimation of proTRH-derved
peptides. Then, from 23 rats of cach group the rest of the
hypothalamus was isolated (limits: posterior border of the
chiasma opticum, anterior border of the marnillaty bodies,
and lateral hypothalamic border; height about 3 mmy, snap
frozen in liguid nitrogen, and kept at —80°C until
determination of proTRH mRINA, From seven ras of
each group, a 2 mmn coronal slice of the brain hetween the
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chiasma opticum and the origin of the hypophysial stalk
was cut with a razor blade. Then, the area arcund the third
ventricle, containing the entire paraventricular nucleus,
was removed from this slice of brain tissue and placed in
2 ml methanol for later determination of proTR H-derived
peptides; this piece of tissue is referzed to as paraventricular
area. From five rats of each group, the anterior pituitary
gland was isolated and snap frozen in liquid nitrogen, and
kept at —80°C until determination of TSH mRINA.
Tissues collected into methanol were homogenized with a
glass grinder, and subsequenily dred under a stzeam of
nitrogen at 40 °C, Residues were dissolved in phosphate
buffer {pH 7-4), and stored at — 20 °C undit assayed for
proTRH-derived peptides (TRH, proTRH, .. 6 and
TRH-Gly).

In the second experiment, proTRH-derived peptides
were measured in hypophysial portal blood of young
female rats (body weight at the start of the experiment:
142:8 +2-7 g). Normally fed rats (5= 1), 1ats starved for 3
days {#=11), and rats starved for 3 days and then refed for
2 days (#=6) were anaesthetized with urethane (12 g/kg).
A canmula (096 mm outer diameter, 058 mm inner
diameter) was insetted into the right femoral adery,
and the hypophysial stalk was exposed (Porter & Smith
1967, de Greef & Visser 1981). Then, 500 [U heparin
{Organon, Oss, The Netherlands) were given via the
arterial cannula and, after 5 min, a peripherat blood sample
was taken from this cannula to evaluate thyroid function.
After custing the hypophysial stalke, hypoephysial portal
biood was collected for 60 min into methanol to prevent
degradation of TRH (de Greef & Visser 1981). Methan-
olic extracts of hypophysial portal blood samples were
processed as above, dissolved in 1 ml phosphate buffer
(pH 7-4} and stored at — 20 °C until analysis of TRH and
proFRH . 49 Residues of these samples were dred
and weighed to estimate the volume of blood collected
(de Greef & Visser 1981).

In the third experiment, the effects of a 2-day or a 3-day
starvation period on thyroid function in sham-operated
or corticosterone-substituted adrenafectomized fenale rats
were studied (body weight at the start of the experinent:
158-7+£4-6 g). Nommally fed sham-operated rats were
used as controls. The rats were decapitated between 1000
and 1260 h, and trunk bloed was collected to measure
plasma hermone levels. The median eminence was isolated
and placed in 2 ml methancl. The anterior pituitary gland
and the remainder of the hypothalamius were collected and
stored at — 80 °C until isolation of RINA.

In the fourth experiment, the effects of the synthetic
glucocorticaid dexamethasone or the vehicle (saline} on
the release of TRH and TSH were studied. Rats were
anaesthetized with urethanc and implanted with an in-
dwelling cannula into the right femoraf artery as described
above. Dexamethasone sodium  phosphate  solution
(Merck, Sharp & Dohme, Haarlem, The Nethedands;
2 mg/kg s.c.) or saline was injected 2 h later, and bloed
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samples of about 05 ml were taken from the artedal
cannula juse before, and at 30, 60 and %0 min after the
injection to estimate the plasma levels of TSH. From
another group of urethane-anaesthetized rats, TRH was
detenmined in hypophysial portal blood. Hypophysial
portal blood was sampled for four consecutive periods of
30 min, and dexamethasonce or saline was given after the
first 30-min period. Methanolic blood samples were pro-
cessed as above, dissolved in 1 ml phosphate buffer (pH
7-4), and stored at — 20 °C untit assayed for TRH,

Detenmination of proTRH mRNA and TSHE mRNA

Hypothzlamic proTRH mRNA and pituitary TSH
mRNA  were determined by Northem blotting
(Sambrock ef af. 1989). Toral RINA was isclated by acid
guanidinium  thiocyanate—phenol-chloroform  extraction
(Chomczynski & Sacchi 1987), and the amount and punty
of the isolated RINA was determined by absorbance
at 260/280 nm. From ecach sample, 10 pg RNA was
subjected to densturing agarose gel electrophoresis and
blotted onto Hybend N* filter (Amersham Eaternational,
Amersham, Bucks, UK). For measurement of proTRH
mRMNA, the filters were hybridized at 42°C with a
*?Plabelled 1322 bp EcoR1-Pstt fragmient of rat pro-
TRH cDDNA (Lechan ef al. 1986, Lee ot of, 1988), whereas
for estimation of TSH mRINA the filters were hybridized
at 42 °C with a **P-labelled rat 420 bp fragment of TSHp
cDNA (Chin ef al, 1985, van Haasteren ef al. 1994). After
hybridization, the filters were washed and autoradio-
graphed (Sambrook of al. 1989), Varation in loading was
aceotnted for by nomalizing to the P-actin mRINA
content in each lane, which was measured by hybridiz-
ation at 42 °C with a *P-Iabelled hamster actin cDINA
probe (Dodemom ef of 1982). Autoradivgraphs were
quantified densitometrically with a model 620 video
densitemeter using 2D Analyst I software (Bio-Rad
Laboratories, Richmond, CA, USA). Then, the rtios
between the integrated optical densities of proTRH and
P-actin mRNA, or TSHf and P-actin mRNA were
calculated. Since the resudts may differ between various
Northem blots, the variation between individual Northern
blots was accounted for by the inclusion of at least three
control samples on each gel. Furthermore, if sufficiemt
RINA had been isolated from a sample, the sample was
assayed twice nsing different gels. Results in this paper are
expressed as the percentage of the mean of the control rats.

Since the proTRH mRANA content in the hypothata-
mus is increased in hypothyroid rats, and particularly in the
paraventricular nucleus (Koller et af. 1987, Segerson ¢f af,
1987), this expetimental paradign was used to validate our
methods for the isolation and measurensent of hypotha-
lamic proTRH mRNA. Hypothatamic proTRI mRINA
content was determined in six control female rats and in
six female rats made hypothyroid by treatment for 4 weeks
with 0:1% {w/v) mecthimazole in their drinking water
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(Rondecl et al. 19920). ProTRH mmRNA content was
higher in hypothyroid (175£9%) than in control rats
(100+10%). In addition, pituitary TSHP mBINA had
increased in the hypothyroid rats (828 4 63%, controls:
100 £ 495).

Henuene determinations

Plasma levels of TSH were mcasured by RIA using
materials and protocols supplied by the NIADDK, with
TSH-RP-2 as a standard. Levels of Ty and T, were
estimated by established RIAs in snextracted plasima. The
plasma T dialysable fraction was measured by equilibrium
dialysis (Sterling & Brenner 1966), and plasma free T,
(FT,) was calculated as the product of rotal T, and the
dialysable fraction. A similar procedure was followed to
measure plasma free T, (FT,). Corticosterone was esti-
mated by RIA (Marzouk ef of. 1991). Detection dimits
were (02 ug RP-2 TSH/L 2 nmol T /1, 01 nmel T3/1and
1 nmol corticosterone/l. Intra- and interassay coeflicients
of variation for these assays varied between 3 and 12%,

The RIA of proTRH, g .y was carried out as previ-
ously described (Bulant ef 4/, 1588), and the detection Limit
was 2-3 fimol/tbe, The RIA for TRH (pGlu-His-Pro-
INH,) was usually performed with antiserum 4319 (final
dilution 1:10 0G0) as reported previcusly (Visser ef al.
1977). 'This assay has a high sensitivity but a low specificity
for the histidine residue in TRH. Therefore, most samples
were also assayed with an RIA using antiserum 8880 (final
dilution 1:40 000, which was recently produced by
methods similar to that used to raise antisern 4319, The
RIA employing antisenmm 8880 has a somewhat lower
sensitivity {5—8 finol/tube) than that utilizing antiserum
4319 (3-5 fmol/tube), but shows much less cross-
reactivity with TRH analogues that have histidine
replaced by other amino acids (Rondeel e al, 1995).
Intra- and interassay cocflicients of variation for the
proTRH ¢, 140 and TRH assays varied between 5 and
15%.

TRH-Gly was measured by RIA using an antiserum
raised against TRH-Gly coupled to BSA. TRH-Gly (8-5
my) was coupled with 1,5-difluoro-2,4-dinitrobenzene
(Sigma) to 30 mg BSA ewsentially according to the methoed
of Tager (1976). In total, 12 male New Zealand White
rabbits were immunized subcutaneeusly with 05 mg
conjugate in | mi ofa 1:1 suspension of water and Freund’s
complete adjuvant at 5- to EG-week intervals. Five rabbits
responded with significant antibody production, and anti-
serim 9884 obtained 9 wecks after the fourth immuniz-
ation from one of these animals was selected for the RIA,
TRH-Gly was labelled with '**I using chloramine-T, and
Pl labelled TRH-Gly was separated from unlabelled
peptide by HPLC on a Chromspher C8 column
(Chrompack, Middelburg, The Netherlands) with a gra-
dient elution of § to 40% acetonitrile in 20 ma KH,PO,
and  0-1% (w/v) l-hexanesulphonic acid  (Janssen

Biochimica, Beerse, Belgium), pH 25, The RIA of
TRH-Gly was conducted essentially as previously de-
seribed for TRH (Visser ef al. 1977) using antiscrum 9884
at a final dilutien of 1:10000. The sensitivity of the
method amounted to 12 finol peptide per wibe. The
specificity of this REA was determined by analysis of the
dose—response curves of a varety of analogous peptides,
and all analogues, including TRH, showed less than 1%
cross-reactivity (Fig. 1).

Peptides

Peptides {the cne-letter codes for the amino acids are
defined as E, Glu; <E, pGlu; F, Phe; G, Gly; H, His; K,
Lys; P, Pro; QQ, Glny R, Arg; Ac stands for Ne-acetyl)
were obtained from several sources: <EHP-NH, (TR}
and <EHP were purchased from Cambrdge Research
Biochemicals (Northwich, UK), <EHPG (TRH-Gly),
<EHPG-NH,;, <EHPCK, <EFP-NH, and KRQH
PGKR. were from Peninsula Laboratories {Belmont,
CA, USA), while Bissendorf Biochemicals (Hannover,
Germany) supplied KRQHPG and <EEP-NH,, Another
batch of <EHPG was synthesized by Dr W G J Schieten
(Laboratory  of Chganic  Chemistry, University of
Nijmegen, The Nethetlands). The peptide AcQHPG was
synthesized by convential methods of peptide synthesis in
solution,

Statistical analysis

Reesults are presented as meanss.enM. Analysis of vari-
ance was used to analyse the data, Provided significant
overall effects were obtained by this analysis, a posteriod
comparisons between groups were made by Duncan’s new
multiple range test, Differences were considered to be
significant at P<0-05,

Results

Effect of starvation on Jiypothelamic proTRH mRNA amd
pra’TRH peptides, pitwitary TSHE mBNA and plasma
Trormione Tevels

The results of this experiment are presented in Table i.
Food deprivation for 3 days significantly reduced hypo-
thalamie proTRH mRNA, whereas refeeding normalized
this pararneter, Levels of proTRH-derived peptides were
estimated in the paraventdcular area and the median
eminence in starved and refed rats, Levels of TRH were
similar when measured with RIAs using antisera 4319 or
&880 (data not shown), Experimental conditions had no
significant effect on median eminence levels of proTRH-
derived peptides, but in the paraventricular area a signifi-
cant decrease of TR and proTRH .y Was observed
during starvation, which normalized afier refeeding. The
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FGURE 1. Competition for binding of ***[-labelled TRH-Gly to antiserum 9884
(final difution 1:10 000) with increasing amounts of TRH-Gly or analogous peptides
added per wbe.

TaBLE 1. Effect of a 3-day starvation {d3} and subsequent refeeding for 2 days (d3+2)
on body weight, hypothalamic proTRH mRNA, proTRH-derived peptides in the
paraventricular area {PVA) and median eminence (ME), pituitary TSHf mRMNA and
plasma hormone levels. Normally fed rats were used as controls (d0). Values are
tmeatts + §.5.M.

r 40 di d3+2

Body welght () 25 17142 136 & 3" 154+ %
proTRH mRINA* 22 100074 69-4 +5-8° 940472
TRH (pmol/PVA) 7 183+ 0:23 109 + ¢-13° 210005
PrOTRH, g o (pmol/PVA} 7 0312001  020£0603° 033 £ 0-01
TRH (pmol/ME) 25 378 £040 4021034 3412031
proTRH 4 qus (priol/ME) 25 0702008  075£007 065006
TRH-Gly (pmol/ME) 18 005 £ 001 0-65+49001 007 %001
TSHE mRINA* 5 100-0£ 89 61-2:£7-5° 1062+ 122
TSH {pg/) 25 047 =005 0391003 049 £004
T, {(nmal?]) 25 34+ 24 182414 35413
FT, (pricl) 5 10-38 £ 24 462 +£0-55" 907076
T, (nmets) 25 129+ 006 0-55 3+ 0-06* 123 £006
FT, (pmal/l) 5 4264+ 025 244 £ 0-18* 487019
Corticosterone (nmol/1) 5 je24 21 488 £ 32° i484+ 233

*Rebiuve to factin mRINA, expressed a5 percentage of the mean of the controls (d0).

‘P 005 compared with the controls (d0).

amount of TRH-Gly in the median eminence was negli-
gible irespective of nutritional status when compared with
the content of TRH and proTRH 4y (00, and was not
aftered by starvation. The mean molar ratio between
TRH and proTRH, ¢, 40 varied between 5-3 and 6-4 in
the paravertricular area and in the meditn eminence, and
these ratios were not affected by starvation, Starvation zlso
reduced the amount of TSHP mRNA in the anterior
pituitary gland and the plasma levels of thyroid homnones,
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and increased plastma corticosterone concentrations, Re-
feeding normalized these parameters, Perpheral TSH
levels in the three groups were not significantly different.

Effect of stavation on hypothalantic release of pro TRH-denived
peptides

Effects of starvation and subsequent refeeding on TRH
and proTRH, 4 140 levels in hypophysial portal bloed
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rapLe 2. Hypothalamic release of TRH and preTRH, o 149
into hypophysial portal blood of control (d0, n=11), starved
(d3, n=11) or starved and refed (83+2, n=6)
urethane-anaesthetized rats, Blood for TSH, T, and T,
determination was taken from the right femoral artery just
before the hypophysial stalk was cut, and hypophysial portal
bleod was collected for 60 min. Values are means & 5B

do d3 di+2

TILH (pmel/b) 266019 1:84£ 004 2:15+0-18
TRH (nmol/ly 4234027 276+ 01% 3564029
proTR—H, gy yo (pmol/h)  042£010 027 £ 00% 040+ 006
proTRH, oy, (nmol/) 0662005 040£ 004 0672009
TSH {jeg/l) 061 +£005 045+ 004 0544002
T, (nmal/l) 340+£24 182422 287412

T, {(nmol/l) 1294011 0700609 129+ 007

5005 compared with dd.

are given in Table 2. Hypothalamic release of TRH
and proTRH, g, 1450 was reduced in starved rats, and
normalized after refeeding. The volume of hypophysial
stalk blood collected in 60 min was similar in the three
groups of rats (634 £ 65, 668 & 18 and 624 & 60 pl respec-
tively). The mean molar ratio between TRH and
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proTRH, ¢ 14 in  hypophysial portal blood vared
between 5+4 and 6+, and was not aftected significantly by
the experimental conditions.

Effect of starvation on hypothalanic proTRH mRINA,
pituitary TSH mRNA and plasma honnone fevels in
carticostesone-substituted adrenalectomized rafs

The effects of a 2-day or 3-day starvation period were
examined in sham-operated and in corticosterone-treated
adrenalectomized female rats. Nonmally fed sham-
operated female rats were used as controls. Results are
presented in Figs 2, 3 and 4. When compared with values
in control rats, hypothalamic levels of proTRH mRINA
were not different after a 2-day starvation period, bug had
decreased after 3 days of food deprivation. Food depri-
vation had no significant effect on the levels of TRH in
the median eminence, but significantly reduced pituitary
TSHf mRNA, decreased plasma levels of TSH and
thyroid hommones, and increased plasma cordcosterone in
starved shamn-operated female rats. Prevention of the
starvation-induced increase in corticosterone by adeena-
lectomy followed by substitution of corticosterone in
drinking water to maintain basal plasma concentrations of
corticosterone (Fig. 4), had no significant effect on plasma

354
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reUre 2. Effect of a 2-day (d2) or 3-day (d3) starvation on hypothalamic proTRH mRNA, median eminence TRH, pituitary
TSHf wRNA ard plasma TSH in sham-operated {solid bars) and corticostercne-treated adrenalectomized {open bars) female rats.
Nommally fed sham-operated rats served as controls (d0). Results are presented as the mean=s.e.M. of 7-15 rats. ProTRH mRNA
and TSH mRINA are relative to B-actin mRINA, and are expressed as percentage of the mean of the controls. *P<0-05
compared with d0, TP <0-05 compared with shamm-operated food deprived rats.
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reuRE 3, Effect of a 2-day (d2) or 3-day (d3) starvation on plasm thyroid hormone levels in sham-operated (solid bars) and
corticasterone-treated adremalectomized {open bars} female rats. Nommnally fed sham-operated rats served as controls (d0), Results
are presented as the means.1.M, of 7-15 rats, Plasma levels of FT, and FT, were not determirted on day 3 of starvation,
*P =005 compared with d0, TP<0-05 compared with sham-operated foed deprived rats.
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mcurs 4, Effect of a 2-day (d2) or 3-day (d3) starvation on plaana corticosterone and body weight in sham-operated (solid bars}
and corticosterone-treated adrenalectomized (open barsy fennle rats, Normally fed sham-openited ras served as controls (d0).
Reesults are presented as the meanz s e.m. of 7-15 rats. *P< (05 compared with 0, $P<0-05 compared with sham-operated
foed deprived rats.

thyroid hormone levels when compared with fevels in - Dexamethasone and leypothalamic refease of TRH

starved sham-operated rats (Fig. 3}, However, starved

corticosteronte-treated  adrenalectomized rats had more  Resubts of this experiment are summarized in Fig. 5.
hypothalamic proTRH mRNA and pititary TSHE  Treatment with dexamethasone (2 mg/kyg s.c.) caused a
mRINA and higher plasma concentrations of TSH than  decrease in plaisma TSH in urethane-anaesthetized rats
food deprived sham-operated rats (Fig, 2). within 3060 min, whereas satine had no effect on plasma
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nouri 5. Effect of dexamethasone (broken line, #=8) or
saline solid line, n=8} on plasma TSH and on hypothalamie
TRH release into hypophysial portal bleod in
urethane-anaesthetized rats. Peripheral blood was taken from
an arterial canala (0=7). Hypophysial portal blood was
collected for four consecative d0-min periods, and the times
indicated represent the end of each period. Dexamethasone
(2 mp/kg s.c.) or saline were injected after the first collection
perod. Values are means +s. .M. ¥ P<005 compared with
values observed at ¢ min, $P<005 comnpared with
saline-injected .

TSH. Plasma levels of Ty or T, did not change signifi-
cantly after the injection with dexamethasone or saline
during the period of observation (data not shown), Dexa-
methasone rapidly reduced the hypotiatamic TRH se-
eretion inte hypophysial portal blood, and although TRH
release also decreased somewhat with time after saline the
effect on TRH release was more pronounced by treatment
with dexamethasone, Neither dexamethasone nor saline
had an effect on the volume of hypophysial portal blood
that was collected (data not showa).

PHicussion

Starvation is known to induce diminished thyreid function,
which is rapidly revensed by refeeding (Hugues ef af, 1984).
Recent studics have provided evidence that the hypotha-
lamic release of TRH into hypophysial portal blood
is decreased after a 2-day starvation period in female

{Rondeel ¢f al. 19924 and male rats (Blake ef ol 1991),
Since, in the later study, it was found that the in sitn
hybridization sigeal of proTRH mRMA in the paraven-
tricular nucleus was lower in food deprived than in control
wmale rats, it was concluded thar the reduced thyroid func-
tion after food deprivation is primarily due to a decreased
iypothalamic TRH synthesis and telease {Blake ef af.
1991}. Furthermore, evidence has been provided that lack
of protein is 2 major factor in the reduction of TRH and
TSH synthesis during starvation (Shi ef af. 1993}, Since the
mechanisms by which food deprivation influences thyroid
function are not fully understoed, we studied in particular
the centrally mediated effects of food deprivation in more
detail. Furthermore, since food deprivation is 2 stressful
situation leading to enhanced adrenal release of corticoster-
oids (Wooedward ef al. 1991, Garcia-Belenguer ef af, 1993,
Mitev et al. 1993} and since high levels of corticosterone
may decrease proTRH gene expression (Kakucska &
Lechan 1991, van Haasteren et af. 1594), we also compared
the effects of starvation on the hypothalamic-hypophysial-
thyroid axis in sham-operated rats and in corticosterone-
substituted adrenalectomized rats,

The effects of starvation on the hypothalamic-
hypophysial-thyroid axis were examined in 2-month-old
femate rats. Levels of two proTRH-derived peptides,
namely TRH and proTRH 4y 140 had decreased in
hypophysial portal blood after a 3-day starvation (Table 2).
Also the hypothalamic synthesis of proTRH seems to be
reduced by starvation in view of the diminished hypotha-
lamic amount of proTRH mRNA and the reduced
content in the paraventricular area of TRH and
proTRH, 4 in female rats starved for 3 days (Table §,
Fig. 2). However, hypothalamic proTRH mRNA levels
were not significantly altered after a 2-day starvation
period (Fig. 2), notwithstanding that it was observed
previously that the hypothalamic relexse of TRH into
hypophysial portal blood had decreased in female rats
deprived of food for 2 days {Rondeel et al. 19924,
Although this lack of an effect on aypothalamic proTRH
mRMNA does not exclude the possibility of a decreased
hypothalamic proTRH synthesis, the data suggest that the
reduced hypothalamic TRH release is not secondary 1o a
decreased TRH biosynthesis.

The observation that levels of proTRH-derived pep-
tides are reduced in the hypophysial portal blood of female
rats strongly suggests that the hypothyroid state associated
with starvation is, at least in part, centrally inediated.
Other neuropeptides, such as somatostatin and neuropep-
tide Y, may also be involved in the reduced thyroid
function during starvation (Brady ef ol 1990, Chua ef al.
1991). Somatostatiny inhibits TSH secretion by a direct
action at the anterior pituitary gland, but it is not known
whether neuropeptide Y directly affects pituitary function
or whether it acts as a hypothalamic modulator. Since
neuropeptide  Y-comtaining ncurones innervate TRH-
synthesizing neurones in the paraventricular nucleus (Toni
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ef al. 1990), it might welt be that neuropeptide Y alters
thyreid function throngh an effect on TRH synthesis, In
another situation with disturhed energy utilization, namely
drug-induced diabetes, TRH release into hypophysial
portal bloed is also reduced (Rondeel ef af. 19924), The
finding that tertiary hypothyroidism occurs in situations
with disturbed energy utilization agrees with the view that
the paraventricufar nucleus is involved in an important
way in the regulation of the encrgy balance. In line with
this is a recent report ¢hat insulin administered into the
paraventrcular nucleus affects thermogenesis (Menéndez
& Atrens 1991),

ProTRH-derved peptides were also measured in the
median eminence since this content may provide an index
for release of these peptides into hypophysial portal bloed.
In rats made hypothyroid with thyreostatic drugs or by
thyroidectomy, a situation associated with a moderately
increased hypothalamic TRH release (Rondeel ef al.
1992h), the amount of proTRH-detived peptides is
reduced in the median eminence (Brubn ef al. 1991). In
this study, however, no consistent changes in the amount
of proTRH-derived peptides in the median eminence
were found in starved rats, although a significant reduction
in the hypothalamic release of TRH and proTRF ., 1.
was ohserved, Therefore, changes in median eminence
content of proTRH-derived peptides do not seem a
reliable measure for their release into the hypophysial
portal vasculature.

Reefeeding for 2 days after a 3-day starvation period was
found to nommalize the hypothalamic proTRH mRINA
content, the levels of TRH and proTRH, .y, in portal
blood and the plasma concentrations of TSH, thyroid
hormones and corticosterone (Table 1). Thas, starvation-
induced changes are rapidly reversed by refeeding. Since
the molar ratio between TRH and proTRH,,, 4 in the
paraventricular nucleus and in hypophysial portal blood
was not found to be altered by starvation or refeeding, it is
unlikely that starvation alters the processing of proTRI.
[t cortral rats, the ratio between TRH and proTRH,,,_
16v was found to be approximately 5-6 (Bulant ef al. 1988,
this study) which suggests that proTRH is completely
processed in the paraventricular area before transportation
to the median eminence and release into the hypophysial
portal blood.

Carbaxy-terminal amidation is essential for the biologi-
cal activation of TRH, and it is thought that g~amidation
of TRH-Gly, the presumed imumediate precusor of
TRH, is the rate-limiting step in the processing of
proTRH (Pekary ef al. 1930, Eipper ¢f al. 1992). Since, in
the median eminence, the content of TRH-Gly was
negligible compared with the amount of proTRH, . 100
and TRH, it seems unlikely that g-amidation of TRH-
Gly is a rate-limiting step in hypothalamic TRH synthesis.
Since TRH-Gly levek were also very low in hypophysial
stalk blood (W ] de Greef, unpublished data), it seems that
TRH-Gly is probably not very important for pitnitary
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function, since high amounts of TRH-Gly are required to
alter TSH and prolactin release (Mori ¢f al. 1990). On the
other hand, the presence of relatively high levels of
proTRH, ., 14y it hypophysial portal blood is probably of
physiological importance since proTRHq,, 09 medifies
TSH release by potentiating the effect of TRH on the
pituitary gland (Bulant ef af. 1990},

Although the amount of pituitary TSH mRNA s
reduced during starvatien (Blake o al. 1991, this study),
plasia levels of TSH are rot consistently deercased in food
deprived rats (Connors ¢f af. 1985, Cokelaere & Kithn
1992, Rondeel et al. 1992¢, this study). Since TSH is
nomnally cstimated by RIA, it conld be that starvation
has more effect on the bioactivity of TSH than on its
immunoactivity. Evidence for this view is the altered
carbohydrate structure of TSH and reduced bioactivity
in hypothalamic hypothyroidism (Taylor & Weintraub
1989).

Because thyroid honnones exert a negative feedback
action at the level of the hypothalamus (Koller ef ol 1987,
Segerson et al. 1987, Rondeel o ol 1988), the reduced
thyroid status during starvation scems to be the result rather
than the cause of the inhibition of hypothalamic proTRH
syinthesis and release, Qur results provide evidence that the
starvation-induced enhanced corticosterone secretion is
part of the mechanism responsible for the reduced TRH
and TSH synthesis and release during staevation: proTRH
mRNA, TSHﬁ mRNA and plasma TSH were not re-
duced by starvation when corticosterone levels did not
increase during starvation. Thus, the negative efect of
starvation on thyroid function seems to be mediated by the
negative cftect of high levels of corticosteroids on the
synthesis of hypothalamic proTRRH and pituitary TSH.
The presence of a glucocorticoid-responsive element in the
promoter region of the proTRH gene (Lee of ol 1988) and
the occurrence of glucocorticoid receptors in TRH-
synthesizing cells in the paraventricular area (Ceccatelli
el al. 1989) corroborate this conclusion. Further evidence is
the observation that a high dose of the synthetic glucocor-
ticoid dexamethasone reduced TRH and TSH release
within 30~60 min after its administration (Fig. 5). The
finding of synaptic refations in the paraventricular nuclens
between certicotrophin-releasing  hommone  containing
neurones and neurones with TRH (Hisano ef al. 1593) is
also imnportant, since food deprivation has been found to
stimulate neurones in the paraventricular nucleus involved
int the release of corticotrophin-releasing hormene (Maeda
et al. 1994). While prevention of the increase in cortico-
sterone levels in food deprived rats resulted in plasma levels
of TSH similar to values in control, nonmally fed female
rats (Fig. 2}, levels of thyroid hormenes were only partiaily
restored in corticosterone-treated adrenzlectomized rats,
The reason for the differential effect of this treatment on
TSH and thyrcid hormones is not clear, but indicates that
the enhanced plasma levels of TSH are unable to stimulate
thyroid function properly.
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In conclasion, the reduced thyroid function during
starvation seems to be due to decreases in hypothalamic
TRH release, and pituitary 'T'SH synthesis and secretion,
Starvation-induced effecs are rapidly revemsed by re-
feeding, The decreased hypothalamic TRH release during
food deprivation is probably not cawsed by am altered
hypothalamic processing of proTRH. Furthermore, the
starvation-induced decrease in hypotialamic proTRH
gene expression and in pituitary TSH synthesis and release
is probably caused by the starvation-induced high plasima
corticosterone fevels,
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ABSTRACT

Many studies have demonstrated that secretion of TSH and thyroid hormones is
strongly reduced during short-term starvation in rats. However, less is known about
regulation of thyroid function during prolonged food reduction in rals, which is a
better model for human malnutrition. In this study, the effects of 3 weeks of food
reduction to 33% of normal {FR33) were invesligated on the hypothalamus-pituitary-
thyroid axis in male and female rals. This was done by measuring hypothalamic
proTRH mBNA, median eminence TRH content, pituitary TSHB mRNA, TSH
content and TRH receptor status, and serum TSH, T,, T, free T, fraction (FFT,),
FFT,, free T, (FT,), FT, and corticosterone fevels in FR33 and normally fed rats. At
the end of the experimental period, body weight of both male and female FR33 rats
was afmost 50% lower than that of control rals, FR33 induced a significant increase
in the adrenal weight/body weight ratio as well as a marked increase in serum
corlicosterone in both male and femals rats. in both sexes, FR33 caused significant
decreases in serum TSH, T,, FT,, T,, FT; and FFT, but an increase in FFT,.
Electrophorelic analysis indicated that the decrease in serum FFT, was correlated
with an increased serum TBG, while the increase In serum FFT, seemed primarily
due to a decreased TBPA binding capacity. Piluitary TSH was strongly reduced by
FR33 in both sexes, but hypothalamic proTRH mRNA, median eminence TRH, and
pituitary TSHB3 mRNA and TRH receptor status were not affected except for an
increased TSHB mRNA in female FR33 rats. Therefore, long-term food reduction
results in a suppression of the hypothalamus-pilvitary-thyroid axis in rats which is
partially influenced by gender. In contrasl to acule starvation, the mechanism
whereby serum TSH is suppressed does not appear to involve decreases in
proTRH and TSHB gene expression, although a decrease in hypothalamic TRH
release is not excluded. Qur results further support the hypothesis thal TSH
secretion may be lowered by increased serum corticosterone, although the
mechanism of this effect may differ between acute starvation and prolonged food
reduction.

INTRODUCTION

Caloric deprivation has a suppressive effect on the hypothatamus-pituitary-thyroid
axis presumably in order to diminish the metabolic rate in the whole body. In rats,
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acute starvation is known to induce a reduction in thyroid hormone secretion (1, 2)
and, consequently, a reduction in serum total and free T, and T, concentrations (1,
3-8). Despite the reduced circulaling levels of T, and T,, basal serum thyrotropin
{TSH) concentrations are usually decreased {1, 3-8}, Previous studies have shown
that hypothalamic proTRH mRNA level and TRH release are decreased during
acute starvation (5, 9, 10), In contrast to primary hypothyroidism where the reduced
feedback action of thyroid hormone resuits in an increase in these parameters (1,
12). This suggests a central inhibition of hypothalamic TRH synthesis and release
during starvation.

To study the mechanisms behind the reduced metabolic rate, long-term food
reduction seems a better model than acute starvation for human malnutrition. We
have, therefore, dstermined the effects of 3 weeks of food reduction to 33% of
normal on the central regulation of the thyroid function in male and female rats. This
included measurements of hypothalamic proTRH mRNA, median eminence TRH
content, pituitary TRH receptor status and TSHB3 mANA, and serum TSH, T, T,
free T, (FT,) and free T, (FT,) levels. In order to examine the possible contribution
of stress to the suppression of the hypothalamus-pluitary-thyroid axis during
prolonged food reduction serum levels of corlicosterone were also determined.

MATERIALS AND METHODS:

Animals
Rats of a locally bred Wistar substrain, R-Amsterdam rals, were used. Since

previous studies showed that effects of starvation on thyroid function may differ
belween male and female rais (5, 13), both sexes were studied. The rats were
caged Individually in a temperature regulated room (2212 C), with a 14-h light, 10-h
dark cycle {lights on 05:00-19:00 h) and were provided with commercial rat chow
containing 22% protein, 4.8% fat, 66.8% carbohydrates, 0.35 mg/kyg iodine and 0.29
mg/kg selenium (RMH-TH, Hope Farms, Woerden, The Netherlands) and tap water
ad libitum. At the time of the start of the experiments rats were 10 weeks old: male
rats weighed 21618 g and female rats weighed 163+4 g. Their body weight was
monitored weekly during the experiment.

Experimental design
Male and female rats were randomly divided into a control and an experimental
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group of 8 animals each. In a pilot study it was found that the daily food intake was
24 g in male and 15 g in female rats. During the experiment control rats had free
access to food, whereas the experimental groups received one-third of their normal
daily food intake {FR33). The experiment lasted 21 days, and the heallh state of the
rats was dally checked upon,

At the end of the experiment, the rats were killed by decapitation. The livers
were cut into pieces, frozen in liquid nitrogen, and kept at -80 C until further
analysis, The hypothalamus, median eminence and piluilary gland were isolated as
described previously (14) for the delermination of proTRH mRNA, TRH, and TSHB
mRNA or TRH receptor density, respectively. After isolation, each median eminence
was exiracted immediately with 2 ml methano! tp prevent degradation of TRH.
Hypothalami and pituitaries were snap frozen in fiquid nitrogen, and kept at -80 C
until further analysis.

Delodinase assay

Liver microsomes were prepared as described previously (15). The microsomal type
| deiodinase aclivily was determined by analysis of the production of radioicdide
during incubations of 1 uM [8,5-'#IiT, for 20 min at 37 C with 25 pg/mi
microsomal protein in 0.1 M phosphate buffer {pH 7.2), containing 2 mM EDTA and
5 mM dithiothreitol as described previously (16}.

Hormone assays and analysis of serum thyroid hormone-binding proteins

Levels of TSH were measured by RIA using materials and protocols supplied by
NIDDK, with rat-TSH-RP-2 as standard. The RIA for TRH was usually performed
with antiserum 4319 (final dilution 1:10,000} as reported before (17), This assay is
very sensilive but has a low specificity for the histidine residue in TRH. Therefore,
most samples were also assayed with a RIA using antiserum 8880 (final dilution
1:40,000), an antiserum which was described previously and is much more
sensitive to allerations in the His residue of TRH (18). The RIA employing
antiserum 8880 has a somewhat higher detection limit (5-8 fmolitube} than that
utilizing antiserum 4319 (3-5 fmol/tube). Serum T, and T, were estimated by
established RlAs in unextracted serum. The serum fres T, fraction (FFT,} was
measured by equitibrium dialysis (19), and serum free T, (FT,} was calculated as
the product of total T, and FFT,. A similar procedure was followed to determine the
serum free T, fraction (FFT,) and free T, (FT,) concentration. Corticosterone was
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estimated by RIA {20). Detection limits were 0.2 ug/il RP-2 TSH, 2 nmolfl T,, 0.1
nmol/ii T, and 1 nmol/l corticosterone. intra- and interassay coefficients of variation
for the assays varied between 3 and 17%.

Agar gel electrophoresis was performed using 0.9% Agar Noble (Difco, Detroit,
MI, USA)} and 0.2 M glycine, 0,13 M sodium acetate buffer {pH 8.6) as described by
Docter et al {21} to determine the distribution of serum T, and T, over their binding
proteins.

ProTAH mANA and TSH? mRNA determination
Hypothalamic proTRH and pituitary TSH3 mRNA were determined by Northern
blotting as described previously (14). Results were calculaled as the ratios of
proTRH mRNA/B-actin and TSH3 mRNA/B-actin,

TRH receplor assay

TRH receptors were assayed as previously reported by Donda el al (22) with some
modifications. Pituitarles were homogenized in 500 pl 0.32 M sucrose, and
homogenates of 3 pituitary glands were pooled for the binding assay. The
homogenate was centrifuged for 10 min at 1,100xg at 4 C, and the supernatant was
further centrifuged for 30 min at 30,000xg at 4 C. The pellet containing the crude
membrane preparation was resuspended in 600 pl cold 20 mM sodium phosphate
buffer (pH 7.4), and an aliquot was frozen at -20 C for protein measurement. The
binding assay was performed using [*H-Me-Hig?]TRH as ligand (82.5 Ci/mmol; New
England Nuclear, Boston, MA). The Incubalion mixlure contained 30-60 ug
membrane protein and 6 nM *H-Me-TRH in 200 nl phosphate buffer in the absence
{for totai binding) or in the presence (for non specific binding} of 25 pM of
nonradioactive TRH (Boehringer, Mannheim, Germany). After 2 h of incubation on
ice, the samples were filtered on Whatman GF/B glass fiber filters {Whatman,
Clifton, NJ) which were washed four times with 2 mi cold 0.15 M NaCl. The filters
were dried and then left overnight in 10 ml scintifiation lfquid (Opti-Fluor; Packard,
Downers Grove, IL) before *H was counled. Specific binding was calculated as the
difference between the total and the non specific binding. Nonspecific binding was
less than 40% of tolal binding. All determinations were performed in duplicate.

Statistical analysis
Results are presented as meanstSEM and lested statistically by analysis of
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variance. Differences were considered to be significant at p<0.05.

RESULTS

Effect of food reduction on bedy, adrenal and pituitary weight

The effects of food reduction on body weight, adrenal weight and pituitary weight
are presented in Table 1. Compared to fed controls, body weight was reduced by
almost 50% in both male and female FR33 rats. Adrenal weight was decreased by
25% in males and by 37% in females, but relative to body weight it was increased
by 40% in male and by 25% in female FR33 vs. control rats. Adrenal weight was
significantly higher in control females than in control males, but this difference
disppeared in the FR33 rals because of the more pronounced adrenal weight loss
in females. Relative to body weight, adrenal weight was even further increased in
female vs. male controls and was also significantly higher in female than in male
FR33 rats. In both sexes, pituitary welght showed an Insignificant, 10-12% decrease
in FR33 rats compared to conirols.

Parameier Treatment Males Females
BW (g) control 21618 163+3"
day 1 FR33 21945 16413°
BW (g) control 292412 188+3°
day 21 FR33 15744 97+1%
adrenal weight control 44.0+2.1 53.6+2.2°
(mg) FR33 32.9+0.8° 33.942.08
adrenal/BW control 0,1510.03 0.2810.01°
FR33 0.2140.05 0.35+0.02*
pituitary weight control 10.810.7 9.0+0.4°
(mg) FR33 9.840.5 8.0+0.4°

TABLE 1. Body, adrenal and pituitary weight in control and FR33 male and female
rats. Data are presented as the mearn =+ SEM of 8 animals per group.
"P<0.05 vs. control rats
*P<0.05 vs. male rats
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Effects of food reduction on hypothalamic proTRH mANA, median eminence TRH
content and specific binding of TRH to pituitary plasma membranes

Hypothafamic proTRH mRNA/actin mRNA ralios were similar in mate and female
conlrole rats and did nol change after 3 weeks of food reduction (Fig. 1A). TRH
levels in the median eminence were similar when measured with RlAs using
antiserum 4319 or 8880 (data nol shown), conflirming the identity of the analyte as
authentic TRH. Median eminence TRH content was similar in both sexes and was
not affected by food reduction (Fig. 1B). The protein concentiration of the pituitary
membrane preparation was similar in mate and female control rats and was strongly
reduced by prolonged food reduction in both sexes (Table 2).

The specific binding (per mg protein) of *H-Me-TRH to pituitary membranes
was higher, but not significantly, in female than in male controls; it tended to be
higher in female FR33 rats and showed a significant increase in male FR33 rats
compared to the respective controls (Table 2). Total pituitary TRH binding was
unchanged in male FR33 rats, whereas there was a 50% reduction in female FR33
rats compared to controls.

Parameter Treatment Males Females
*H-MeTRH specific binding control 49.419.6 68.718.1
{fmol/mg protein) FR33 109.0+15.9° 102.5+37.6
*H-MeTRH specific binding control 21.0+3.9 29,843.3
{fmol/pituitary) FR33 25.7+4 .1 16.746.0
membrane protein control 436438 436+11
{ug/pHuitary) FR33 234167 163+5%

TABLE 2, Membrane TRH receplors in the pituitary gland of control and FR33 male
and female rats. Dala are presented as receptor densily (per mg
membrane protein) and recepfor content {per piluitary). Membrane protein
cancentration per pituitary is also shown. Dala are presenfed as the mean
+ SEM of 4 pools of 3 animals each per group.

*P<0.05 vs. conlrol rats
"P<0.05 vs. male rals

Effect of food reduction on serum TSH and pituitary TSH and TSHR mRNA
Food reduction caused a significant decrease in serum TSH (Table 3} and in
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pituitary TSH content (Fig., 1D} in both sexes, whereas TSHB mRNA/actin mRNA
ratios increased by 40% in male FR33 rats and by 185% in female FR33 rats
compared to their controls (Fig. 1C). Serum TSH, pituitary TSH and piluitary TSH3
mRNA were all significantly higher in control males than in control females, and
pituitary TSH was still significantly higher in male than in female FR33 rals {Table 3,
Fig. 1C,D).

Parameter Treatment Males Females
TSH control 0.76£0.16 0.35+0.05°
{ng/ml) FR33 0.11+0.02* 0.18+0.05°
T4 control 455424 30.6+1.9°
(nmol/l) FR33 30.4+1,9° 10.5:+1.4%
FFT4 control 0.0174+0.001 0.024+0.002
(%) FR33 0.020+0.0012 0.02640.001
FT4 control 7.540.34 7.2+0.66
{pmol/l) FR33 5.9+0,35% 2.610.247
T3 contro} 1.3£0.03 1.240.03
{nmol) FR33 1.0+£0.05% 0.740.06%®
FFT3 control 0.5140.02 0.43£0.01°
(%) FR33 0.390.01° 0.30£0.06™
FT3 control 6.740.27 5.3+0.17°
{pmol/) FR33 4,1+0,19° 2,440,880
FT3/FT4 control 0.90+£0.06 0.7610.04
FR33 0.7110.04* 0.9840.42
corticosterone contro} 104+16 230189
(nmol/y FR33 614136° 1160+75%
TABLE 3, Plasma TSH, thyroid hormones and corticosterone in control and FR33

male and female rats. Data are presenied as the mean £ SEM of 8
anfmals per group.
2P<0.05 vs. control rats
bpP<0.05 vs. male rals

58



Chapter 2

Effect of food reduction on serum thyroid hormones, their binding proteins and
corticosterone levels

Results are presented in Table 3 and Fig. 2. Compared to levels in fed controls,
serum T,, FT,, T, and FT, were significantly reduced in both female and male FR33
rats. Serum FFT, was significantly decreased by food reduction in both sexes,
whereas FFT, showed a slight increase, which was significant only in male rats.
Serum T, and FT,, but not FT, and T,, were significantly higher in control males
than in control females. In FR33 rats, T,, FT,, T, and FT, were all higher in males
than in females.

Serum of control and FR33 male and female rats was incubated with ["**I1T, or
['®1]T, and analysed by agar gel elecirophoresis. Typical examples of radioactivity
patterns obtained are shown In Fig. 2. In contrast to human serum {21}, ral albumin
and thyroxine-binding prealbumin {TBPA) were not separated by this method.
Therefore, the first peak represents thyroxine-binding globulin (TBG) and the
second peak contains both albumin and TBPA. Radicactive T, was bound by TBG
and albumin-TPBA in a ratio which was similar in both sexes and which changed
from 1.5 in control rats to 1:1 in FR33 rals. A single peak of protein-bound labeled
T, was found in the albumin-TBPA region in control rats. In male and female FR33
rals a small radioactive peak appeared in the TBG region.

Levels of serum corticosterone were significantly increased in both sexes after
prolonged food reduction (Table 3). lrrespective of nutritional status, serum
corticosterone was lower in males than in females, which difference was significant
in FR33 rals but not In controls.

Effect of food reduction on hepatic defodinase aclivily
Liver type 1 deiodinase activity was 2.5 times higher in male than in female control
rats, In both sexes, food reduction caused a significant decline of =50% in this

activity {Fig. 3).

DISCUSSION

Changes in the hypothalamus-pituitary-thyroid axis induced by short-term, complete
starvation in the rat have been reported by many authors (5, 6, 9, 13, 14, 23-25),
but litle is known of the effects of long-term food reduction. In this sludy we
investigated the effects of a reduction in food intake to one-third of normat (FR33)
during 3 weeks on the hypothalamus-pituitary-thyrold axis in male and female rats,
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Figure 1.  Effect of 21 days food restriction (FR33; gray bars) on hypothalamic
proTRH MANA (A), median eminence TRH (B), piluitary TSH3 mANA (C)
and pituitary TSH (D) in male and female rats. Normally fed rals were used
as controls (black bars). Results are presented as mean+SEM of 8 rals,
ProTRH mBNA and TSH3 mANA are relalive lo B-actin mRNA. *P<0.05
compared lo conlrols, °P<0.05 compared to males.
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FR33 caused a strong reduction of serum TSH levels in both sexes. Based on dala
reporied by Rodriguez et al (26) on TSH turnover in FR75, FR50 and FR25 rals,
the decrease in serum TSH during prolonged food reduction represents a
decreased TSH secrstion rather than an increased TSH clearance. This decreased
TSH secretion may be mediated a) at the hypothalamic level, by changes in the
release of factors which regulate TSH secretion, such as TRH, somalostatin and
dopamine, b} al the piuilary level, by a direct inhibition of the thyrotroph or by
changes in its sensilivity to hypothalamic factors or to the feedback inhibition by
thyroid hormene, and/or c) by a general effect of food reduction on protein turnover.

Figure 3. Effect of 21 days food restriction (FR33;
white bars) on hepatic type 1 deiodinase activity
in male and female rats, Normally fed rats were
tused as controls (black bars). Results are
presented as mean+SEM of 8 rals. *P<0.05
compared lo controls, "P<0.05 compared (o
males.
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Since several findings indicate that the decrease in thyroid function during
short-term starvation is associated with a lowered hypothalamic release of TRH
(5-7, 27), we studied the centrally medialed effects of long-term food reduction in
more detall. In this study, hypothalamic proTRH mRBNA content was unaffected in
male and female FR33 rats, whereas it was significantly decreased in rats starved
for 2 or 3 days (9, 14). Median eminence TRH content was not affected by food
reduction in both male and female rats. However, since we have not measured
TRH in hypophyseal porial blood, we cannot exclude that hypothalamic TRH
release was decreased despite the unaltered proTRH mRNA level and median
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eminence TRH content. Our findings at least suggest that a decreased proTRH
gene expression is not essential in the central mechanism mediating reduced TSH
secretion during long-term food deprivation. Recent studies from our group have
shown that TSH secretion may also be diminished in diabetic rats', in lactating rats?
or after administration of interleukins wilhout a concomitant change in proTRH gene
expression (14, 28).

At the pituitary level, the densily of TRH membrane receptors (per mg
membrane protein) was significanlly increased in FR33 male rals compared to
controls while in FR33 female rals the increase was only a tendency, but not
statistically significant. These results obtained inh FR33 rats are in line with the
findings by Rodriguez et al (26), who demonstrated an increase in TRH binding
sites in FR75, FRB0 and FR25 rals, despite a significantly decreased TSH secrelion
fn response to TRH in both FR50 and FR25 rats. Low levels of TRH (25) and/or
thyroid hormones (29, 30} may conlribute to the increased densily of TRH
receptors, as observed also in the aged rat (22). Moreover, in the ral, there is a
quantitative relationship belween piluitary nuclear T, recepior occupancy and
inhibition of TSH release (31, 32). It has been reported that starvation in rais
reduces the number of pituitary nuclear T, receptors {26). Thus, it is unlikely that a
higher sensitivity of the piluilary to the feedback inhibition by thyrold hormone
during starvation is responsible for the low TSH levels. However, it should be
emphasized that the changes observed for TRH and T, receptors in the whole
pituitary may not reflect alterations in TRH and T, receplors at the level of the
thyrotrophs.

At the pituitary Jevel, TSH3 mRBNA showed a small Increase In male FR33 rats
and a large increase in female FR33 rats, suggesting an increased TSHB3 gene
expression or an increased TSHB mRNA sfability. However, TSH production is
decreased in FR33 rals, since both TSH secretion (see above} and pituitary TSH
content are decreased. The discrepancy betlween the decrease in TSH production
and the increase in pituitary TSHB mRNA may be due to impaired translation of the
latter, which could reflect a general defect in protein synthesis during prolonged and
severe food reduction. In addition, the synthesis of the a-subunit may be impaired
at both the transcriplional and translational fevel. Changes in thyroid status have
been shown to affect pituitary TSHB mRNA to a greater extent than pituitary o-
subunit mRNA (33, 34). However, this does not negate a selective inhibitory effect
of food reduction on o-subunit production. Indeed, other pituitary hormones sharing
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the same a-subunit as TSH, were found to decrease significanlly during severe
food reduction (7).

The results of our study confirm and exlend those reported previously (8, 35),
demonstraling that food restriction induces a decrease in serum T,, FT,, T, and FT,
in both male and female rals, Serum FT, levels were similar in control male and
female rats, while both serum total T, levels and serum T, binding were higher in
mates. Control serum FT, levels were higher in male than in female rats, while
serum total T, levels were similar and serum T, binding was higher in females.
Further differences in serum prolein binding of T, and T, were induced by food
reduclion, which resulted in a slight increase in FFT, and a larger decrease in FFT,
in both sexes. In adult rats, serum T, is primarily bound to TBPA, whereas albumin
is the predominant binding protein for serum T, (36). Serum TBG levels and hepatic
TBG gene expression are high in neonatal rals but decrease to almost undetectable
levels in adults, while they increase again during senescence {37, 38). it has been
shown that fasting increases serum TBG (39) but decreases serum TBPA (40) in
rats. In our study the decrease in the serum FFT, after food restriction is correlated
with an increased TBG, while the increase in the serum free T, fraction may be
caused in part by a decrease in serum TBPA.

As a result of the significant decline in hepatic deiodinase activity in both
sexes after food reduction, the peripheral conversion of T, into T, may be
decreased which should be reflected In a decline In the serum FT/FT, ratio.
However, after food reduction the serum FT,/FT, ratio was only decreased in male
rats, suggesting that the liver type | deiodinase is a more imporant site for
peripheral T, production in male than in female rats. This is supporied by the higher
hepatic type | delodinase activity in male than in female controls.

Concerning the sex dependence of the effects of food deprivation, Cohen et al
(13) showed significantly higher levels of serum TSH in control male vs. female
Sprague-Dawley rats, which decreased significantly in male but not in female rats
after short-term starvation. However, Rondeel et al {5) found no differences in
serum TSH between control male and female (RxU)F, rats, which decreased in
female but not in male rats only after 4 days of starvation. In agreement with the
formar study, we found that control serum TSH values were significantly higher in
male than in female R-Amsterdam rats, and that food reduction resulted in a more
pronounced reduction in serum TSH in males than in females, although the effect
was also significant in females. The reason for the discrepancy between the
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previous report of Rondeel et al and the present findings may be related 1o duration
and extent of food reduction or rat strain.

Previous studies have suggested a negative relationship between serum TSH
and corlicosterone in rats after induction of diabetes with streptozotocin', during
short-term starvatlon (14), after administration of interleukin-1 (28), or during
lactation®. In all these conditions, a decreased serum TSH is associated with an
increased serum corticoslerone. The decrease in serum TSH in starved rats is
partially prevented if serum corticosterone is kept constant by adrenafectomny and
corticosterone substitution (14). The present findings of sex-dependent differences
in control rats as well as the effects of long-term food reduction further substantiate
this negalive correlalion between TSH and corticosterone. In control rats, serum
TSH, pituitary TSH content and pituitary TSHZ mRNA were all higher in males than
in females. This suggesls that TSH production is higher in male than in female rats,
which is associated with lower adrenal weigh! and conticosterone levels in males
than in females. Furthermore, during prolonged food reduction serum TSH and
pituitary TSH content decrease, while relative adrenal weight and serum
corticosterone increase in both sexes, although the magniludes of these changes
differ. Together, these findings suggest a negalive effect of corticostercne on TSH
synthesis and secretion. The exact mechanism of this effect remains unknown, but
chronic treatment of rals with dexamethascne has heen shown to decrease
hypothalamic proTRH mRBNA (41), while acute dexamethasone treatment was found
to lower TRH release in hypophyseal poral blood (14). However, the present
findings suggests that the effect of corlicosterone on TSH secretion nol always
involves decreases in proTRH and TSHB gene expression. It is possible that the
above-mentioned postiranscriptional defect in TSH production after prolonged food
reduclion is mediated by the increased serum corticosterone.

In conclusion, the present study demonstrates profound effects at different
levels of the hypothalamic-piluitary-thyraid axis after 3 weeks of severe food
restriction in both male and female rats. In contrast fo acute starvation, the
mechanism whereby serum TSH is suppressed after prolonged food reduction does
not involve decreases in hypothalamic proTRH or pituitary TSH3 gene expression.
Direct inhibition of the thyrotrophs by other regulators of TSH secretion, such as
somatostatin and dopamine, as well as the precise role of corticosterone deserve
further investigation.
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St. Radboud University Hospital, Nijmegen, The Netherlands

ABSTRACT

The cytokines interleukin-i (IL-1) and TL-6 are thought to be
important mediators In the suppression of thyreid function during
nonthyroidal illness. In this study we compared the effects of [L-1 and
IL-6 infusion on the hypothalamus-pituitary-thyroid axis in rats, Cy-
tokines were administered by continuous ip infusion of 4 ug IL-1a/day
for 1, 2, or 7 days or of 15 pg I1.-6/day for 7 days. Body weight and
temperature, food and water intake, and plasma TSH, T, free T, (FT),
Ty, and corticosterone levels were measured daily, and hypothalamic
pro-TRH messenger RNA {mRNA) and hypophysial TSHS mRNA
were determined after termination of the experiments, Compared with
saline-treated controls, infusion of 1L-1, but not of IL-68, produced a
transient decrease in food and water intake, a transient increase in
body temperature, and a prolonged decrease in body weight. Both
cytokines caused transient decreases in plasma TSH and Ty, which
were greater and more prolonged with IL-1 than with IL-6, whereas
they effected similar transient increases in the plasma FT, fraction,
Infusion with IL-1, but not 11.-6, also induced transient decreases in
plasma FT, and T; and a transient increase in plasma corticosterone.
Hypothalamic pro-TRH mRNA was significantly decreased (—73%)

after 7 daye, but not after 1 or 2 days, of IL-1 infusion and was
unaffected by TL-6 infusion. Hypephysial TSHE mRNA was signifi-
cantly decreased after 2 (—62%) and 7 (—6255) days, but not after 1
day, of IL.-1 infusion and was unaffected by IL-6 infusion. These results
are in agreement with provious findings that 1L-1, more so than IT.-6,
directly inhibits thyroid hormone production. They also indicate that
IE-1 and IL-6 both decrease plasma ‘T binding. Furthermore, both
cytokines induce an acute and dramatic decrease in plasma TSH before
{IL-1} or even without {[L-6) a decrease in hypothalamic pro-TRH
mRNA or hypophysial TSHE mRNA, suggesting that the acute de-
crease in TSH secretion is not caused by deereased pro-TRH and
TSHP gene expression. The TSH-suppressive effect of IL-6, either
administered as such or induced by IL-1 infusion, may be due to a
direct effect on the thyrotroph, whereas additional effects of IL-1 may
involve changes in the hypothalamic release of somatostatin or TRH.
As glucucorticoids are known ¢ suppress hypothalamic TRH mRNA
levels, it is speculated that the decrease in pro-TRH gene expression
caused by prolonged infusion of IL-1 is mediated by the high plasma
corticosterone levels, (Endocrinology 135: 1336-1345, 1894)

URING acute and chronic systemic illness, profound
changes in thyroid function occur in both humans
(1-3) and animals (4}. In humans, the most characteristic
changes are a decrease in the plasma T; level and an increase
in the plasma level of rT. Plasma T, may also be decreased
in severely ill patients (3), mainly due to reduced binding to
transport proteins (5, 6), as plasma free T, (FT,) usually
remains within the normal range, It has been suggested that
cytekines are important mediators of the changes in thyroid
economy during diseases in which the immune system is
activated (4, 7-11). Cytokines are polypeptides primarily
produced by activated monocytes and macrophages, which
play important roles not only in regulating the immune
system, but also in interacting with several endocrine systems
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(12-17). In rats, a single injection of interleukin-1 {(1L-1}
lowered plasma TSH and thyroid hormone levels within 5 h
(4). Continuous infusion of IL-18 induced in the rat decreases
in plasma TSH, FT,, and T, binding (18). It is, however, not
fully understood how cytokines suppress the pituitary-thy-
roid function,

Inflammation stimulates the production of a cascade of
cytokines, of which, in particular, tumer necrosis factor-a,
IL-1, and IL-6 represent key factors for communication be-
tween the immune and neuroendocrine systems (19-21). As
part of the pleiotropic effects of IL-1 is mediated by IL-6, we
compared the effects of short and long term infusion of IL-§
and long-term infusion of IL-6 on the hypothalamic-pitui-
tary-thyroid axis. To identify the sites of action of IL-1 and
IL-6, their effects were measured on ptasma Ty, FTy, Ts, TSH,
and corticosterone; TRH content in median eminence; hy-
pothalamic levels of pro-TRH messenger RNA (mRNA); and
pituitary levels of TSHE mRNA. As hepatic type I deiodinase
is responsible for 60-70% of peripheral T; production in
euthyroid rats (22), we also measured the activity of this
enzyme during IL infusion.



Chapter 2

Materials and Methods

Materials

Recombinant human ib-1e (IL-1) was kindly provided by Dr. P.
Lomedico (Hoffman LaRoche, Nutley, NJ}. The preparation, supplied in
50 mu potassium phosphate {pH 6.5) and 0.1 s sedium chloride, had
an activity of 2 % 10° U/ml (D10 assay) and a specific activity of 3 X
10° U/mg protein, According to the specifications of the suppliers,
endotoxn contamination was negligible (0.5 Ufml [L-1 solution, as
detected in the limulus amoebocyte lysate assay).

Human [L-6, produced by recombinant DNA {echnology in Esche-
richia coli, was oblained from Sandoz (Sandoz Forschungsinstitut,
Vienra, Ausimia}, The specific activity of the preparation was 52 X
10° U/mg (by B13.29 assay). The preparation (SDZ 280-969, batch
PPGI001) was supplied in 20 pus sedium phosphate (pH 6.7), and
endotoxin contamination was negligible (<0.4 U/mg protein).

Both TL-1 and IL-& were diluted in sterile pyrogen-free saline [0.9%
NaCl {si/vol) in water], All chemicals used were of analytical grade,
The concentrations of IL-1 and IL-6 used for infusion in this study were
based upon the findings of a previous study performed by Hermus ¢/
al. (18) and a pilot study in which three concenirations of IL-6 infusion
were studied in zats {(data not shown).

Animals

Male albine Wistar rats (Cpb:WU) were obtained from the [oecal
breeding facility and individually housed in Plexiglass cages in an
artificially lighted room (lights on at 0700 b; lights off at 1900 h). Rats
were provided with commercial rat chow containing 22% protein, 4.8%
fat, and 66.8% carbohydrates (RMH-TH, Hope Farms, Woerden, The
Netherlands) and tap water ad libitint. At the time of the start of the
experiments, rats were 10 weeks old and weighed 200-220 g. Animal
procedures were approved by the jnstitutional zeview board.

Experimental design

Long term infusion. To diminish the stress of the experimental procedure,
rats were handled daily, starting at feast 1 week before the insertion of
an indwelling cannula into an extemal jugular vein. Rats were cannu-
lated according to the method described by Steffens (23) with some
minor medifications {24). After insertion, the cannula was filled with a
0.9% NaCl solution containing heparin (500 1U/ml; Organen Teknika,
Boxtel, The Nethetlands) and polyvinylpymelidone (I g/ml; Merck,
Darmstadt, Germany).

Seven to 9 days after cannulation, rats were implanted with an Alzet
osmotic minipump (model 2001, Alzet Corp,, Palo Alto, CA; 1 plfh for
7 days). Rats were infused for 7 days with IL-! (4 ug/day) or IL-6 (15
eg/day) dissolved in sterile pyrogen-free physiological saline or with
saline alone, The pumps were equilibrated by immersion in physiological
saline solufion for 3-4 h at 37 C according to the instructions of the
manufacturer and then implanted jp in ether-anesthetized animals be-
tween 1400-1600 h (day 0). The indwelling cannula and the osmotic
pump were tolerated well by the rats with no obvious signs of discom(ort
or infection,

From the freely moving rats, bfood samples of 2 ml were withdrawn
from the jugular venous cannula on severat days of the experiment
starting 2 days before implantation of the osmotic minipumps (18).
Because of the circadian rhythm in hormone release, blood was sampled
at about the same time each day (between 1600-1200 h), Blood samples
were collected in prechilled tubes containing 60 p1 10% (wt/vol) EDTA
in saline, gently shaken, and centrifuged for 10 min at 1560 X g at 4 C,
After removal of the plasma, the residue containing red blood cells was
resuspended in sterile physiologicat saline selution (1.5 ml) and teturned
through the jugular venous cannula to each rat, Plasma samples were
atiquoted and stored at —20 C untit assayed.

In all rats, body weight was measured daily between 0815-0%00 h.
Body temperature was measured daily between 0815-0900 h and be-
tween 1300-1430h in conscious hand-held rats by insertion of a thermat
probe into the rectum. The probe was connected to a digital temperature
monitor (Digital DT100, Elbatron, Kerkedriel, The Netherlands). Mean
daily temperature for each rat was determined by averaging the moming

and afternoon rectal temperatures. The daily food and water intake was
estimated by weighing the residual food pellets and water for individual
cages.

At the end of the experiment (day 7), the rats were killed by decapi-
tation. The livers were cut inlo pieces, frozen in liquid nitrogen, and
kept at —80 C until the estimation of type I deiodinase activity, The
skull was opened, and the brain was removed. The hypothalamus was
isolated {limits, posterior border of the chiasmatic opticum, anterior
border of the mamillary bodies, and latezal hypothalamic border; height,
~3 mm) for the determination of pro-TRH mRNA. Also, the pituitary
gland was isolated to estimate the level of TSHE mRNA. Both tissues
were snap-frozen in liquld nitrogen and kept at —80 C until determi-
natien of pro-TRH and TSHE mRNAs,

Shor! territ infusion. Rats were infused with 1L-1 (4 ug/day) for 1 day
(osmotic minipump model 2001D; 8 pl/h for 1 day) or 2 days {osmotic
minipump model 1003D; 1 xl/h for 3 days) or with saline. The pumps
were implanted between 1400-1600 h. These animals had not been
implanted with & cannula into the jugular veln. After | or 2 days of
infusion, trunk blood was collected alter decapitation of the rats between
1200-150C h. The lvers, hypothalami, and pituitaries were collected
according to the methods described above. From animais infused for 1
day with IL-1 or safine, the median eminence was also collected, This
was performed by grasping the hypophysial stalk with forceps and
lifting it from the brain. The pretruding tissue fragment, comprising the
hypaphysial stalk and the median eminence, but referred to as median
eminence, was cut from the brain and placed in 2 ml methanol to
determine the TRH content.

Delodinase assay

Livers were homogenized, and type I delodinase activity was deter-
mined in the homogenale by analysis of the preduction of radioiedide
from ouler ring-labeled rTy (25). Type [ deiodinase activity was measured
in incubations of 1 pm ['“lrT, for 20 min at 37 C with 50 pg/ml
homogenate protein in 0.1 a phosphate buffer (pH 7.2}, 2 mu EDTA,
and 5 s dithiothreitol by the methed described by Fekkes ef al. (26}

Hormone assays

Tevels of TSH were measured by RIA using materials and protocols
supplied by the NIDDK, with TSH RP-2 as standard. The RIA for TRH
was performed with antiserum 4319 {final dilution, [:10,000), as re-
ported previously (27). Plasma T; and Ty were estimated by specific
RIAs in unestracted plasma, as described by Hemmus ¢2 al. (18), The
plasma FT, fraction was determined by means of the SPAC FT, assay
kit {Byk-Sangtec Diagnostica, Dietzenbach, Germany) (28}, and the
plasma FT; concentration was calculated as the product of the total T,
level and the FT, fraction. Plasma corticosterone was measured by RIA,
as described by Sweep ef al. (24). Intra- and interassay coefficients of
vatfatien for the assays varied between 3-17%.

Pro-TRH mRNA determination

Pro-TRH mRNA was measured by a ribonuclease {RNase) protection
assay, using a labeled anbsense complementary RINA {cRNA) probe.
Fotal hypothatamic RNA was isolated by acid guanidinium thiocyanate-
phenol-chloroform extraction (29), From each sample, 10 ug hypothal-
amic RNA were used in a RNase protection assay, as described previ-
ously by Sambraok e¢f al, (30) with a few modifications. Hybridization
was carried out overnight at 55 C; for the RNase digestion, 2 U/ml
BNase-T1 and 0.2 pg/ml RMase-A {both from Boehringer, Mannheim,
Germany) were used. The £322-basepair {bp) EcoRI/Pstl rat pro-TRH
complementary DNA (cDNA) insert in a pSP63 vector (3[) was kindly
provided by Dr. 5. L, Lee (New England Medical Center Hospitals,
Boston, MA). The cRNA probe was synthesized using fragment 981~
£322 of rat pro-TRH ¢DNA as a template. This 351-bp Rsal fragment
was isolated after agarose gel electrophoresis. Variations in procedure
were accounted for by nermalizing to the glyceraldehyde-3-phosphate
dehydrogenase gene (GAPDH) expression in each sample, using a cRNA
probe transcribed from a 410-bp Psfl/SanAl fragment of the ¢DNA
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inserted in pBlueScript KS(-) {Stratagene, La Jolla, CA). Under the diges-
tion conditions used, the GAPDH signal consisted of 2 bands of about
310 and 320 nucleatides (Fig. 1). Autoradiographs were scanned densi-
tometrically with a LKB 2222-020 UltraScan XL Laser Densitometer
(Pharmacia LB Biotechnology 1987, Bromma, Sweden}. The peak areas,
corresponding to the bands, were integrated by the computer, Results
were calculaled as the ratio between the infegrated optical densities of
pro-TRH and GAPDH mRNA, and expressed as a percentage of the
mean of the respective controf values.

Pituitary TSHB mRNA measturement

Total pituitary RNA was isolated by acid guanidinium thiocyanate-
phenob-chloroferm extraction (29), and 20 ug RNA were subjected to
denaturing agarcse gel electrophoresis and blotted ento Hybond N*
filter {Amersham Intemational PLC, Aylesbury, United Kingdom). TSHB
<DNA (420 bp), inserted in the Pstl site of a pBR322 vector, was kindly
provided by Dr. W. W. Chin (Brigham and Women’s Hospital, Bos-
{on, MA} (32). After electroporation in DHS cells, DNA was isolated and
digested with Psil. The DNA fragment was isolated after agarose gel
electrophoresis. Northern blotting and random primed labeling of the
TSHP ¢DNA with [*Pldeoxy-ATP were performed according to the
method of Sambrook ¢t al. (30). Varations in loading were accounted
for by normalizing to the f-actin mRNA content in each lane, which
was measured by hybridization with a *P-labeled rat actin cDNA probe
(Fig. 1). Autoradiographs were quantified densitometrically with a model
620 video densitomeler using 2D Analyst Il software (Bio-Rad, Rich-
mond, CA). Results were calculated as the ratios between the integrated
optical densities of TSHA mRNA and §-actin mRNA, and expressed as
a percentage of the mean of the respective control values,

Statistical analysis

Results are presented as the mean + sem, A nonparametric test
(Wilcoxon matched pairs, signed ranks test) and analysis of variance for
a repeated measures design were used to analyze the data, Provided
that significant overall effects were obtained by analysis of varance,
further comparisons between groups were made using Duncan’s multi-
ple range test, Differences were considered significant at P < 0.05.

Results

Infusion of IL-1 (4 pg/day) induced signs of physical
discomfort in the animals, including piloerection and de-

TSHz ProTRH

actin -
: ProTRH -

GAPDH [

TSHs -

C L C L

F1c. 1, Effect of contlnuous infusien of saline (C) or 4 pg IL-1/day
{IL} for 1 week on pituitary TSHE mRNA {{eft panel) and hypothalamic
pro-TRH mRNA (right panel). Northern blot hybridization analysis
was used to estimate TSHF mRNA, whereas pro-TRH mRNA was
determined with a RNase protection assay, Variation in loading was
accounted for by normalizing to the f.actin mRNA and GAPDH
mRNA contents, respectively,
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creased physical activity, as observed on the first day after
implantation of the pumps. This visually observable uneasi-
ness gradually diminished and disappeared on day 2. Infu-
sion of IL-6 at a dose of 15 ug/day did not induce signs of
discomfort, Treatment of rats with saline did not perceptibly
distress the animals.

Effects of IL-I and IL-6 on rectal temperature and body weight

Saline-treated rats maintained a virtually constant mean
daily rectal temperature throughout the experimental period.
On the first day of infusion, IL-1 induced a significant
increase in rectal temperature, which returned to normal
levels between days 2-4 (Fig. 2), whereas IL-6-treated rats
had no significant increase in rectal temperature compared
to saline-treated rats.

There was a small decrease in body weight on the first
day of saline infusion (Fig. 2). A similar weight loss was
found in animals treated with 11.-6 (15 ug/day), whereas rats
infused with IL-1 (4 pg/day) showed a more distinct weight
loss. The body weights of IL-1-treated rats reached minimal
levels on the second day of infusion. Thereafter, the rate of
body weight gain was slightly higher in IL-I-treated rats
than in saline-treated control rats,

Effects of IL-1 and IL-6 on food and fluid intake

The effects of chrenic administration of IL-1 and IL-6 on
food and fluid consumption were monitored for ¢ days, and
results are shown in Fig, 3. There was a transient slight
reduction in food consumption in saline-treated rats after
implantation of the osmotic pumps. Compared to saline-
treated animals, rats treated with 1L-6 {15 pg/day) showed
no significant change in food consumption, whereas the
infusion of IL-1 (4 pg/day) caused a significant decrease in
food intake compared to that in saline-treated rats during
the first 5 days after starting the infusion. Chronic infusion
of physiological saline, IL- 1, or IL-6 into rats caused a signif-
icant decrease in total daily fluid intake on the first day of
the infusion. During the following day, the fluid intake had
returnied to preinfusion values in all groups.

Effects of IL-1 on plasma Ty, FT, Ts, TSH, and
corticosterone levels

Figures 4 and 5 show the effects of continuous infusion
for 1 week with 4 ug IL-1/day or saline on plasma T,, FT,,
T;, and TSH. Infusion of 4 ug IL-1/day induced a highly
significant decrease in plasma Ty, which reached minimum
levels on day 2 and remained significantly suppressed
throughout the experimental pericd. IL-1 induced a marked
transient increase in the plasma FT, fraction {not shown),
and the decline in plasma FT; in IL-1 rais was less pro-
nounced and of shorter duration than that in total T,, By the
end of the infusion period, when plasma T, tevels were sHll
decreased, plasma FT, had returned to condrol levels. Parallel
with the decrease in T, concentrations, plasma T, was signif-
icantly lower in IL-1-infused animals than in saline-treated
rats. The nadir was reached on day 2 of the infusion, and
plasma T; remained significantly lower in IL-1-treated ani-
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mals than in saline-treated animals until the end of the
experiment, Chronic administration of IL-1 induced a dra-
matic decline in plasma TSH. The nadir was reached on the
first day of the infusion, after which plasma TSH levels in
IL-1-treated rats started {o increase slowly. Short term infu-
sion with IL-1 had effects on thyroid function similar o those
of long term infusion (Table 1). Levels of plasma corticoster-
one increased dramatically after 1 day of IL-1 infusion and
were significantly elevated compared to levels in control rats
for at least 4 days (Fig. 6).

Effects of 1L-1 on pro-TRH mRNA, TSHE mRNA, and
type I defodinase

In Table 2, the effects of treatment with IL-1 on hypothal-
amic pro-TRH mRNA, pituitary TSHS mRNA, and liver type
I deiodinase are given, During the first 2 days of infusion,
the levels of hypothalamic pro-TRH mRNA in IL-1-treated
rais were not significantly different from those in saline-
treated rats. In addition, the TRH content in the median
eminence did not change after I day of 1L-1 infusion (Table
2). However, on day 7 of infusion, the level of hypothatamic
pro-TRH mRNA was 73% lower in IL-1 rats than in controls.
In the pituitary gland, the levels of TSHS mRNA showed a
significant decline after 2 days of 1L-1 infusion, On days 2

and 7 of infusion, pituitary TSH mRNA levels were reduced
to 38% of the levels in control rats. Liver type I deiodinase
activity showed a significant decline due to IL-1 infusion on
days 1, 2, and 7.

Effects of IL-6 on plasma 1y, FI', Ts, TSH, and corticosterone

Figures 4 and 5 show the effects of continuous infusion of
rats for 1 week with IL-6 (15 pg/day) or saline on plasma T,
FT,, Ta, and TSH. Plasma T, was significantly lower in IL-6-
infused animals than in contvol rats on days 2 and 3 of
infusion. IL-6 produced a marked transient increase in the
plasma FT, fraction (not shown), but plasma FT; in IL-6 rats
did not change during the experiment. A significant decrease
in plasma T, was found in IL-6-treated rats compared to
their starting levels, but no significant effects were observed
compared {o saline-infused control values. Infusion of IL-6
induced a significant decline in plasma TSH. The nadir was
reached on day 2 of the infusion, but plasma TSH recovered
quickly, and within 4 days, the fevels were again in the range
found in control animals. Compared to the effects of 1L-1
infusion on thyroid and pituitary function, the effects of IL-
6 administration were less pronounced. This was also seen
in the effects of these ILs on plasma corticosterone, because
iL-6 administration did not affect the levels of plasma corti-
costerone, whereas IL-1 did (Fig. 6).
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Effects of 1L-6 on pro-TRH mRNA aend TSH mRNA

In Table 3, the effects of continuous treatment with IL.-6
on hypothalamic pro-TRH mRNA and pituitary TSHJ
mRNA are shown. After 7 days of IL-6 administration, no
effects were seen on the levels of hypothalamic pro-TRH
mRNA. In the pituitary gland, the levels of TSHE mRNA
showed an insignificant decline after 7 days of infusion of
1L.-6.

Discussion

The suppressive effects of short term and continuous in
vivo IL-1 administration on pituitary-thyroid function in rats
have been reporied in two previous studies (4, 18), in which
it was shown that the reduction of food intake cannot explain
the changes in thyroid hormone and TSH levels during IL-1
treatment (18). As the mechanisms of the effects of cytokine
on thyroid function are not fully understood, we studied in
particular the centrally mediated effects of IL-1# in more
detail. Furthermore, as a number of IL-1 effects may be
mediated by IL.-6, we compared the effects of IL-1 and IL-6
infusions on plasma Ty, FIy, T, TSH, and corticosterone;
hypophysial TSHE mRNA; median eminence content of
TRH; and hypothalamic pro-TRH mRNA.
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Infusion of both IL-1 and IL-6 produced a marked tran-
sient decrease in plasma T,, which was more pronounced
with IL-1 than with 1L.-6. Plasma FT; was also decreased by
IL-1, but not by IL-6. These cytokines produced similar
increases in the plasma FT, fraction (not shown), suggesting
that IL-1 and IL-6 infusions both decreased plasma T, bind-
ing. Previous findings have shown that the decrease in
plasma T, binding during IL-T administration is due at least
in part to a decrease in the plasma level of transthyretin,
which is the principal plasma T,-binding protein in rats (18).
A decreasein transthyretin production is one of the hallmarks
of the acate phase response of the liver to inflammation,
which is largely mediated by IL-6 (33). As H.-1 is known to
stimulate IL-6 production (33), it is likely that the effect of
IL-1 on plasma T, binding is mediated by IL-6, However,
besides the fall in plasma transthyretin a decrease in plasma
albumin {33) and an increase in plasma FFA (4) may contrib-
ute to the lowered plasma T, binding during IL-1 and IL-6
administration.

The decrease in plasma FT, during IL-1 administration
may be the result of a decrease in thyroidal T, production
and/or an increase in plasma Ty clearance. Dubuis ef al, (4)
demonstrated that plasma T, clearance is not affected by IL-
1 administration despite a large increase in the plasma FT,
fraction, suggesting that the metabolism of T, in the tissues
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compared {o saline-infused rats.

is decreased. This could be due to a decrease in tissue
availability of plasma FT, or a decrease in the activity of T,
metabolic pathways. Evidence has been presented that the
fractional transfer rate constant for T, transport from plasma
to liver is decreased in humans during severe illness and
fasting {34, 35). Although changes in hepatic type I deio-
dinase activity have not been detected previously after both
short and long term administration of IL-1 to rats (4, 18),
significanily decreased deiodinase activities were found in
the present study after 1, 2, and 7 days of IL-1 infusion, The
reason for the differences in the effects of IL-1 on liver type
I deiodinase between the previous (18) and the present
studies could be due to the higher dose of IL-1 infused in
the present study (4 vs. 2 pg/day). It should be stressed,
however, that the decreases we observed were relatively
small {(~25%). It is not known to what extent these decreases
were caused directly by an effect of IL-1 or IL-6 on the liver
or indirectly through the IL-1-induced reduced food intake
or hypothyroid state, which are both associated with a de-
crease in hepatic delodinase activity (36}, Surprisingly, infu-
sion of mice with IL-1 for 3 days has been found to increase
hepatic type [ deiodinase activity, in contrast to the decrease
found in animals with a similar reduction in food intake (7).

The reduced plasma T, and FT, levels induced by IL-1 in

combination with a presumably normal plasma T, clearance
rate, as found by others (4), suggest that IL-1 inhibits thy-
roidal T, secretion, The decrease in plasma T, during IL-1
administration may be due to 1) diminished T; secretion, 2)
reduced peripheral T production through a decrease in type
I deiodinase activity and/or T, substrate availability, and/or
3} decreased plasma T, binding, An increased plasma FT,
fraction was observed by Dubuis ¢t al. (4) after IL-1 admin-
istration, although the effect was smaller than the increase
in the plasma FT; fraction. IL-1 can inhibit thyroidal T, and
T, secretion by a well documented direct effect on the
thyrocyte, whereas IL-6 has little or no direct effect on
thyroid activity (8, 37-40). However, the effects of IL-1 on
thyroid function also appear to be mediated at least in part
by the decrease in serum TSH.

In agreement with previous reports, IL-1 infusion resulted
in a dramatic and acute decrease in serum TSH (4, 18), which
was more rapid in onset and longer in duration than the
decrease induced by IL-6, The latter may explain in part
why, in contrast with IL-1, the decrease in serum TSH in IL-
6-treated rats is not associated with a decrease in serum FT,.
Although the effects of cytokine administration on the clear-
ance of plasma TSH have not been determined, the decreased
serum TSH level probably reflects an acute decrease in
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TABLE 1, The effects of continuous infusion of I1.-1 (4 pg/day) or
safine for 1 or 2 days were measured on plasma TSH, Ts, and T,
levels in male rats

Parameter Treatment Day 1 Day 2
TSH (ng/ml) Saline 0.38 £+ 0.08 (.81 + 0.09
IL-1 011 & 0027 0.06 + 0.03*
T, (nmol/liter) Saline (.70 £ 0.06 .61 £ .03
1L-1 0.25 # 0,027 .20 = 0.02"
Ty (nmol/liter) Saline 40.7 + 3.6 337+ 14
1L 723+ 1.3 4.5 £ 0.8°

Drata aze presented as the mean + SEM of six or seven rats. After 1
or 2 days of infusion, trunk blood was collected after decapitation,
° P < 0.05 compared to saline-infused rats.

hypophyseal TSH secretion. This may be due to the direct
effects of IL-1 and IL-6 on the thyrotroph or to alterations
in hypothalamic or peripheral factors involved with TSH
regutation. Concerning the latter, plasma FT; may be tran-
siently increased acutely after commencement of cytokine

administration, resulting in long-lived feedback inhibition of

TSH secretion (4). It is remarkable, however, that hypo-
physeal TSHB mRNA was not decreased after 1 day of IL-1
administration at the time serum TSH was at its nadir.
Although this lack of an acute effect on hypophyseal TSHp
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mRNA does not exclude a decrease in TSH synthesis, these
results suggest that the IL-1-induced decrease in serum TSH
after 1 day of IL-1 infusion is not secondary to a decreased
TSH biosynthesis.

Inflammation in general and administration of cytokines
such as IL-1 in particular have profound effects on multiple
hypophyseal hormones, e.g. ACTH secretion {s acutely in-
creased (12-16, 24), whereas the secretions of TSH (4, 18),
LH (17), and GH (41) are decreased. The effects of IL-1 on
ACTH and LH secretion appear to be mediated largely by
an increase in the hypothalamic production and secretion of
CRF {42-44) and a decrease in the production and secretion
of GnRH (45, 46), respectively. Evidence has also been
presented that inhibition of GH secretion by IL-1 is due to
an increased supply of hypothalamic somatostatin (47, 48).
A suprahypophystat action of IL-1 on TSH secretion is sup-
ported by observations that intracerebroventricular admin-
istration of minute amounis of IL-1 produces a significant
decline in plasma TSH in rats {49). The observation that not
only basal serum TSH levels, but also their response to TRH
stimulation are decreased during IL-1 infusion {18} suggests
that a possible suprahypophysial effect of IL.-I on TSH
secretion may be mediated by increased hypothalamic release
of somatostatin, rather than decreased release of TRH. This
is in agreement with the present findings that serum TSH
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TABLE 2. Effects of 1L-1 (4 pg/day)} infusien for [, 2, or 7 days on
the tevels of hypethalamie pro-THH mBNA, median eminence (ME)
content of TRH, hypophysial TSHA mRNA, and hepatic type 1
deiodinase in male rats

Parameter Treatment Day 1 Day 2 Day 7
Pro-TRH mRNA Saline 100 + 33 100+ 26 100+ 27
IL-1 135 £ 17 125 + 6B 27xT
TRH in ME (ng) Saline 13+0326 ND ND
11 1.4 £ 028 ND ND
TSHS mRNA Saline 100 + 33 0+ 14 100+ 10
L1 76 + 30 38+ 8 B+2°
Deiodinase ([pmol/ Saline 306+25 20820 19513
min-mg) IL-1 43+ 90 169 +£8 123+ 13°

Results are presented as the mean 2 SEM ratios of the optical
densities of pro-TRH mRNA over GAPDH mRNA or of TSHZ mRNA
over f-actin mRNA, and expressed as a percentage of the mean of the
respective control values. Groups contained five to nine rats, NI}, Not
determined.

° P < 0.05 compared to saline-infused rats,

TABLE 8, Effects of [L-6 {16 ug/day} infusien for 7 days on the
{evels of hypothalamic pro-TRH mBNA and hypophysial TSHE
mRNA in male rats

Parameter Treatment Day 7
Pro-TRH mRNA Saling 100£9
1L-8 03 + 22
TSHB mRNA Saline 0+ 31
I.-6 647

Results are presented as the mean * SEM ratios of the optical
densities of pro-TRH mRNA over GAPDH mRNA or of TSHS mRNA
over f-actin mRNA, and expressed as a percentage of the mean of the
respective contro! values, Groups contained sixz to eight rats,

and hypophyseal TSH# mRNA are decreased before an effect
of IL-1 is observed on hypothalamic pro-TRH mRNA, How-
ever, the lack of short term effects of IL-1 infusion on
hypothalamic pro-TRH mRNA levels and median eminence
TRH content does not exclude the possibility that IL-1 acutely

inhibits TRH release into hypophyseal portal blood.

Direct effects of cytokines on anterior pituitary cells in
culture have been reported, although this includes, paradox-
ically, stimulation of the secretion of TSH, LH, and GH (14),
In this respect it is worthwhile to mention that both IL-1 and
IL-6 are produced in the anterior pituitary and may, thus,
act as paracrine factors in the regulation of hypophysial
hormones (50, 51). In our study, IL-6 did not appear to act
on the hypothalamus, as it failed to induce fever, nor did it
stimulate the hypothalamic-hypophyseal-adrenal axis. H
seems likely, therefore, that the effect of IL-6 on TSH secre-
tion dees not involve an action at the hypothalamic level,
but, rather, a direct effect on the thyrotroph. As IL-1 induces
the production of IL-6 {33), the effect of IL-I infusion on
TSH secretion may be mediated in part by this action of IL-
6 on the pituitary,

As pro-TRH gene expression is only suppressed after 7
days of IL-1 infusion, it is likely that this effect is mediated
by factors other than IL-1 itself, As discussed above, hy-
pothalamic CRF gene expression is acutely stimulated by IL-
1. As CRF neurons lie adjacent to TRH neurons in the
paraventricular nucleus (PVN) (52, 53), the effects of IL-1
on TRH neurcns may be mediated by local factors produced
by CRF neurons, Kakucska e¢f al. (54) showed by in situ
hybridization a reduction of pro-TRH mRNA in the PVN 24
h after a constant intracerebroventricular infusion of IL-1, at
the same time when pro-CRF mRNA in the PVN was in-
creased, This inverse relationship between the levels of pro-
TRH mRNA and CRF mRNA in PVN neurons has also been
observed during hypothyroidism (55). Furthermore, high
concentrations of glucocorticoids due to activation of the
pituitary-adrenal axis may influence hypothalamic TRH pro-
duction and secretion, In our study we demonstrated an
increase in plasma corticosterone during at least 4 days of
IL-1 infusion, whereas IL-6 infusion had no effect. A sup-
pressive effect of plasma corticosterone on TRH gene expres-
sion would explain the different effects of IL-1 and 1L-6 on
pro-TRH mRNA. This hypothesis is supported by 1) the
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reduction in pro-TRH mRNA in the PVN after chronic high
dose glucocorticoid treatment (56), 2) the presence of a
consensus glucocorticoid response element in the TRH gene
promoter (57), and 3} the coexistence of glucocorticoid recep-
tors in TRH neurons in the PVN (58).

In conclusion, our findings suggest that in addition to the
direct inhibition of thyroid hormone production by IL-1, the
multiple effects of this cytokine on the hypothalamus-pitui-
tary-thyroid axis include 1} a decrease in plasma T, binding;
2) an acute decrease in TSH secretion, followed by a decrease
in TSH synthesis; and 3) ondy after profonged IL-1 adminis-
tration, a decrease in hypothalamic pro-TRH gene expres-
ston. The transient decrease in plasma T, binding and the
acute decrease in TSH secretion are also observed during IL-
& infusion, The acute decrease in TSH secretion occurs before
(IL-1} or even without (IL-6) a decrease in hypothalamic pro-
TRH mRNA and, therefore, does not appear to be the result
of decreased hypothalamic TRH synthesis, although a de-
crease in hypothatamic TRH release is not excluded. The
decreased TSH secretion may also involve an increased sup-
ply of hypothalamic somatostatin as well as an effect via IL-
6 directly on the thyrotroph. The decrease in pro-TRH gene
expression by prolonged infuston of IL-1 may be mediated
by the high plasma corticosterone levels,
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Abstract

Streptozotocin-induced diabetes mellilus causes a decrease in the release of
thyrotropin (TSH) and thyroid function. We hypothesized that the reduced thyroid
function in diabetic rats could be due to an altered hypothalamic synthesis of TSH-
reteasing hormone (TRH). Therefore, proTRH mRNA was measured in male rats of
two Wistar substrains, e.g. R-Amsterdam (R-A} and RxU rats, 3 successive weeks
after iv injection with vehicle or streptozotocin (STZ, 65 mg/kg hody weight).
Furthermore, we determined TRH content in the median eminence, pituitary TSHB
subunit mRNA, plasma TSH, coricosterone and thyroid hormones, and liver
enzymes involved in thyroid hormone metabolism. Hypothalamic proTRH mRNA
showed a time-dependent decrease in diabstic R-A rats, but not in RxU rals,
although the values were not significantly different from those in controis. In both rat
strains, the TRH content in the median eminence increased significantly after STZ
injection. In diabstic R-A rats pituitary TSH3 mRNA decreased in time, whereas it
was unchanged in Rxt rats 3 weeks after dlabstes-induction. Plasma TSH showed
a strong decline in both rat strains at all times after STZ injeclion. In contrast to
RxU rats, plasma corticosterone increased significantly at 1 and 2 weeks after STZ
injection in R-A rats. I diabetic R-A rals plasma total T4 decreased while the free
T4 fraction increased, resulling in normal plasma free T4 levels. Plasma total T3
and free T3 fraction showed a decline in both rat substrains, resufting in strongly
decreased free T3 levels. Hepatic type | deiodinase activity decreased and T4 UDP-
glucuronyltransferase activily increased in R-A rats. The parallel decrease in
hypothalamic proTRH mRNA and hypophyseal TSHZ mRBNA in association with the
increase in plasma corticosterone in R-A rals, but not in RxU rats, suggests strain-
dependent inhibition of proTRH and TSHB gene expression in STZ-induced
diabetes mellitus, mediated by the increased corticosterone. Additional mechanisms
must exist for the diabetes-induced suppression of TSH secretion to explain the
decrease in plasma TSH in diabetic RxU rats. The opposite effects of STZ-Induced
diabstes on the free fractions of plasma T4 and T3 are explained by an increase in
thyroxine-binding globulin and a decrease in thyroxine-binding prealbumin.
Decreased hepalic T4 to T3 conversion and increased T4 glucuronidation contribute
to the generation of the low T3 syndrome in STZ-induced diabetic rats.
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Introduction

STZ-induced diabetes mellitus, which is frequently used as a model to generate the
low T3 syndrome (1, 2), affects various sites of the hypothalamic-pituitary-thyroid
axis. In STZ diabstic rats lower (3, 4) or unchanged (5, 6) hypothalamic TRH
concentrations and decreased in vivo {4} and in vitro {7} TRH secretion have been
reported. Plasma thyroid stimulating-hormone (TSH) in diabetic rats is decreased In
diabetic rats and the TSH response to TRH has been reported to be normal (4) or
diminished (8), while plasma TSH clearance is unaltered. Furthermore, plasma T4
and T3 levels and plasma T4 and T3 produclion rates as well as T4 conversion to
T3 in peripheral tissues and in the pituitary gland have been found to decrease in
STZ-diabelic rats (4, 9-11).

Using two locally bred Wistar substrains, e.g. R-Amsterdam (R-A) and RxU
rats, we investigated if the STZ-induced suppression of thyroid function originates
from a decrease in hypothalamic proTRH gene expression. Therefore, hypothalamic
proTRH mRNA and pituitary TSH3 subunit mRNA were measured in control and
STZ-induced diabetic rats. Plasma corticosterone was determined to identify its
possible role in mediating the down-regulation of the hypothalamus-pituitary-thyroid
axis. In order to elucidate peripheral mechanisms involved in the generation of the
low T3 syndrome, we also invesligated the effects of diabetes on thyroid hormone-
binding proteins and on liver enzymes involved in thyroid hormone metabolism.

Materials and methods

Animals

Male R-A and RxU rats were used in this study. They were housed under controlled
conditions (20-22 C,; lights on between 05.00 and 19.00 h) and allowed free access
to water and food. For all experimenis, approval was obtained from the Animal
Woelfare Committee (DEC) of the Erasmus University.

Experimental design

Under ether anesthesia, rats were injected into the external jugular vein with 65
mgrkg body weight STZ (Sigma, St. Louis, MO, USA) in 0.2 mi citrate-buffered
saline {pH 4.5) or with 0.2 mi vehicle. To avoid degradation, STZ was dissclved
immedially before injection, Body weights of the rats were determined before, and
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at weekly intervals during the experiment. At 1, 2 or 3 weeks after administration of
STZ or vehicle, groups of rats were decapitated between 10.00 and 13.00 h. Trunk
blood was collected for measurement of blood glucose using the Haesmo-Glukotest
{Reflelux, Boshringer, Mannheim, Germany} and to determine plasma hormone
levels. Livers were removed, cut into smali pieces, frozen in liquid nitrogen, and
kept at -80 C until estimation of enzyme aclivities. The skull was opened to isolate
the pitultary giand, the median eminence, and the remainder of the hypothalamus
as described previously (12). The anterior piluitary gland was frozen in liquid
nitrogen and stored at -80 C until estimation of TSHB mRNA, The median eminence
was extracted with 2 ml methanof for measurement of TRH. The remaining part of
the hypothalamus was snap frozen in liquid nitrogen and kept at -80 C until RNA
isolation.

Measurement of proTRH mRNA and TSH? mRANA

RNA was isolated from the hypothalamus and the anterior pituitary, and proTRH
mRNA and TSHB mRNA were determined by Northem blotting, as described
previously (13, 14). Results were calculated as the ralio of proTRH mRNA or TSHB
mRNA  over B-actin mBNA, and expressed as the percentage of the mean in

control rats.

Enzyme assays

Liver microsomes were prepared and microsomal type | iodothyronine deicdinase
{ID1} and UDP-glucuronyltransferase (UGT) activilles were determined essentially
as previously described (15). Conditions for the ID1 assay were: 1 uM T3
(substrate), 5 mM dithiothreitol {cofactor), 25 ug/ml microsomal protein, and 30 min
incubation at 37 C, UGT activities were assayed at 1 (T4, ¢T3} or 100 uM (bilirubin}
substrate, 5 mi UDP-glucuronic acid (cofactor), 1 (T4, bilirubin) or 0.25 {IT8)
mg/ml microsomal proltein, and 60 (T4, rT3) or 15 (bilirubin} min incubation at 37 C.

Hormone determinations and agar electrophoresis

Plasma TSH was measured by radioimmunoassay with materials and protocols
supplied by the NIDDK, with rat-TSH-RP-2 as standard. Levels of T4 and T3 were
estimated by specific radiolmmunoassays in unextracted plasma. The plasma free
T4 fraction (FFT4) was measured by equilibrium dialysis (18), and plasma free T4
(FT4) was calculated as the product of total T4 and FFT4, A similar procedure was
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followed to measure plasma free T3 (FT3). Corticosterone was estimated by
radioimmunoassay (17). The radioimmunoassay for TRH was performed with
antiserum #8880 (18, 19). Detection limils were 0.2 pg/l RP-2 TSH, 2 nmol/l T4, 0.1
nmeolfl T3, 0.05 nmol/l rT3, 1 nmol/l corticosterone, and 3-5 fmol TRH/tube. Intra-
and interassay cosfficlents of variation for the assays varied between 5 and 15%.

Agar gal electrophoresis was performed using 0.9% Agar Noble (Difco, Detroit,
Ml, USA) and 0.2 M glycine, 0.13 M sodium acetale buffer (pH 8.6) was performed
as described by Docter et al (20} to determine the distribution of serum T4 and T3
over their binding proteins.

Statistical analysis

Results are presented as means+SEM. Analysis of variance was used for statistical
evaluation of the data. Provided significant overall effects were obtained,
compatisons between groups were made by Duncan's new multiple range tests.
Differences were considered to be significant at p<0.05.

Results

Effects of diabetes on body weight and blood glucose

Changes in body weight and blood glucose after intravenous administration of
vehicle or STZ in both rat substrains are presented in Table 1. Compared to
vehicle-injected controls, body weight in R-A rats was reduced at 2 and 3 weeks
after STZ injection. In RxU rats body weight in the experimental animals was lower
from the first week of STZ injection. In both Wistar substrains blood glucose was
increased in STZ diabetic rats.

Effect of diabetes on hypothalamic proTRH and TRH content in the median
eminence

Hypothalamic proTRH mRNA in R-A rats decreased significantly between 1 and 3
weeks after STZ injection (Fig. 1A}, although values were not significantly different
from controls. RxU rats showed no significant change in the levels of hypothalamic
proTRH mRBNA after STZ Injection. In both rat strains, the TRH content in the
median eminence increased significantly after STZ injection, compared to conlrol
rats (Fig. 18B).
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Strain R-A rats RxU rats
Week Control 8712 Control 5TZ
(n=1G) {(n=9) {n=15) (n=18)

286110 259415 328111 295477

—

Body weight (g)

2 30448 253+14° 34748 292+6°

3 31647 244+14° 358+8° 29447%
Glucose (mmol/l) 1 N.D. 22.3+0.9 N.D. 24,3125

2 N.D. 27.6+1.8°  N.D. 28.240.7

3 6.710.2 28.6+2.0"° 5.110.3 26.0+1.0°

Table 1, Body weights and blcod glucose in male conirol and STZ injected R-A and RAxU rats

(mean + SEM).
@ P<0.05 vs. control rals; ® P<0.05 vs. week 1; N.D. not determined

Effects of diabetes on anterior pituitary TSH3 mRNA and plasma TSH

Streptozotocin-induced diabetes mellitus caused a highly significant decrease in the
levels of anterior pituitary TSHB mRNA in R-A rats, which reached minimum levels
3 weeks after STZ treatment (Fig. 1C). No change was seen in RxU rats, 3 weeks
after STZ injection. Plasma TSH showed a significant decrease in both rat strains at
all times after STZ injection, although the effects were more pronounced in R-A rats

{Table 2).

Effects of diabetes on plasma thyroid hormones, binding profeins and corticosterone
At all times investigated, plasma T4 was significantly fower in diabetic than in
control R-A rats, while plasma FFT4 was significantly increased after 1 and 3
weeks. As a consequence, plasma FT4 remained unchanged (Table 2). As for RxU
rats, only plasma T4 was measured which was significantly decreased after STZ
injection (Table 2). Plasma T3, FFT3 and thus FT3 were all decreased in diabetic
R-A rats, which changes were significant after 2 and 3 weeks. In diabetic RxU rats
plasma T3, FFT3 and FT3 were significantly decreased at all time points, except for
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FFT3 which showed a significant increase 8 weeks after STZ injection,

Plasma of control and diabetic R-A and RxU rats was incubated with ['*1}T4 or
[**1)T3 and analysed by agar gel electrophoresis. In contrast to human serum (20},
rat albumin and thyroxine-binding preatbumin were not separated by this method.
Therefore, the first peak represents thyroxine-binding giobulin (TBG) and the
second peak contains beth albumin and TBPA. In control rats radioactive T3 was
bound to TBG and albumin-TBPA in a ratio of 1:5 which changed to 1:1 in diabstic
rats, 3 weeks after STZ injection. A single peak of protein-bound labelled T4 was
found in the albumin-TBPA region in controf rats. In diabelic rats a small second
radioactive peak was found in the TBG region.

wr Figure 1 Effect of STZ-induced
diabetes maellilus on
hypothalamic proTRH
mANA (A), TRH content in
the median eminence (B)
and pituitary TSHZ mANA
{C) 1, 2 or 3 weeks alter
infeciion In male R-A (solid
bars) and RxU (hatched
bars) rats. mANA dala are
presented as the mean =
SEM ratio of the oplieal
densities of proTRH mANA
and TSHB mANA over 5-
: 3 ! actin mRNA, expressed as
o stz stes a percentage of the mean
of the control values.
Groups confained 5-10 rais.
® P<0.05 vs. control rats; ®
P<0.05 vs. week 1; N.D. not
determined

ProTRH mANA{actin mANA

CrAL stz sT22 STZ)

TAH In ME {ng/mh)

TSHH mANAfactin MANA

GTRL 5T21 §TZ3 5723
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in contrast to RxU rats, plasma corticosterone increased significantly al 1 and
2 weeks after STZ injection in R-A rats (Table 2), Aithcugh the mean in R-A rals
was still elevated after 3 weeks, it was not significantly different from controls.

Effects of diabetes on hepatic UGT and ID1 aclivities

Effects of STZ-induced diabetes on the activity of liver enzymes involved in thyroid
hormone metabolism were measured in R-A rats and are presented in Fig. 2. The
T4 , reversed T3 (1T3) and bilirubin UGT activities increased gradually after
induction of diabetes mellitus, which changes were already significant 1-week after
STZ injection (Fig. 2A-C). ID1 activity was significantly lower in diabetic rats than in
vehicle-injected controls, reaching a minimum 2 weeks afler STZ trealment {Fig.
2D).

pmol Ta/minimg protoin
pmol rTImin/meg proteln

CGIRL il T2 8723 STAL 8121 sTZ2 5773

pmol bitfmin{mg pratein
pmodfminfmg protein
=
b1
T

19 -

CTAL &T21 sTZ2 5T23 CYAL 5TZ4 sT22 5773

Figure 2 Fffect of STZ-induced diabetes meliitus on UGT aclivities for T4 (A), 1T3
{B), billrubin {C), and ID1 (D) aclivity in liver microsomes 1, 2 or 3 waeks
after infection in male R-A rats.

Resulls are means x SEM per group (n=3-5).
? P<0.05 vs, conlrol rats
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RxtJ rats
Parameter Control 8TZ 8TZ 8TZ Control 8TZ STZ sTZ
1 week 2 weeks 3 weeks 1 week 2 weoks 3 weoks
T4 57.716.8 16.5+2.5" 19.6+4.8° 20.1+4.9° 80.741.5 49.3+7.6" 45.4+3.7° 40.13.2°
{nmoil) (n=10) (n=10) {n=10) (n=8) (n=25} (n=4) (n=S5) (n=18)
FFT4 0.0316.001 0.093+0.02° 0.05540.012 0.064+0.006° N.D. N.D. N.D. N.D,
(%} {n=5} {n=5) (n=5) (n=5}
FT4 2307133 18.0541.99 20.33+3.5 20.7745.0 N.D. N.D. N.D. N.D.
{pmci/l) (n=5) ("=5) (e (n=8)
T3 1.0620.74 0.77£0.14 0.67+0.08" 0.7240.07° 1.2240.02 0.71£0.07" 0.53+0.05" 0.6420.04°
(nmol) (n=10) (n=10) (n=10} {n=8) (=25} (n=4) (r=5) (n=18)
FFT3 0.60+0.05 0.7910.10 0.53+0.07° 0.3340.09° 0.7110.03 0.45+0.05° 0.58+0.06 0.92+0.04"
(%) n=10) (n=10) (n=10) (n=10} (n=25) (n=4) (m=5) (n=18)
FT3 5.8740.53 4.99+0.68 3.45+0.58" 2.09£0.61° 8.62+0.34 3.2040.67° 3.69£0.77° 6.37+0.64"
{pmoifl} (n=10}) (n=10) (n=10) (n=8}) n=23) (=4} n=5) (n=18)
TSH 0.87£0.19 0.20+0.12* 0.25+0.11° 0.3940.74" 1331012 0.69+0.26" 0.70+0.45" 0.53+0.171°
{ng/mi) {n=10} {n=10) (n=10) (n=7) (n=25) (n=4) (n=5) (n=18)
corticosterone 75.9+16.6 155.9427.5° 193.24:45.1° 187.5481.8 982.0£17.3 90.8+32.1 95.4450.7 149.9+24.2
(nmol1) {n="10}) (n=10) (=10} (n=8) (n=20} (n=4) [n=5} (n=13)
Table 2.

Plasma T4, FT4, FFT4, T3, FT3, FFT3, TSH and corticosterone in controf and in 1, 2 or 3 week STZ-treated male R-A and BxU
rats. Daia are presented as the mean + SEM per group.

4 P<0.05 vs. controf rats; N.D. not determined
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Discussion

Uncontrolled diabetes as well as several other condilions causing severe non-
thyroidal lilness are frequently associated with a suppression of TSH secretion and
thyroid function. In this study we Investigated the role of central ¢hanges In the
hypothalamus-pituitary-thyroid axis and of changes in thyroid hormone metabolism
in the diabetes-induced generation of the low T3 syndrome in 2 Wistar substrains,
e.g. R-A and RxU rats,

Hypothatamic proTRH mRNA showed a decrease between 1 and 3 weeks
after STZ injection in R-A rats, but not in RxU rats, suggesting a time- and strain-
dependent decrease in TRH synthesis. did not change after STZ injection
compared to control rats, but there was a significant reduction of proTRH mBNA in
time in these diabetic rats (Fig. 1A). This decrease in proTRH synthesis is in line
with the earlier reported reduction of in vive and in vitro hypothalamic TRH release
(4, 7). The lack of change in hypothalamic proTRH mRNA in RxU diabetic rais
suggests a strain-dependent effect of STZ-induced diabetes on the hypothalamus.
However, in contrast to total hypothalamic TRH conlent (3-6), median eminence
TRH content is increased in diabetic animals of both substrains, which is compatible
with a decreased TRH refease as previously reported (4,7). Although this reduction
in TRH release seems to occur indspendent of changes in proTRH gene
expression, it may contribute to the profound decline in plasma TSH in STZ treated
diabetic rats.

Tagether with the decrease in proTRH mRBNA a gradual decrease in pituitary
TSHB mRNA was observed in R-A rats, suggesting a causal relationship. However,
because of the lack of effect of diabetes on both parameters in BxU rats, additional
factors must be involved in the downregulation of plasma TSH that also occur in
diabetic RxU rats. Previous studies have also reported low plasma TSH levels in
diabetic rats together with a normal {4) or diminished (8) TSH response to TRH and
an unaltered TSH clearance. Bestelli et al. (5) explained the low secretory activity
of the pituitary in diabelic rats by demonstrating a morphaological shift from type 1
thyrotrophs in control pituitaries, which readily release TSH granules, to type |l
thyrotrophs in diabetic pituitaries, which mainly accumulate TSH granutles. Such
morphological changes may contribule to the decrease in plasma TSH levels in
diabetic rats both substrains,

In this study, plasma corticosterone was measured to determine its role in the
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suppression of thyroid function during STZ-induced diabetes mellitus, Whereas in
diabetic R-A rats a significant increase was demonstrated 1 and 2 weeks after STZ
injection, levels of plasma corticosterone in RxU diabetic rats were hardly affected.
This suggests that the activation of the hypothalamus-pituitary-adrenal axls as a
response to stress or systemic iflness may be strain-dependent. The association of
increased plasma corticosterone with decreased hypothalamic proTRH mRNA and
pituitary TSH3 mRNA in R-A diabelic rats and the lack of effect on all these
parameters in diabefic Rxl) rats suggest that plasma corticostercne plays a role in
the regulation of hypothalamic proTRH and hypophyseal TSHB gene expression.
Previous studies have alsosuggested a negative relationship belween proTRH
mRNA and corticosterone in rats after short-term starvation (13), after continuocus
administration of interleukin-1 (12}, or during lactation'. The decrease in proTRH
mRNA in starved rats is prevented if serum corticosterone is kept constant by
adrenalectomy and corticosterone substitution (13). The present findings of strain-
dependent differences in proTRH mRNA and plasma cotticosterone further
subslantiate this negative correlation between TRH gene expression and
corticosterone,

Hypothalamic somatostalin is known to have an inhibitory effect on pituitary
TSH release (21, 22). As previously reported, induced diabetes mellitus in rats
increases hypothalamic and peripheral somatostatin concentrations (23-26) which
may contribute to the decline in TSH release.

Many studies have demonstrated reductions in plasma T4 and T3 in STZ-
induced diabetes mellitus (3, 4, 6, 27, 28), while changes in free thyroid hormone
levels have received less attention. in agreement with a previous study from our
taboratory {7), we observed that the decrease in plasma total T4 in diabstic rats is
accompanied by an increase in FFT4, resulting in normal plasma FT4 levels.
Plasma total T3 and FFT3 showed a parallel decline in diabetic animals, resuiting in
strongly decreased FT3. These resuils suggest an selective effect of STZ-induced
diabetes mellitus on T4 and T3 binding to plasma proteins. In this study the
decrease of plasma FFT3 was corrslated with an increased TBG, a minor thyroid
hormone-binding protein in normal adult rats (29, 30). The increase in plasma FFT4
may be caused in part by a dectease in plasma TBPA, the major binding protein in
normal adult rats, which has also been shown to decrease during fasting (31).

In addition, we studied the principal metabolic pathways for thyrcid hormone
by measuring hepatic UGT and ID1 activities in R-A rats. Two UGT iscenzymes
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catalyzing the glucuronidation of T4 and rT3 have been identified (15). In addition to
these iodothyronines, type | UGT glucuronidates bilirubin, while type H UGT
glucuronidates “bulky” phenols. Tunon et al. (32) have previously reporied an
increased bilirubin UGT activity in STZ-diabstic rats. Our findings thal not only
billrubin but also T4 and rT3 UGT activities are increased in diabetic rats point to
the induction of the type | UGT isoenzyme. In agreement with others {33}, we also
found that hepatic ID1 activity is strongly decreased STZ-diabstic rats. Since this
enzyme is very important for the peripheral T4 to T3 conversion, the decrease in its
activity may confribute to the low plasma T3, characteristic for patienls with non-
thyroidal iliness {34). A reduced aclivity of this enzyme may contribute to the low
plasma T3, characteristic for palients with non-thyroidal illness (34). The above-
mentioned increase In hepalic T4 UGT aclivily suggests that the decreased
conversion to T3 in diabetic rats is accompanied by an increased routing of T4
through the glucuronidation pathway.

In conclusion, both hypothalamic procTRH mRNA and hypophyseal TSHB
mRNA gradually decrease and plasma cotlicosterone increases in diabetic R-A rafs,
but none of these parameters changes in RxU diabetic rats. This suggests strain-
dependent inhibition of proTRH and TSHB gene expression in diabetes mellitus,
mediated by the increased corticosterone. However, additional mechanisms must
exist for the diabeles-induced suppression of plasma TSH that occurs in both
substrains, The opposite effects of STZ-induced diabetes on plasma FFT4 and
FFT3 are explained by an increase in TBG and a decrease in TBPA. Finally, the
decreased hepatic T4 to T3 conversion and increased T4 glucuronidation may be
important factors contributing to the generation of the low T3 syndrome in STZ-
induced diabetic rats.
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! van Haasteren GAC, van Toor H, Kloolwijk W, Handler B, Linkels E, van der Schoot P,
van Ophemet J, de Jong FH, Visser TJ, de Greef WJ 1995 Sludies on the role of
thyrotrophin-releasing hormone and corticosterone iIn the regulation of prolactin and
thyrotrophin secretion during lactation. J of Endecrinel {(submitted for publication)
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The role of TRH in the regulation of PRL secretion

Abstract

This study describes the effects of litter size and acute suckling on hypothalamic
synthesis and release of thyrotrophin (TSH)-releasing hormone (TRH) as indirectly
estimated by determination of hypothalamic proTRH mRNA and median eminence
TRH content. Litler size effects (5 or 10 pups} were studied throughout lactation,
while suckling-induced acute changes were analyzed on day 13 of lactation in dams
with 10 pups. In view of lthe enhanced adrenal activity during factation and the
recent evidence that corticosteroids exert negalive effects on hypothalamic TRH
release, we also examined the effects of the suckiing-induced enhanced plasma
corticosterone in dams with 10 pups by removal of the adrenals on day 2 followed
by treatment with corticosterone in the drinking water (0.2 mg/ml) to maintain basal
plasma cortlcosterone levels,

In addition to a strongly increased plasma prolactin (PRL} level, adrenal weight
and plasma corticosterone increased, whils plasma levels of TSH, T,, T, and free T,
(FT,) decreased during lactation. Litter size cotrelated positively with plasma PRL,
adrenal welght and plasma corticosterone. No effect of litter slze was observed on
plasma T,, but rats with 10 pups had lower plasma TSH, T, and FT, than rats with
a 5-pup litter, Compared to dioestrous rats, lactating rats showed an increased
hypothatamic content of proTRH mRBNA on day 2, but not on days 8 and 15 of
lactation. On days 8 and 15, rats with 10 pups had somewhat higher proTRH
mRNA levels than mothers with 5 pups. Median eminence TRH levels in lactating
rats gradually increased until day 15 and decreased thereafter. Acute suckling, after
a 6-h separation of mother and pups, rapidly increased plasma PRL and
corticosterone in the molhers, but had no effects on plasma TSH and thyroid
hormone levels. Hypothalamic proTRH mRBNA increased two-fold after 0.5 h of
suckling, and then gradually returned to presuckling values after 4-6 h. Compared
to sham-operated rals, corticostercne-substituied adrenalectomized (ADX) rats had
increased ptasma PRL and TSH, hypothalamic proTRH mRBNA and pituitary TSHB3
mRNA on day 15 of laclation, Moreover, while acute suckling did not enhance TSH
release in sham-operaied rats, it not only provoked PRL release bul also TSH
release in corticosterone-substituted ADX dams.

It is concluded that suckling exerts a rapid, positive effect on hypothalamic
proTRH mRNA. However, the concurrenl enhanced adrenal activily during acute
and continued suckling has negative effects on hypothalamic proTRH gene
expression resulting in a suppressed hypophysial-thyroid axis during lactation. While
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TRH appears to play a role in the release of PRL during the first days of lactation
and during acute suckling, TRH seems not important to maintain PRL secretion
during continued suckling.
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Introduction

The secrelion of PRL from the anterior pituitary gland is controlled by faclors
released from the hypothalamus and neurointermediate lobe of the pitultary gland
(see for reviews de Greef & van der Schoot 1985, Neill 1988, Lamberts & MaclLeod
1990, Frawley 1994). Aithough the identity of the neurointermediate lobe factors is
still unknown (Frawley 1994), there is evidence that TRH and o-melanocyie-
stimulating hormone are involved {Lackoff & Jackson 1981, Murai & Ben-Jonathan
1987, Hill et al, 1993). Hypothalamic factors known to affect PRL secrelion include
dopamine and, again, TRH. While evidence has been obtained that a decreased
supply of dopamine is imporant for suckling-induced PRL release (de Greef et al.
1981, de Greef & Visser 1981, Selmanoff & Wise 1981, Plotsky et al. 1982,
Rondeel st al, 1988, Wang et al. 1993}, the physiological role of TRH for PRL
release remains enigmatic for several reasons,

Firstly, in many physioclogical conditions there is a dissociation belween lhe
release of PRL and TSH. Indead in contrast to PRL, plasma TSH is not consistently
increased by acute suckling (Blake 1974, Riskind et al. 1984, Sheward et al. 1985,
de Greef et al. 1987). Moreover, immunoneutralization of TRH had no or only
modest effects on suckling-induced PRL release (Harris et al. 1978, Riskind et al.
1984, Sheward et al. 1985, de Greef et al. 1987), while studies on hypothalamic
TRH release and synthesis are equivocal. Whereas acue suckling did not increase
TRH in the push-pull perfusate of the mediobasal hypothalamus (Rondeel et al.
1988), mammary nerve stimulation increased TRH in hypophysial portal blood (de
Greef & Visser 1981). Although acule suckling transienily enhanced proTRH mRNA
levels in the hypothalamic paraventricular nucleus (Uribe et al. 1993), the amount of
proTRH mRNA decreased from day 1 o day 5 of lactalion in mothers with 8 pups
(Uribe et al. 19g1).

In view of the enhanced adrenal corticosterone secretion during continued
suckling (Voogt et al. 1969, Walker et al. 1992) and the negative effects of
corticosteroids on thyroid function (Kakucska & Lechan 1991, van Haasteren et al.
1994, 1995), the reduced hypothalamic levels of proTRH mRNA during lactation
may be caused by the suckling-induced enhanced corticosterone secration. We
have addressed this issue in this study by evaluating parameters of hypothalamic
TRH synthesis and release during acute and continued suckling in lactating rats in
which the suckling-induced increase in plasma coricosterone was prevenied by
adrenalectomy and subsequent treatment with corticostercne to maintain basal
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plasma levels of corticosterone.

Materials and methods

Animals

Locally bred hooded (RxU) F, rats have been employed in these studies except for
one experiment in which locally bred albino R-Amsterdam rats were used since
{RxU) F, rats were no longer bred in our animal facility. R-Amsterdam rats have
similar ptasma PRL levels as {RxU) F, rats, but they have lower TSH and thyroid
hormone levels. Rats were housed under controlled conditions (lights on between
05.00-19.00 h; temperature between 20-22 °C) and they had free access to food
and water. Female rats weighing 220-250 g were caged with male rats of proven
fertility. At the end of pregnancy the females were caged individually, and only rats
which gave birth to at least 9 pups were included in the experiments. Litter size was
adjusted to 5 or 10 pups beiween 09.00 and 10.00 h on day 2 of lactation (day 1 is
day of parturition), During the experiments, the weights of mothers and litters were
monitored daily. Normal suckling was established by direct observation, and the
lime the mothers spent with their litter and the number of milk ejections were
recorded (van der Schoot et al. 1978). Long-term mother-young interactions were
measured with an automatic device (Croskerry et al. 1976, de Greef et al. 1987,
1989). In two experiments, adrenalectomized (ADX) rais were used io study
possible effects of the increased plasma corticosterone levels during factation, To
maintain basal plasma levels of corlicosterone, ADX rals were treated with
corticosterone in their drinking water. Adrenalectomy or sham-operation was
performed on day 2 of lactation using ether as anaesthetic. The ADX rats received
corticosterone in their drinking water (0.2 mg/ml {w/v), Sigma, St. Louis, MO} as
described previously (van Haasteren et al. 1995). Corticosterone was dissolved in
ethanol and then added lo saline (0.9% NaCl in water), yielding a final
concentration of 4% ethanol {v/v}. Sham-operated rats received similar water
without corticosterone. Since water consumption follows a circadian rhythm, this
procedure ensures diurnal corticosterone rhythms in ADX rats leading to normal
plasma adrenocoiticotrophin (ACTH) levels (van Haasteren et al. 1995). Based on
the water consumption, the ADX rats received 4-8 mg corticoslerone daily. Unless
otherwise indicated, blood was obtained within 1 min after removal of the rat from
the cage by decapitation or from the orbital plexus of lightly ether-anaesthetized
animals. For all experiments, approval was obtained from the Animal Welfare
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Committee (DEC) of the Erasmus University.

Effect of lilter size on hypothalamic proTRH mRNA, median eminence TRH and
plasma hormone levels throughout lactation

Effects of litter size (5 or 10 pups) on hypothalamic procTRH mRNA, median
eminence TRH and hormonal changes were investigated In lactating rats on days 8,
15 and 22 of lactation. Another group of lactating rats with 11.010.5 pups
(meanst8E} was sacrificed on day 2. Female rats decapitaled at the diocestrous
slage of lhe ovatian cycle were used as controls {dioestrous rats). Furthermore,
dams separated from their litter at day 2 of lactation and decapitated 6 days laler
were also included in this experiment (non-lactaling dams). Rats were decapitated
between 10.00 and 13.00 h and trunk blood was collacted {0 measure plasma
hormone levels. The adrenal glands were removed and weighed. The skull was
opened, the brain was removed, and median eminence and remainder of the
hypothalamus, which includes the paraventricular nuclei, were isolated as described
previously (van Haasteren et al. 1994, 1995). The median eminence was placed
immediately in 2 ml methancl to prevent a possible tissue degradation of TRH
(Bauer et al. 1990}, whereas the remainder of the hypothalamus was snap frozen in
liquid nitrogen and kept at -80 °C unltil RNA isolation, or was also transferred to
2 m! methanol, Tissue collected in methanol was homogenized, subsequently dried
under a stream of nifrogen, redissolved in phosphate buffer {(pH 7.4} and stored at -
20 °C until assayed for TRH.

Hypothalamic proTRH mRANA, piluitary TSHB mRNA and plasma hormone levels in
corticosterone-substituted ADX dams

Sham-operated or corticosterone-substituted ADX lactating rats with 10 pups were
used. In the first pait of the experiment, (RxU) F, dams were employed. Blood was
taken between 10.00 and 13.00 h from the orbital plexus on days 8, 15 and 22 of
lactation to estimate plasma levels of PRL, TSH and corticosterone. For the second
part of this study, lactating R-Amsterdam rats were used, which were decapitated
on day 15 of lactation. As control, non-lactating dams, R-Amsterdam rats separated
from their litter on day 2 of factation and decapitated 6 days fater were used. Trunk
blood, collected between 10.00 and 13.00 h, was used to determine plasma
hormeone concentrations. Hypothalamus and pituitary gland were isolated, snap
frozen in Hquid nitrogen, and stored at -80 °C until RNA isolation. Adrenal glands
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were also isolated and weighted,

Effect of acute suckling on hypothalamic proTRH mANA and plasma hormone
levels in laclating dams

Dams were separated from their 10-pup litter between 04,30 and 08.30 h on day
13, and they were reunited 6 h later. Lactating rats were decapitated between 14.00
and 17.00 h after they had besn suckled for 0.5, 1, 4 or 6 h. Mothers not reunited
with their pups, and decapitated between 14.00 and 16.00 h served as controis (0
h}. Trunk blood was collecled fo measure plasma hormone levels, The median
eminence was removed and processed as describe above {0 measure its TRH
content. The rest of the hypothatamus was isolated, shap frozen in liquid nitrogen
and kept at -80 °C until RNA isolation.

Effect of acute suckling on PRL and TSH levels in corticosterone-treated ADX
lactating dams

Sham-operated and corticosterone-substituted ADX lactating dams with 10 pups
received an indwelling cannula (0.96 mm outer diameter, 0.58 mm inner diameter)
in the jugular vein (Popovic & Popovic 1960) on day 11 of lactation. On day 13, the
pups were removed hetween 07.30 and 08.30 h and reunited with their mothers 6 h
later. Bliood samples of about 0.5 ml were taken from the jugular vein cannula just
before and after 1, 4 and 6 h of reunion to measure plasma PRL and TSH
concentrations.

Measurement of pituitary TSHB mRNA and hypothalatic proTARH mRNA

Pituitary and hypothalamic RNA was isolated by acid guanidinium thiocyanate-
phenol-chioroform extraction (Chomezynski & Sacchi 1987), and the amount and
purily of the isolaied RNA was determined by absorbance at 260/280 nm. Pituitary
TSHB3 mRNA was estimated by Northem blotling as described before (van
Haasteren et al. 1994, 1995). In short, 10 ug tolal RNA was subjected to denaturing
agarose gel electrophoresis, blotted onto Hybond N* fililer (Amersham Internaticnal
PLC, Amersham, UK), and hybridized with a **P-labelled 420-basepair (bp)
fragment of the rat TSH3 ¢DNA {Chin et al. 1985). Variation in loading was
accounted for by normalizing to the B-actin mRNA content which was hybridized
with a *P-labelled hamster B-actin cDNA probe (Dodemont et al. 1982).
Hypothalamic proTRH mRNA was estimated using an RNase protection assay (van
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Haasteren et al. 1994) using 10 ug total RNA. Hybridization was carried out with a
labelled 351-bp antisense cRNA probe transcribed from a 981-1322 bp rat proTRH
cDNA fragment {Lechan et al. 1986, van Haasteren et al. 1994). Varialions in
procedures were accounted for by normalization to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA using a ¢cRNA probe transcribed from a 410-bp
Pst1/SauA1 GAPDH cDNA fragment {van Haasteren et al. 1994). Autoradiographs
were scanned densitometrically, and the resulting signals were integrated by
computer using custom-made software written by Dr. R. Docter (Depariment of
Internal Medicine and Clinical Endocrinology). The ralios between the integrated
optical densities of TSHB and B-actin mRNA or proTRH and GAPDH mRNA were
calculated for each sample. Results are presented as the percentage of the mean
of control rats. The validation of the methods used to isolate and measure proTRH
and TSHB mRNA have been described previously (van Haasteren et al. 1995),

Hormone determinations

Plasma TSH was measured by RIA with materials and protocols supplied by the
NIADDK, with rat-TSH-RP-2 as standard. Levels of T,, T, and reverse T, (IT,) were
estimated in unextracted plasma by RIA. The plasma T, dialysable fraction was
measured by equilibrium dialysis (Sterling & Brenner 1966), and plasma free T,
{FT,) was calculated as the product of total T, and the dialysable fraction. The
same procedure was used to measure plasma free T, (FT,). Plasma PRL was
determined by RIA (de Greef & Zeilmaker 1978) using rat-RP-1 as standard.
Conricosterone was eslimated by RIA (Marzouk et al. 1991). The RIA for TRH was
performed with antiserum 4319 as reported before (Visser et al. 1977), Detection
limits were 0.2 pg/l RP-2 TSH, 2 nmol/l T,, 0.1 nmol/l T,, 0.05 nmolA 1T, 5 pg/l RP-
1 PRL, 1 nmol/i cotticosterone and 3-5 fmol TRHAube. Intra- and interassay
cosffictents of variation for the assays varied between 5 and 15%.

Statistical analysis

Results are presented as meanstSEM. Analysis of variance {ANOVA) was used for
the statistical evaluation of the data. Provided significant overall effects were
obtained, comparisons beiween groups were made by Duncan's new multiple range
tests. Differences are considered to be significant at p<0.05.
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Results
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Figure 1, Hypothalamic proTRH mRANA, median eminence TRH and plasma PRL and TSH {A),
plasma lavels of thyrold hormones and corticosterone (B), and body and adrenal weight
(C) in factating rats with 5 {o--0} or 10 {o--0) pups. For comparison data from diogstrous
rats (Di) and dams separated from their pups at day 2 of lactation and decapilated 6
days later (NL) are included. Values are meanszSEM (n=8-24). 'F<0.05 compared to
dioeslrous rats, *P<0.05 compared lo rats with 10 pups
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Effect of litter size on hypothalamic proTRH mRNA, median eminence TRH and
plasma hormone levels throughout laclation

Results are summarized in Figure 1. Plasma PRL was raised throughout lactation,
and a larger litter was associated with higer PRL levels. On day 2 of lactation
plasma TSH concentrations were higher than the values observed in dioestrous
female rats, bul after day 2 plasma TSH decreased in laclating rats and became
lower than that in dioestrous rats. Overall plasma TSH was somewhat lower in
molhers with 10 pups than in dams nursing 5 pups {p<0.05, ANOVA), but at the
individual time points studied, litter size had no significant effect on plasma TSH.
Plasma T, and FT, levels were significantly lower in lactating than in dioestrous
rats, and mothers nursing 10 pups had generally lower plasma T, and FT, during
lactation than dams with 5 pups. Litter size had no effect on plasma T, during
lactation, and while plasma T, in laclating rals tendad to be lower on days 8 and 15
than in dioestrous rats, this was significant only in rats with 5 pups on day 8.
Plasma 1T, was low in all groups of rats, and no differences were found between
control and lactating rats {data not shown). Plasma coricosterone was usually
higher in lactating than in dioestrous rats, and mothers with 10 pups tended to have
higher levels than rats nursing 5 pups. Adrenal weight increased gradually during
lactation, and mothers nursing 10 pups generally had larger adrenals than rats with
5 pups. Laclaling rats had higher hypothalamic proTRH mRBNA than dioestrous rals
on day 2 of iactation, but proTRH mRNA gradually decreased in the subsequent 2
weeks. In dams nursing 10 pups hypothalamic proTRH mRNA remained similar
between days 8 and 22, but it increased in mothers with 5 pups between days 15
and 22. Hypothalamic proTRH mRNA on days 8 and 15 was somewhat higher in
dams with 10 pups than in rats nursing 5 pups (p<0.02, ANOVA). However, at the
individual days, litter size had no significant effect on proTRH mRNA. One week
after parturition, hypothalamic proTRH mRNA content was higher in dams with 10
pups (151,1£14.0%} than in rats from which the pups had been removed on day 2
of lactation (84.6+3.2%, p<0.05). During lactation, median eminence TRH content
gradually increased untll day 15 and decreased thereafter, and dams with 10 pups
had overall somewhat higher levels than mothers with & pups (p<0.05).

The body weight of the mothers gradually increased during lactation, and no
difference between dams with 5 or 10 pups was observed. At the fime of weaning
(day 22), 10-pup litters weighed 422+£12 g and 5-pup litters 26016 g. The lime the
mothers spent with the pups was similar in both groups (data not shown}, i.e. 16-21
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hours/day between days 2 and 15, gradually declining to 10-12 hours/day.

proTRH mRNA*
TRH {pmol/ME}
TSHB mANA™
PRL. (g}

TSH (ng)

T, (nmol/)

FT, (pmol/l)

T, {(nmolfl)

FT, (pmol/l)
Cort.{nmolf)

Non-lactating dams

100.0+3.8
2.16+0.31
100.0+13.1
2543
0.3240.06
27.1+3.9
9.38+0.93
0.8910.05
3.09140.14
182120

Adrenal weight {mg)} 48.541.1

Lactating dams
Sham-operated

115.346.56
3.1440.35°
81.4+11.3
396439°
0.1110.04°
12.3+1.1°
4.1240.35°
0.57+0.02°
2.33+0.09°
379434
60.9+1.7°

ADX

149.6+9.5°°
2.97+0.65
135.3+15.8"
527+32%
0.2140.06
17.6+2.2°
5.57+0.76°
0.71£0.04%"
2.7740.15°
138435°

Table 1.

Hypothalamic proTRH mANA, median eminence TRH, pituitary TSHf

mANA, plasma hormone levels and adrenal weight on day 15 of lactation
in sham-operated or corticosterone-subslituted ADX R-Amsterdam rats
nursing 10 pups. For comparison, data from dams separated from itheir
litter on day 2 of laciation, and sacrificed 6 days later, are Included (non-
lactating dams). Values are means+SEM (n=9-10).

® P<0.05 compared fo non-lactaling dams, ® P<0.05 compared lo sham-

operated dams
¥ relative to GAPDH mRNA, expressed as percentage of non-lactating

dams

* relalive to aclin mRNA, expressed as percentage of non-lactating dams

Hypothalamic proTRH mRNA, pituitary TSHB mANA and plasma hormone levels in

corticosterone-substituted ADX lactaling rats

To prevent the suckiing-induced increase in plasma corticosterone in lactaling rats,
adrenal glands were removed on day 2 of lactation and the ADX dams were
subsequently treated with corticosterone in their drinking water to maintain basal
plasma levels of corticosterone. In the first part of the study, (RxU) F, rats were
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used and the results are presented in Figure 2. Cotticosterone-lreated ADX
lactating rats had higher plasma PRL levels than sham-operated mothers on day
18, but plasma PRL was similar in both groups on days 8 and 22 of lactation.
Compared to sham-operated dams, plasma TSH was higher in the corticosterone-
substituted ADX rats on days 15 and 22 of lactation. Whereas sham-operated dams
gained weight (from 233112 {o 270415 g), the weight of corticosterone-treated ADX
mothers remained similar during the period of observation (24618 vs 25019 g).
Mother-young interactions were similar in both groups (data not shown), but pups
nursed by corticosterone-treated ADX mothers gained less weight than pups of
sham-operated rats (day 22: 288+17 vs 388+21 g, p<0.01).

750 1.05

TEH (ugih)
o
Y
(=3

prolactln {pgfl) .
(=3
w
o

o
o
o

8 15 22
day of fastation

Cortlcosterone {(nmolfl)

day of Iactation
Figure 2,  Plasma lavels of PRL, TSH and corticostorone in sham-operated (open bars, n=9) and
corticosterona-freated ADX (black bars, n=12) laciating rats with 10 pups. Values are
means+SEM. 'P<0.05 compared to sham-operated rats

For the second part of the experiment, R-Amsterdam rals were studied on day
15 of lactation, and the results are given in Table 1. When compared with values in
non-lactating dams, sham-operated lactating rats had similar levels of proTRH
mRNA and TSHB mRNA, lower plasma TSH and thyroid hormone concenirations,
higher median eminence TRH content, higher PRL and corticosterone levels, and
increased adrenal weight. Prevention of the lactation-induced corticosterone release
resulted in higher levels of proTRH mRNA and TSHB mRNA, and increased plasma
concentrations of PRL, TSH and thyroid hormones, although effects on plasma
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T8H, T, and FT, were not significant. In corticoslerone-substituted ADX rats,
median eminence TRH content on day 15 of lactation was not different from the
levels in non-lactating dams.
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Figure 3.  Suckling-induced changes In hypothalamic proTRH mRANA content and In plasma
hormone lavels on day 13 of laclation in lactating rats. Mothers and 10-pup litters had
baen separated for 6 h, and were reunited at 0 h. Values are means+SEM of 9-11 rats.

‘P<0.05 compared to presuckling vaiues

Effect of acute suckiing on hypothalamic proTRH mRNA and plasma hormone
fevels in lactating rais

On day 13 of lactation, dams were separated from their 10-pup lilters and reunited
6 h later to estimate acute suckling-induced changes in hypothalamic proTRH
mRNA, median eminence TRH content, and plasma hormone levels (Figure 3).
Hypothalamic proTRH mRNA had increased significantly after 30 min of suckling,
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and gradually returned lo presuckling values. While acute suckling strongly
increased plasma PRL and corticosterone, no significant effects on plasma TSH, T,
and T, levels were found.

Effect of acule suckiing on PRL and TSH levels in corticosterone-treated ADX
lactating rats

Possible effects of the increased plasma corticosterone on PRL and TSH secrstion
induced by acute suckling were studied on day 13 in sham-operated and
corticosterone-treated ADX lactating rats nursing 10-pup litters (Figure 4). Acute
suckling increased plasma PRL in both groups of rats, but absolute levels became
higher in corticosterone-substituted ADX dams. Acute suckling had no effect on
plasma levels of TSH in sham-operated mothers, but increased plasma TSH in
corticosterone-trealed ADX lactating rats.
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Figuur 4.  Effect of acule suckling on day 13 of lactation on plasma PRL and TSH in sham-
operated (open bars, n=7) or corticosterone-treated ADX (black bars, n=6} laclating
dams nursing 10 pups. Mothers and their litters had been separated for 6 h, and were
reunited at @ h. "P<0.05 compared 1o presuckling values, *P<0.05 compared to sham-
operated rats

Discussion

In the present siudy we investigated the effects of suckling on parameters of
hypothatamic TRH synthesis and release. it has been argued that TRH is not
involved in the suckling-induced release of PRL, since a) suckling evokes only a
madest increase in plasma TSH compared with that of PRL {Blake 1974, Riskind et
al. 1984, Sheward et al. 1985, de Greef et al. 1987), b) immunoneutralization of
TRH has only small effects on suckling-induced PRL release (Harris et al. 1978,
Riskind et al. 1984, Sheward et al. 1985, de Greef et al. 1987), and ¢} siudies on
suckling-induced changes in hypothalamic TRH synthesis and release are equivocal
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(de Greef & Visser 1281, Rondeel et al. 1988, Uribe et al. 1991, 1993). However, a
dissociation between PRL and TSH secretion doss not necessarily imply that
hypothalamic TRH release is not stimulated by suckling since other factors could be
involved in the dissociation between PRL and TSH release. For instance, oxytocin
has been found to attenuate the TRH-induced TSH release from pituitary cells
(Frawley et al. 1985}, indicaling that the suckling-induced increase in oxytocin couid
also be responsible for an inhibition of suckling-induced TSH release. Furthermore,
TRH receptors and TRH-degrading ectopeplidase activity may be regulated
independently on lactoirophs and thyrotrophs (Bauer et al. 1990). Finally, the value
of immunoneutralization studies is not always clear, since passive immunization has
been reported to sometimes enhance the biosynthesis of hypothalamic peptides
(van Qers et al. 1991, Slrbék et al, 1993},

Another factor which may cause a dissoclation between PRL and TSH release
is corlicosterone {van Haasteren et al. 1995). Therefore we studied the effects of
the suckling-induced increase in corlicosterone secretion on the hypothalamic-
hypophysial-thyroid axis, Since endocrine changes during lactation are related to
the suckling stimulus (van der Schoot et al. 1978, 1982}, it Is sssenllal to establish
that treatment-induced effects are not due to an allered suckling stimulus. None of
the experimental conditions, however, interfered with normal suckling and nursing
behaviour. Thus, the present results are unlikely caused by trealment-induced
alterations In mother-young interaction.

it has been reported that proTRH mRNA in the paraventricular nucleus
decreases from day 1 to day & of lactation in rats nursing 8 pups (Uribe et al.
1991}, and this study confirms this observation since hypothalamic proTRH mRNA
levels were found to decrease after day 2. Although, hypothalamic proTRH mRNA
in lactating rats was only slightly affected throughout lactation when compared with
proTRH gene expression in dicestrous rals, it was also observed that rats nursing
10 pups had somewhal higher hypothalamic levels of proTRH mRNA on day 8 and
15 than rats with 5 pups. Moreover, one wesk after parturition hypothalamic
proTRH mANA was nearly twice as high in dams suckled by a 10-pup litter than in
dams from which the pups had been removed on day 2 of lactation. Besldes an
effect of the number of pups on hypothatamic proTRH mRNA during continued
suckling (this study), acute suckling also induces a rapid, but transienl, increase in
proTRH mRNA (Uribe et al. 1993, this study). It is unlikely the observed effects of
acute suckling on proTRH mRNA are due to circadian influences (Covarrubias et al.
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1988, Zoeller et al. 1990), since the variatfon in hypothalamic proTRH mRNA in
control rats during the same time period (14.00-17.00 h) is small (unpublished
data). Thus, we conclude that suckling stimulates proTRH gene expression. In this
context, it has to be realized that changes In hypothalamic proTRH mRNA are
modest even Iin rats made severely hypothyroid by thyreostatic drugs or
thyroidectomy (Koller et al. 1987, Zoeller et al. 1988, Shi et al. 1994, van Haasteren
et al. 1995),

To sludy possible effects of the enhanced corticosterone secretion during
lactation, the adrenal glands were removed from rats after parturilioh and the dams
were subseqguently treated with corticosterone in the drinking waler to maintain
basal plasma corticosterone levels. Using this experimental approach it appeared
that the increased corticosterone levels during lactation suppress hypothalamic
proTRH gene expression, and PRL and TSH secretion. While acute suckling hardly
affected plasma TSH in sham-operated lactating rats, it increased TSH release in
cotlicosterone-substituted ADX dams. Previously, it was found that the synthetic
glucocorticoid dexamethasone rapidly reduced hypothalamic TRH and pituitary TSH
reloase (van Haasteren et al. 1995). We therefore suggest that the negalive effect
of high levels of corticosterone on plasma TSH during lactation could be due to a
reduced hypothalamic TRH synthesis and release. The presence of a glucocorticoid
responsive element in the promotor region of the proTRH gene (Lee ot al. 1988)
and the occurrence of glucacorticoid receptors in TRH-synthesizing celis In the
hypothalamic paraventricular area {Ceccatelli et al, 1989} support this conclusion.
Besldes an Inhibition of hypothalamic TRH synthesis and release (Kakucska &
Lechan 1991, van Haasleren et al. 1995), corticosteroids have also been found to
reduce TRH-induced TSH release {Pamenter & Hedge 1980) and to increase the
hypothalamic synthesis and release of somatostatin (Nakagawa et al. 1987, 1992),
a hormone known to inhibit TSH secretion,

There is evidencs that the TRH content both in the median eminence and in
the posterior pituitary gland may serve as an index for hypothalamic TRH release
{Mori & Yamada 1987, Bruhn et al. 1991, Rondeel et al. 1995). The TRH content of
the median eminence was found to increase after day 2 of lactation, and to
decrease again after day 156, A similar profile has been reported for TRH in the
posterior pituitary gland of lactating rats (Uribe et al. 1991). The TRH content both
in median eminence and poslerior pituitary gland increases in condilions in which
the hypothalamic TRH release has been found to decrease (Rondeel et al. 1995).
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However, since the TRH content in the median eminence is a resultant of proTRH
synthesis and processing in the paraventricular nucleus {Lechan et al. 1986} with
subsequent axonal supply of TRH from the paraventricular nucleus to the madian
eminence and TRH secretion into the hypophysial portal blood, it is difficult to
interpret changes in median eminence TRH content unless approximations of TRH
synlhesis are available. The decrease in hypothalamic proTRH mRNA and the
fncrease in median eminence TRH after day 2 of lactation suggest that
hypothalamic TRH secretion becomes reduced after day 2 of lactation. On day 2 of
lactation, hypothalamic proTRH mRNA was higher and median eminence TRH was
stmilar to the values observed in diceslrous rats, suggesting that hypothalamic TRH
release on day 2 of lactation is higher than during the dioestrous stage of the cycle.
This interpretation of the data is supported by the somewhat increased plasma
levels of TSH in factating dams on day 2, followed by a subsequent reduction in
plasma TSH during the remainder of the lactation period.

The higher hypothalamic TRH release on day 2 of lactation suggests thal the
PRL release during the early phase of lactation is also under control of TRH.
However, unless the sensitivity of the lactotroph to TRH becomes increased during
lactation, the supposed reduction in hypothalamic TRH release after day 2 implies
that TRH is not a major factor in the maintenance of PRL secretion after day 2 of
lactation.

After the onset of acute suckling, there is a transient increase in hypothalamic
proTRH mRNA {this study), a gradual rise in median eminence TRH (Rondeel et al.
1995), and a concurrent decrease of TRH in the medial basal hypothalamus (Uribe
et al. 1991). These observations suggest that acute suckling transiently stimulates
TRH release from the hypothalamus. A similar situation is observed after exposure
to cold, since this stimulus fransiently enhances hypothalamic proTRH mRNA
content {Rage et al. 1994) and TRH release (Rondeel et al. 1991) together with a
simultaneous reduction of TRH in the medial basal hypothalamus (Rage et al.
1994). Hypothalamic proTRH mRNA levels returned to presuckling values after 6 h
of suckling (present study), at a time when TRH in the median eminence had
increased (Rondeel et al. 1995), suggesting that after 6 h of suckling hypothalamic
TRH release had decreased again. Thus, acute suckling on day 13 seems only to
increase hypothalamic TRH secretion transiently. This indicates thal TRH is
perhaps only required for the normal onset of PRL release induced by acute
stickling, explaining the delayed onset of PRL secretion induced by acute suckling
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after interference with TRH action by passive immunization (de Greef et al. 1987) or
TRH secration through paraventricular area lesions (de Greef et al. 1989).

Plasma levels of thyroid hormones have been reported to decrease during
lactation (Fukuda et al. 1980, Kah! et al, 1987, Valverde-R & Aceves 1989). We
also found a consistent decrease in plasma T, during tactation which correlated with
litter size. The lower plasma T, can be explained by diminished synthesis and/or by
an increased clearance for instance by loss of T, in the mik (Cberkotler &
Rasmussen 1992), Plasma T, and FT, show a similar decrease in lactaling rats,
suggesting that plasma T, binding is not greatly affected during lactation.
Irrespective of whether T, clearance is increased during lactation, thyroid function is
not sufficient to maintain normal plasma levels of T, and FT,. The lower thyroid
function during lactation is probably due to the lactation-induced decrease in plasma
TSH as found consistently in this study both in {(RxU) F, and R-Amsterdam rats.
Our resulls are in agreement with other reports on effects of laciation on thyroid
parameters in Wistar rats, but disagree with the reported increase in plasma TSH in
tactating Sprague-Dawley rats (Fukuda et al. 1980}, The reason for this difference
betwesn several rat strains remains to be resolved.

Plasma PRL levels gradually decrease during lactation in intact dams, but they
remain elevated in ADX rats (van der Schoot & de Greef 1983). In addition, the
decrease in plasma PRL during lactation is delayed in corticosterone-substituted
ADX dams compared with control dams {present study). These findings indicate
that the lactation-induced increase in serum corticosterone negatively affects PRL
secretion. Since high levels of PRL stimulale the release of ACTH-releasing factor
(CRF) and ACTH (Kooy et al. 1990, Weber & Calogero 1991}, the enhanced
adrenal aclivity during lactation may not be a direct effect of suckling but due to the
suckling-induced hyperprolactinemia. Thus, PRL, CRF, ACTH and corlicosterone
seem interdependent, suggesting that they are components of a feedback system
regulating TRH synthesis and release.

On the basis of the available data it s suggested that the following interaclions
exist during lactation. Suckling stimulates, through a neurcendocrine reflex, the
secretion of PRL from the pituitary gland. Par of this neuroendoctine response is a
decrease in the hypothalamic release of dopamine throughout lactation (Selmanoff
& Wise 1981, Wang et al 1993). Furthermore, factors from the neurocintermediate
lobe seem to be involved in PRL release (Murai & Ben-Jonathan 1987, Hill et al.
1993). Hypothalamic TRH release is probably increased during the early phases of
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lactalion in comparison with the dioestrous stage of the cycle (present study),
suggesting that in this stage of lactation TRH is involved in PRL release. The
ensuing increase in plasma coticoslerone, which may be due to a
hyperprolactinemia-induced release of CRF and ACTH (Kooy et al. 1990, Weber &
Calogero 1991, de Greef et al. 1995), has negative effects on hypothalamic proTRH
gene expression and TRH release causing a decrease in the pituitary-thyroid axis
after day 2 of lactation. This supposed decrease in hypothalamic TRH release also
implies that TRH is not impoortantly involved in the maintenance of PRL release
after day 2 of lactation.

Acknowledgments

The authors wish to thank Dr. A.P.N. Themmen for his advice on the RNase
protection assay, Dr. S.L. Lee (Boston, MA) and Dr. W.W. Chin (Boston, MA) for
the cDNA probes used to determine proTRH and TSHB mRNA, and the NIADDK
for materials used in the radioimmuncassays. Part of this study was supporied by a
grant from the Diabetes Fonds Nederland.

117



The role of TRH in the ragulation of PRL secretfon

References

Bauer K, Carmeliet P, Schultz M, Baes M & Denef C 1990 Regulation and cellular localization of the
membrane-bound thyrotropin-releasing hormone-degrading enzyme in primary culiures of neuronal,
glial and adenohypophyseal cells. Endocrinofogy 127 1224-1233.

Blake CA 1974 Stimulation of pituitary prolactin and TSH release in lactating and proestrous rats.
Endocrinology 94 503-508.

Bruhn TO, Taplin JH & Jacksen IMD 1981 Hypothyroldism reduces content and increases In vitro
release of pro-thyrotropin-releasing hormone peplides from the median eminence,
Neuroendocrinology 53 511-515,

Ceccatelli S, Cintra A, Hokfelt T, Fuxe K, Wikstrom AC & Gustafsson JA 1989 Coexistence of
glucocoricoid receplor-like immunoreactivity with neuropeptides in the hypothalamic paraventricular
nucteus, Experimental Brain Research 78 33-42,

Chin WW, Shupnik MA, Ross DS, Habener JF & Ridgway C 1985 Regulation of the o and thyrotropin
B-subunit messenger ribonucleic acids by thyroid hormones. Endocrinology 116 873-878,

Chomozynski P & Sacchi N 1987 Single-step method of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Analyifcal Biochemistry 162 156-159.

Covarrublas L, Uribe RM, Méndez M, Charli J-L & Joseph-Bravo P 1988 Neuronal TRH synthesis:
developmental and circadian TRH mRNA levels. Biochemical and Biophysical Research
Communications 151 615-622.

Croskerry PG, Smith GK, Leon LN & Mitchell EA 1976 An inexpensive system for continuously
recording maternal behavior in the laboratory rat. Physiclogy and Behavior 16 223-227.

Dodemont HJ, Soriano P, Quax WJ, Ramaekers F, Lenstra JA, Groenen MAM, Bemardi B &
Bloemendal H 1982 The genes coding for the cyloskeletal proteins actin and vimentin in warm-
blooded venebrates. The EMBO Journal 1, 167-171.

Frawley LS, Denis AL & Neilt JO 1985 Oxylocin attenuates TRH-induced TSH release from rat pituitary
cells. Neuroaendocrinofogy 40 201-204.

Frawley LS 1994 Role of the hypophyseal neurointermediate lobe in the dynamic release of prolactin.
Trends in Endocrinological Metabolism 6 107-112,

Fukuda H, Ohshima K, Mori M, Kobayashi | & Greer MA 1930 Sequential changes In the pituitary-
thyroid axis during pregnancy and lactation in the rat. Endocrinofogy 107 1711-1716,

de Greef WJ & Zeilmaker GH 1978 Regulation of prolactin secretion during the luteal phase in the rat.
Endocrinology 102 1190-11986.

de Greel WJ, Plotsky PM & Neill JD 1981 Dopamine levels In hypophysial stalk plasma and prolactin
levels in peripheral plasma of the lactating rat: effect of a simulated suckling stimulus.
Neuroendocrinology 32 229-233.

de Greef WJ & Visser TJ 1881 Evidence for the involvement of hypothalamic dopamine and
thyrotrophin-releasing hormone in suckling-induced release of prolactin. Journal of Endoctinology 91
213-223.

de Greef WJ & van der Schoot P 1985 Some recent developments in the study of prolactin in
mammals. Frontiers in Hormone Research 14 70-99.

de Greef WJ, Voogt JL, Visser TJ, Lamberls SWJ & van der Schoot P 1987 Contro! of prolactin release
induced by suckling. Endocrinofogy 121 316-322,

de Greef WJ, Rondeel JMM, van der Vaarl PDM, van der Schoot P, Lamberis SWJ & Visser TJ 1989
Hypothyroidism may account for reduced prolactin secretion in lactaling rats bearing paraventricular
area lesions. Endocrinology 125 612-617,

de Greef WJ, Ooms MP, Vreeburg JTM & Webher RFA 1995 Plasma levels of luteinizing hormone
during hyperprolactinemia: response to central administration of antagonists of corticotropin-
releasing factor. Neurcendocrinology 61 19-26.

Grosvenor CE & Mena F 1980 Evidence that thyroiropin-releasing hormone and a profactin-releasing
factor may function in the release of prolactin in the lactating ral. Endocrinology 107 863-868.

van Haasteren GAC, van der Meer MJM, Hermus ARMM, Linkels E, Klootwijk W, Kaplein E, van Toor
H, Sweep CGJ, Visser T.J & de Greef WJ 1994 Different effecis of continuous infusion of interleukin-
1 and interleukin-6 on the hypothalamic-hypophysial-thyroid axis. Endocrinology 135 1336-1345,

118



Chapler 3

van Haasteren GAC, Linkels E, Kiootwijk W, van Toor H, Rondee! JMM, Themmen APN, de Jong FH,
Valentijn K, Vaudry H, Bauer K, Visser TJ & de Greef WJ 1995 Slarvation-induced changes in the
hypothalamic content of prothyrolrophin-releasing hormone (proTRH} messenger ribonuclelc acid
and the hypothalamic release of proTRH derived peptides: role of the adrenal gland. Journal of
Endocrinology 145 143-153.

Harris ARC, Christianson B, Smith MS, Fang SH, Braverman LE & Vagenakis AG 1878 The
physiclogical role of thyrotropin-releasing hormone in the regulation of thyroid-stimulating hormone
and prelactin secretion in the rat. Journal of Clinical Investigalfon 61 441-448,

Hill JB, Lacy ER, Nagy GM, Gorcs TJ, Frawley LS 1993 Does a-melanccyte-stimulating hormone from
the pars Intermedia regulate suckling-induced prolactin release? Supportive evidence from
morphological and functional studies. Endocrinology 133 2931-2997.

Kah! S, Capuco AV & Bitman J 1987 Serum concentrations of thyroid hormones and extrathyroidal
thyroxine-5'-monodejodinase activity during lactation in the rat. Proceedings of the Society for
Expsrimental Biology and Medicine 184 144-150.

Kakucska | & Lechan RM 1991 Adrenal status affects TRH but not somatostatin gene exprassion in the
hypothatamus. Program of the Annuaf Meeting of the Endocrine Society, p 235 {Abstract no, 819).
Koller KJ, Wolif RS, Warden MK & Zosller RT 1287 Thyroid hormones regulate levels of thyrotropin-
releasing-hormone mRNA in the paraventricular nucleus. Proceedings of the National Academy of

Sciences USA 84 7329-7333.

Kooy A, de Greef WJ, Vreeburg JTM, Hackeng WHL, Ooms MP, Lamberts SWJ & Weber RFA 1990
Evidence for the involvement of corticotropin-releasing factor in the inhibition of gonadotropin release
induced by hyperprolactinemia. Neuroendocrinology 51 261-266,

Lackoff A & Jackson IMD 1981 Calcium dependency of polassium-stimulated thyrotropin-releasing
hormone secretion from rat neurohypophysis in vitro. Neurosciences Lelters 27 177-181.

Lambers SWJ & MaclLeod RM 1980 Regulation of prolactin secretion at the level of the lactotroph.
Physiological Reviews 70 272-318.

Lechan RM, Wu P, Jackson IMD, Wolf H, Cooperman S, Mandel G & Gocdman RH 1286 Thyrotropin-
releasing hormone precursor: characterization in rat brain. Science 231 159-161,

Lee SL, Steward K & Goodman RH 1988 Structure of the gene encoding rat thyrotropin releasing
harmone. Journal of Biological Chemistry 263 16604-16809,

Marzouk HFI, Zuyderwijk J, Ullterlinden P, van Koetsveld P, Bliid JJ, Abou-Hashim EM, El-Kannishy
MH, de Jong FH & Lamberts SWJ 1991 Catleine enhances the speed of the recovery of the
hypothalamo-pituitary-adrenccortical axis after chronic prednisolone administration in the ral,
Neurosndocrinology 54 439-4486,

Mori M & Yamada M 1987 Thyroid hormones regulate the amount of thyrolrephin-reteasing hormone in
ihe hypothalamic median eminence of the ral. Journal of Endocrinology 114 443-448,

Murai | & Ben-Jonathan N 1987 Posterior pituitary lobeclomy abolished the suckling-induced rise in
prolactin: evidence for a prolactin-releasing factor in the posterior piluitary. Endocrinology 121 205-
211.

Nakagawa K, Ishizuka T, Obara T, Matsubara M & Akikiwa K 1987 Dichotomic aclion of glucocorticolds
on growth hormone secrelion. Acfa endocrinologica (Copenh) 116 165-171,

Nakagawa K, Ishizuka T, Shimizu C, lfo Y & Wakabayashi | 1992 Increased hypothalamic somatostatin
mRANA following dezamethasone administration in rats. Acfa endocrinologica (Copenh) 127 416-419,

Nelll JD 1988 Prolactin secretion and its control. in The physiology of reproduction pp 1379-13390. Eds
E Knobil & JD Neill JD. Raven Press, New York,

Oberkotter LV & Rasmussen KM 1992 Changes in plasma thyroid hormone concentraticns in
chronically focd-restricted female rats and their offspring during suckling. Joumal of Nutrition 122
435-441.

van Qers JWAM & Tilders FJH 1991 Antibodies in passive immunization studies: characteristics and
consequences. Endocrinology 128 498-451.

Pamenter RW & Hedge GA 1980 Inhibition of thyrotropin secretion by physiologicat levels of
cotticosterone. Endocrinology 106 162-166.

Plotsky PM, de Greef WJ & Neilf JD 1982 In silu voltammetric microelectrodes: application to the

119



The role of TRH in the regulation of PRL secretion

measurement of median eminence catecholamine release during simulated suekling, Brain Research
250 251-282.

Popovic V & Papovic P 1960 Permanent cannulation of aorta and vena cava in rats and ground
squirrels. Journal of Applied Physiology 15 727-728.

Rage F, Lazaro J-B, Benyassi A, Arancibia S & Tapla-Arancibfa L 1994 Rapid changes In somafostatin
and TRH mRNA in whole rat hypothalamus in response to acute cold exposure. Journal of
Neuroendocrinclogy 6 18-23.

Riskind PN, Millard WJ & Martin JB 1984 Evidence that thyroliopin-releasing hormone is not a major
prolactin-releasing factor during suckling in the rat, Endocrinology 115 312-3186,

Rondeel JMM, de Greef WJ, Visser TJ & Voegt JL 1988 Effect of suckling on the in vivo release of
thyrotropin-releasing hormone, dopamine and adrenaline in the faclating rat. Neurogndoerinology 48
93-86.

Rondeel JMM, de Greef WJ, Hop WCJ, Rowtand DL & Visser Td 1991 Effect of cold exposure on the
hypothalamic release of thyrotropin-releasing hormons and catechotamines, Neuroendocrinology 54
477-481,

Rondeel JMM, Klootwijk W, Linkels E, van Haasteren GAC, de Greef WJ & Visser TJ 1995 Regulation
of thyrotrapin-releasing hormone in the posterior pituitary. Neurcendocrinology 61 421-429.

van der Schoot P, Lankhorst RR, de Roo JA & de Greef WJ 1878 Suckling stimulus, lactation, and
suppression of ovulation in the rat, Endocrinoiogy 103 949-958,

van der Schoot P, de Greef WJ, Uilenbroek JThJ, Jansen HG & de Koning J 1982 The hypothalamo-
hypophyseai-ovarian axis during lactation in rats. In Follicular maturation and ovulation pp 111-119.
Eds R Rolland, EV van Hall, SG Hillier, KP McNatty & J Schoemaker. Excerpta Medica, Amsterdam-
Oxford-Princelon.

van der Schoot P & de Greef WJ 1983 Effect of adrenalectomy on the regulation of the secretion of
gonadotrophins and prolactin in the lactating rat. Journal of Endocrinology 98 227-232,

Selmanoff M & Wise PM 1881 Decreased dopamine turnover in the median eminence in response to
suckling in the lactating rat. Brain Research 212 101-116.

Sheward WJ, Fraser HM & Fink G 1985 Effect of immunoneutralization of thyrotrophin-releasing
hormone on the release of thyrotrophin and prolactin during suckling or In response to electrical
stimutation of the hypothatamus in the anaesthetized rat. Journal of Endocrinology 106 113-119.

Shi Z, Levy A & Lightman SL 1994 Thyroid hormone-mediated regulation of corticotropin-releasing
hormone messenger ribonucleic acid in the rat. Endocrinology 134 1577-1580,

Sterling K & Brenner MA 1966 Free thyroxine in human serum: simplified measurement with the aid of
magnesium precipitation. Journal of Clinical Investigation 45 153-163.

Strbak V, Guilaume V, Grino M, Dutour A, Burlet AJ & Ofiver C 1993 Passive immunization and
hypothalamic peptide secretion. Neurcendeocrinology 58 210-216.

Uribe RM, Joseph-Brave P, Pasten J, Ponce J, Méndez M, Covarrubias L & Charli JL 1931 Some
evenis of thyrotropin-releasing hormone metabolism are regulated in lactating and cycling rats.
Neuroendocrinology b4 493-498,

Uribe AM, Redondo JL, Charli JL & Joseph-Bravo P 1993 Suckling and cold stress rapidly and
transiently increase TRH mRMNA in the paraventricular nucleus. Neuroendocrinology 58 140-145,

Valverde-R C & Aceves C 1989 Circulating thyronines and peripheral monodeiodination in lactating
rats. Endocrinology 124 1340-1344,

Visser TJ, Klootwijk W, Docter R & Hennemann G 1977 A new radioimmunoassay of thyrotropin-
releasing hormone. FEBS Letters 83 37-40.

Voogt JL, Sar M & Meites J 1969 Influence of cycling, pregnancy, labar and suckling on corticosterone-
ACTH levels. American Journal of Physiology 216 655-658,

Walker CD, Lightman SL, Steele MK & Dallman MF 1992 Suckling is a persistent stimulus to the
adrenocorlical system of the ral, Endocrinology 130 115-125,

Wang H-J, Hoffman GE & Smith MS 1993 Suppressed tyrosine hydroxylase gene expression in the
tuberoinfundibular dopaminergic system during factation. Endoerinclogy 133 1657-1663.

Weber RFA & Calogero AE 1991 Prolactin stimulates rat hypothalamic corticotropin-releasing hormone
and pituitary adrenocorticotropin secretion in vitro. Neuroendocrinology 54 248-253

120



Chapter 3

Zoeller RT, Woiff RS & Koller KJ 1988 Thyrold hormone regulation of messenger ribonucleic acld
encoding thyrotropin  {TSH)-releasing hormone is Independent of the pituitary gland and TSH.

Molecular Endocrinology 2 248-252.
Zoeller RT, Kabeer N & Adbers HE 1990 Cold exposure elevates cellular levels of messenger

ribonucleic acid encoding thyrotropin-releasing hormone in paraventricular nucleus despite elevated
levels of thyroid hormones. Endocrinology 127 2955-2962,

121






CHAPTER 4

DISCUSSION

123






Chapter 4

Discussion

In this thesis, the neurcendocrine role of TRH in regulating TSH and PRL secretion
from the antetior pituitary was investigated. TRH supply to the anterior pituitary is
influenced by ils synthesis, processing, transpott, secrelion and metabolism, whife
its biological effecls are modulated by other factors such as thyroid hormones,
dopamine and somalostatin. These various processes and factors need to be
considered when the role of TRH within the regulation of the hypothalamo-pituitary-
thyroid axis is to be studied under different {patho-)physiological conditions. In the
first part of this chapter the role of TRH in the generalion of the low T3 syndrome,
under the four conditions as described in chapter 2, will be discussed. The second
part of this chapter deals with the role of TRH in the regulation of suckling-induced
PRL secretion as described in chapter 3.

4.1 Role of TRH in the regulation of TSH secretion

The body’s response to starvation and food reduction is the generalion of the low
T3 syndrome. In order to preseive enhergy, thyroid function in suppressed.
interleukin (IL-1 and IL-6) administration and STZ-induced diabstes meliitus are
expetimental models of non-thyroidal ifiness (NTH), resulling in the low T3 syndrome
as well. Next to low levels of plasma T4 and T3, these four models of adaptive
hypothyroidism are associated with inappropriately normal or low levels of TSH. A
common mechanism has been postulated, originating from the CNS, which may
mediate the decrease in thyroid function. In this thesis, the contribution of TRH to
the suppressed pituitary-thyroid function in this syndrome was investigated.

A 3-day starvation period decreases hypothalamic proTRH mRNA,
hypothalamic TRH content and TRH concentration in portal bloed, In contrast 1o the
effect of starvation, long-term food reduction does not affect levels of hypothalamic
proTRH, nor TRH content in the ME, despite a profound decline in plasma TSH.
Levels of hypothalamic proTRH mRNA are also unaffected after 7 days of IL-6
infusfon, while IL-1 infusion causes a significant decrease in these levels after 7
days, but not after 1 or 2 days when plasma TSH reached #s nadir. Two and three
weeks after induction of diabetes mellilus by STZ, R-Amsterdam rats show
decreased levels of proTRH mRNA, while this parameter is unaffected in RxU rats,

Summarizing the effects of these four studies on hypothalamic TRH
production and release, it is clear that these parameters are either unaffected or
show a trend towards reduction rather than an increase as might be expected,
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based on studies showing that thyroid hormone deficiency leads to increased
proTRH mRBNA in the PVN (1). On the other hand, decreased TSH secretion occurs
before {IL-1 treatment and STZ-induction of diabetes mellitus in R-Amsterdam rats)
or even without (food reduction, IL-6 treament and STZ-induction in diabsetes
mellitus in RxU rats) the decrease in proTRH mRNA. The decline in TSH secretion,
therefore, cannot be explained by the changes in hypothalamic proTRH mRNA. The
simultaneous decrease in serum TSH, T4 and T3 during food deprivalion and in the
different experimental models of NTI indicates that inhibition of thyroid function is
meadiated at the level of the hypothalamus and/or pituitary.

An inverse relationship between the concentration of proTRH mRNA and
corticotropin-releasing hormone (CRH) mRBNA in PVYN neurons in response o
hypothyroidism, has recently been reported by Ceccatelli et al (2). Furthermore, a
suppressive effect of activated CRH neurons on TRH neurons has been suggested,
following systemic lipopolysaccharide (LPS) or intracerebroventricular L-1
administration, since these neurons are adjacent to each other in the PVN (3, 4). In
contrast, levels of proCAH mRNA in PYN neurons in fasted and food restricted rats
are decreased (5), which indicates thal CRM synthesis does not seem fo be
involved in proTRH mRNA regulation in these models for NTi,

However, starvation, food reduction, interleukin administration, and ST7Z-
induced diabetes mellitus are all associated with increased plasma levels of
glucocorticoids, In fasting rats, this Is partly due to decreased clearance of
corticosterone (6), while interleukin freatment aclivates the hypothalamo-pituitary-
adrenal axis (7, 8). It is postulated that the susltained elevation of plasma
coflicosterone may influence proTRH gene expression in the hypothalamus.
Conlinuous iL-1 infusion stimulates corticosterons secrslion, and proTRH gene
expression is reduced after 7 days, but not after 1 or 2 days of infusion. In the
same study, IL-6 infusion had nc effect on plasma corticosterone nor on
hypothalamic proTRH mRNA. A similar observation was made in the study on STZ-
induced diabetes mellitus. In R-Amsierdam diabelic rats the increased plasma
cotticosterone concentration is accompanied by a reduced proTRH gene
expression, whereas in RxU diabetic rats neither parameter changed significantly. A
suppressive effect of plasma corticosterone on proTRH gene expression would
explain the different effects of IL-1 vs. iL-8, and in R-Amsterdam vs. RxU rals on
proTRH mRNA. This hypothesis is supported by 1) the reduction in proTRH mRNA
in the PVN following chronic high dose glucocorticoid treatment (9), 2) the presence
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of glucocorticoid receptors in TRH neurons in the PVN (10}, and 3) the presence of
a consensus glucocorticoid reseponse element in the TRH gene promoter (11).
Furthermore, a corticotrophin release-inhibiting factor is encoded within the proTRH
gene which suggests a coordinated, but inverse, regulation of pituitary-adrenal and
pituitary-thyroid functions (12). Indirect evidence for an inverse relalionship between
hypothalamic proTRH and glucocorticoids in man was obtained by Brabant et al
{13). High-dose glucocorticoid injection abolished TSH pulses, and suppressed
basal TSH. Together with a normal serum TSH response to TRH, these data
suggest that glucocorticoid exerts its effect at a suprapituitary level,

Direct effects of glucocorlicoids on pituitary TSH secrstion have been
described in man and rats (14-17). Samuels et al {17) studied the effects of cortisol
infusions over 24 h on the pulsatile secretion of pituitary glycoprotein hormones in
heaithy subjects. Basal plasma TSH and TSH pulse amplitude decreased after
cortiso! infusion, while the TSH pulse frequency was unaltered. Conslidering the fact
that TSH pulsatility Is predominantly regulated by hypothalamic TRH {18), these
data suggesl a direct effect of cortisol at the pituitary level. However, in man, the
effect of glucocorticoids at the piluilary level depends on the time-span of
hypercottisolism, as oniy prolonged and not acute exposure interferes with TSH
secretion (16). The underlying mechanism for acute or prolonged inhibitory effects
of hypercortisolism at the pituitary level is stil a matter of debate. Using
immunocyiochemical double labelling techniques colocalization of glucocorticoid
receptors and TSH has been demonstrated, whereas only a minority of the PRL-
immunoreactive cells expressed the glucocorlicoid receptor (158). Glucocorticoids
may therefore differentially reguiate the secrstion and/or synthesis of TSH and PRL
by directly affecting the hormone-producing cells of the anterior pituitary,

Ancther factor involved in the direct control of TSH secretion, might be
somatostalin, since somatostatin inhibits basal and TRH-stimulated TSH release in
anterior piuitary cells (19, 20). Furthermore, in vitro somatostatin antiserum
stimulates TSH secration from pituitary cells, whife in vivo it increases basal serum
TSH levels and serum TSH responses lo both cold stress and TRH (21, 22).
Fasting, iL-1 administration and diabeles mellitus have been found to increase
hypothalamic somatostatin content and release (23-25). Furthermore, passive
immunization with somatostatin antiserum resulted in a marked increase in plasma
TSH in rats after lohg-term restricted feeding and starvation (26-28). it has been
postulated by Smith et af (29} that increased somatostatin release may be mediated
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by a central effect of glucocorticoids. He demonstrated a decrease in hypothalamic
somatostatin content 10 days after adrenalectomy in rats, which was reversed by
dexamethasone administration. With respect to the studies described in this lhesis,
the acute and profound decrease in plasma TSH after food deprivation, iL-1 and IL-
6 adminsitration and diabetes mellitus induction may reflect alterations in the
secretion of the somatostatin, possibly mediated by glucocorticoids.

Neuropeptide Y (NPY) is another candidate peplide that may mediate the
reduction in TSH secretion during NTI. However, some sludies report a suppressive
effect on pituitary TSH secretion, whereas others see no effect of NPY on serum
TSH (30-32). On the other hand, NPY administration was found to increase DA
release by the ME (32), which may mediate an dopaminergic inhibitory effect of
NPY on TSH secretion.

in conclusion, in the generation of the low T3 syndrome the hypothalamus
seems the primary site affected, From the dala presented in this thesis, it can be
concluded that decreased pituitary TSH secretion cannot be attributed fo changes in
hypothalamic TRH alone, but is more likely caused by a number of concomitant
changes at the hypothalamic, pituitary and peripheral level, which may act in
concent to manifest impaired thyroid hormone secretion.

4.2 Role of TRH in the regulation of prolactin secretion

The response to suckling includes a} an increase in PRL release from the anterior
pituitary and b) sequential changes in the pituitary-thyroid axis, resulting in the
decrease in plasma thyroid hormone concentration, The importance of an increased
TRH release underying the stimulated PRL release in laclating rats has been
challenged, bacause of the lack of a concomitant rise in TSH during suckling. in this
thesis, variations in levels of hypothalamic proTRH mRBNA throughout lactation and
after a separation of mothers and pups for 6 h were investigated, in order to
elucidate the possible bifunctional role of TRH during lactation.

Given the dual role of TRH as a TSH and PRL releasing factor one expects
an increase in hypothalamic TRH synthesis and release underlying the stimulated
PRL secretion in lactating rats, whereas the decreased plasma thyroid hormone
levels in lactaling rats suggest a decrease in TRH release. At the onset of the
factation period and in response {o readmission of pups to their mother after a
separation period hypothalamic proTRH mRNA was found to be transiently
increased . This suggests that additional factors are involved in the central and
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peripheral regulation of PRL and T8H secretion during suckling.

Based on our data and the observations of others, we postulate the following
sequence of events before and during lactation. High levels of estrogen and
decreased plasma T3 levels at the end of pregnancy (33-35) may he responsible
for an increased sensitivity of the pituitary lactotrophs to TRH. Estrogens increase
the number of lactotrophs during pregnancy (36}, and increase the TRH receptor
levels in these cells (37, 3B). Moreover, estrogens inhibits activity of the T3-
stimulated membrane-bound TRH degrading enzyme, which is preferentially located
on lactotrophs and paricipates in the inactivation of extracellular TRH (39, 40).
During pregnancy the inhibitory effect of T3 on TRH receptor ievels on lactotrophs
(37, 41, 42) and the stimulatory effect of T3 on TRH degrading enzyme activilies
(39, 40) are diminished because of the decrease in plasma T3. However, low levels
of T3 are known to increase DA release (43), which may prevent an increased PRL
refease in pregnant rats prior to lactation.

Early laclation is characterized by pulsatile bursts of PRL secretion in
response to suckling. These PRL surges couid be secondary to a transient
reduclion of DA secretion into hypophysial portal blood, which potentiales the
prolactin-releasing action of hypothalamic TRH (44-48). The PRL response to the
transient increase in proTRH mRNA early in lactation is enhanced by the increased
TRH sensitivity of the factotrophs, in addition to the decreased DA tone early in
lactation. In addition, Nagy et al (49} reported morphological shifts in tactotroph
populations in response to suckling. According to this group, pituitary tissue s
sensitized to PRFs by a decrease in number of cells susceptible to inhibition by DA
and an increase in those responsive to PRFs,

The rofe of TRH as a PRF has been established by 1) PRL secretion in
response to TRH administration from rat anterior pituitary cells (50), 2) the presence
of speclfic TRH membrane receptors on lactotrophs {51, 52} and 3) the
demonstration of TRH responsiveness of two regions on the 5-flanking region of
the PRL gene (83, 54). The role of TRH as both a TSH and PRL releasing factor
has recenfly been confirmed by Haisenleder et al (55), who measured the
expression of PRL and TSH subunit mRNA in response to different TRH pulses.
They demonstrated that the pattern of TRH pulsatile signals can influence the
expression of the genes of these pituitary hormones in a differential manner. The
role of TRH as a PRF during suckling has been supponted by the findings that TRH
concentration in hypophysial portal blood increases following suckling-induced PRL
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release (47, 48).

After the initial increase of the proTRH mRNA levels on day 2 of lactation,
and following readmission of pups to mothers after a 6 h separation fater during
lactation, these levels retum to normal. The described changes in plasma PRL until
day 8 of lacation cannot sclely be explained by changes in TRH synthesis, and
hence PRFs other than TRH have to be postulated. The expected high levels of
proTRH mRBNA during the remaining lactation pericd may be prevented by the
stimulation of the hypothalamo-pituitary-adrenal axis. This suckling-induced increase
in plasma corticosterone may be involved in the suppression of the proTRH gene
expression (the inverse relationship between corticosterone on proTRH mRNA has
been discussed in chapter 4.1).

The increase of hypothalamic TRH synthesis on day 2 of {actation, is
accompanied by a increase in pituitary TSH secretion. On day 13 of lactation, the
transient increase of hypothalamic proTRH mRNA following reunion of mothers and
pups afier a 6 h separation, is not accompanied by an increase in TSH secretion.
This different response on day 2 and day 13 of lactation to the hypothalamic TRH
signal, may be related to an increased sensitivity of the pituitary thyrotrophs to TRH
in pregnant rats near term and at the onset of lactation, or to an increase in plasma
corticosterone during lactation, or both, As discussed in chapter 4.1, giucocorticoids
can exert a direct suppressive effect on pituitary TSH secrelion, and levels of
plasma corticosterone on day 13 are higher than those on day 2 of lactation. This
suppression of pituitary TSH secretion by plasma corticosterons, may prevent the
normal pituitary response to increased TRH synthesis on day 13 of lactation.

As lactation progresses, the magnilude of PRL response to suckling
decreases in rats (56-58). Mechanisms that could contribute to this decline are
reduction in intensity and frequency of suckling, lactotroph refractoriness to PRL-
releasing stimuli, and a faster PRL metabolic clearance rate (58-61}).

in conclusion, during lactation TRH seems primarily involved in the onset of
PRL release and other factors are important for the continualion of the suckling-
induced PRL release. Furthermore, our data support the duat role of TRH as a PRL
and TSH releasing factor. The differential response of anterior pltuitary PRL and
TSH secretion to the hypothalamic TRH signal during lactation Is regulated by a
variety of factors. The role of TRH as a PRF is affected by functional differences
between lactotrophs and thyrotrophs influencing the sensitivity and/or response of
these cells to hypothalamic and peripheral factors.

130



Chapler 4

REFERENCES

1.

10.

11.
2.

13.

14,

15,

16.

17.
18,
19,

20.

Segerson TP, Kauer J, Wolfe HC, Mobtaker H, Wu P, Jackson M, Lechan RM 1987
Thyroid hormone regulates TRH biosynthesis in the paraventricular nucleus of the ral
hypothalamus. Science 238:78-80

Ceccatelll S, Giardino L, Calza L. Response of hypothalamic peplide mRNAs fo
thyroidectomy.

Sternberg EM, Young W3, Bernardini R, Calogero AE, Chrousos GP, Gold PW, Wilder
RL 1988 A ceniral nervous system detect In biosynthesis of corticotropin-releasing hormone
is associaled with susceptibility to streptecoceal cell wall-induced arthritis in Lewis rats. Proc
Nat] Acad Sci U S A 86:4771-5

Suda T, Tozawa F, Ushiyama T, Sumitomo T, Yamada M, Demura H 1990 Interleukin-1
stimulates corticotropin-releasing factor gene expression in rat hypothalamus, Endocrinology
126:1223-8

Brady LS, Smith MA, Gold PW, Herkenham M 1990 Altered expression of hypothalamic
neuropeptide mRNAs in food-restricted and food-deprived rats. Neuroendocrinology
52:441-7

Woodward CJ, Hervey GR, Oakey RE, Whitaker EM 1991 The offects of fasting on
plasma corlicostercne kinetics in rats. Br J Nulr 66:117-27

Berkenbosch F, van OQOers J, del Rey A, Tilders F, Besedovsky H 1987
Corticotropin-releasing factor-preducing neurons in the rat activated by interleukin-1. Sclence
238:524-6

Sapolsky R, Rivier C, Yamamoto G, Ploisky P, Vale W 1987 Interloukin-1 stimulates the
secretion of hypothalamic conticotropin-releasing factor, Science 238:522-4

Kakucska |, Lechan RM 1991 Adrenal status affects TRH but not somatostatin gene
expression in the hypothalamus. In Annual Meeting of the Endociine Society. Washington
DC.:235.

Ceccatelil S, Cintra A, Hokfelt T, Fuxe K, Wikstrom AC, Gustafsson JA 1989
Coexistence of glucocorticoid receptor-like immunoreactivity with neuropeptides in the
hypothalamic paraventricular nucleus. Exp Brain Res 78:33-42

Lee SL, Stewart K, Goodman RH 1988 Structure of the gene encoding rat ihyrotropin
releasing hormone. J Blol Chem 263:16604-9

Redel E, Hilderbrand H, Aird F 1995 Corticotropin release inhibiting factor is encoded
within prepro-TRH. Endocrinology 136:1813-1816

Brabant G, Brabant A, Ranft U, Ocran K, Kehrie J, Hesch RB, von zur Muhlen A 1987
Circadian and pulsatile thyrolropin secretion in euthyreid man under the influence of thyrold
hormone and glucocorticoid administration. J Clin Endocrinel Metab 65:83-8

Bianco AC, Nunes MT, Hell NS, Maciel RM 1987 The role of giucocorticoids in the
stress-induced reduction of extrathyroidal 3,5,3-triicdothyronine generation in  rats.
Endocrinology 120:1033-8

Koncnen J, Honkaniemi J, Gustafsson JA, Pelto-Huikko M 19983 Glucocorticoid receptor
colocalization with pituitary hormones in the rat pituitary gland, Mol Cell Endocrincl
93:97-103

Rubelfe D, Soninc N, Casara D, Glrelli ME, Busnardo B, Boscaro M 1992 Acute and
chronic effects of high glucocorticold levels on hypothalamic-pituitary-thyroid axis in man, J
Endocrinol Invest 15:437-41

Samuels MH, Luther M, Henry P, Ridgway EC 1994 Effects of hydrocortisons an pulsatile
pituitary glycoprotein secretion. J Clin Endocrinol Metab 78:211-5

Bruhn TO, McFarlane MB, Deckey JE, Jackson IM 1992 Analysis of pulsatile secretion of
thyrotropin and growth hormone in the hypothyroid rat. Endocrinology 131:2615-21

Vale W, Brazeau P, Rivier C, Brown M, Boss B, Rivier J, Burgus R, Ling N, Guillemin R
1975 Somatostatin, [Review]. Recent Prog Horm Res 31:365-97

Lamherts SW, Zuyderwijk J, den Holder F, van Koetsveld P, Hofland L 1989 Studies on
the conditions determining the inhibilory effect of somatostatin on adrenocorticotropin,

131



Discussion

21,

22,

23.

24,

25,

28,
27,

28.

29.

39,

31.

az2.

33,

34.

35.

386,
37.

38,

39,

132

prolactin and thyrotropin release by cultured rat pituitary cells. Neuroendocrinology 50:44-50
Arimura A, Gordin A, Schally AV 1876 Increase in basal and thyrotropin-releasing
hormone-stimulated secretion of thyrotropin and the effects of triiodothyronine in rats
passively immunized with antiserum to somatostatin. Fed Proceedings 35:782

Arimura A, Schally AV 1976 Increase in basal and thyrotropin-releasing hormone
(TRH)-stimulated secretion of thyrotropin (TSH) by passive immunization with antiserum to
somatostatin in rats. Endocrinology 98:1069-72

Tannenbaum GS, Rorstad O, Brazeau P 1279 Effects of prelonged food deprivation on the
ultradian growth hormone rhythm and immunoreactive somatostatin tissue levels in the rat.
Endocrinology 104:1733-8

Honegger J, Spagnoli A, 'Urso R, Navarra P, Tsagarakis S, Besser GM, Grossman
AB 1931 interieukin-t beta modulates the acute release of growth hormone-releasing
hormone and somatostatin from rat hypothalamus in vitro, whereas tumeor necrosis factor
and interleukin-6 have no effect. Endocrinology 129:1275-82

Nieves-Rivera F, Kerrigan JR, Krieg R Jr., Egan J, Hwang LJ, Truumees E, Veldhuis
JD, Evans WS, Rogol AD 1993 Altered growth hormone (GH) secretion in vivo and in vitro
in the diabetes-prone BB/MWorcester rat. Growlh Regul 3:235-44

Rodriguez F, Jolin T 1991 The role of somalostatin andfor dopamine in basal and
TRH-stimulated TSH release in focd-restricted rats. Acta Endocrino! 125:186-91

DeRuyter H, Burman KD, Wartofsky L, Smallridge RC 1984 Thyrotropin secretion in
starved rats is enhanced by somatostatin antiserum. Horm Metab Res 16:92-6

Hugues JN, Enjalbert A, Moyse E, Shu C, Voirol MJ, Sebaoun J, Epelbaum J 1986
Differential  effects of passive immunization with somatostatin  antiserum on
adenchypophysial hormane secretions in starved rats. J Endecringl 109:169-74

Smith GD, Seckt JR, Sheward WJ, Bennie JG, Carroll 8M, Dick H, Harmar AJ 1951
Effect of adrenalectomy and dexamethasone on neuropeptide content of dorsal root ganglia
in the rat. Brain Res 564:27-30

Rettori V, Milenkovle L, Riedel M, McCann SM 1990 Physiological role of neuropeptide Y
(NPY) in control of anterior pitultary hormone release In the rat. Endactinol Exp 24:37-45
Malendowicz LK, Miskowiak B 1990 Effects of prolonged administration of neurotensin,
arginine-vasopressin, NPY, and bombesin on blood TSH, T3 and T4 levels in the rat. In Vivo
4:259-61

Harfstrand A, Eneroth P, Agnati L, Fuxe K 1987 Further studies on the effects of central
administration of neuropeptide Y on neurcendocrine function in the male rat: relationship to
hypothalamic catecholamines [published erratum appears In Regul Pept 1987
May;17(5):300]. Regut Pept 17:167-79

Lye SJ, Nicholson BJ, Mascarenhas M, MacKenzle L, Petrocefli T 1993 Increased
expression of connexin-43 in the rat myometrium during labor is associated with an increase
in the plasma estrogen:progesterone ratio. Endocrinology 132:2380-6

Fukuda H, Ohshima K, Mori M, Kobayashl I, Greer MA 1980 Sequential changes In the
pituitary-thyroid axis during pregnancy and lactation in the rat. Endocrinology 107:1711-6
Calvo R, Obregon MJ, Ruiz de Ona C, Ferreiro B, Escohar Del Rey E, Morreale de
Escobar G 1990 Thyroid hormone economy in pregnant rais near term: a "physiological”
animal model of nonthyroidal illness? Endocrinology 127:10-6

Andersen JR 1982 Prolactin in amniotic fiuid and maternal serum during uncomplicated
human pregnancy. A review, [Review]. Dan Med Bull 29:266-74

De Lean A, Ferland L, Drouin J 1977 Madulation of pituitary thyrotropin releasing hormene
levels by eostrogens and thyroid hormonas. Endocrinology 100:1496

Gershengorn MC, Marcus-Samuels BE, Geras E 1879 Estrogens increase the number of
thyrotropin-releasing hormone receplors on mammotropic cells in culture. Endocrinology
105:171-6

Bauer K, Carmeliet P, Schulz M, Baes M, Denef C 1990 Regulation and cellular
localization of the membrane-bound thyrotropin-refeasing hormone-degrading enzyme in



Chapter 4

40,

41,

42,

43.

44,

45,
46,

47.

48,

49,

50,

51,

52,

83,
54,

55,

586,

57,

58.

59.

primary cultures of neuronal, glial and adenchypophyseal cells. Endacrinclogy 127:1224-33
Bauer K 1988 Degradation and blological Inactivation of thyrotropin releasing hormone
(TRH): regulation of the membrane-bound TRH-degrading enzyme from rat anterior pituitary
by estrogens and thyrold hormones. Biochimie 70:69-74

Gershengorn MC 1978 Bthormonal regulation of the thyrotropin-releasing hormone receptor
in mouse pituitary thyrolropic tumor cells in culture. J Clin Invest 62:937-43

Hinkle PM, Goh KB 1982 Regulation of ihyrotropin-releasing hormone receptors and
responses by L-irilodothyronine in dispersed rat pituitary cell cultures, Endocrinology
110:1725-31

Rondeel JM, de Greef WJ, van der Schoot P, Karels B, Klootwlik W, Visser TJ 1988
Effect of thyroid status and paraventricular area lesions on the release of
thyrotropin-releasing hormone and catecholamines inte hypophysial poral bicod.
Endocrinology 123:523-7

Plotsky PM, Nelll JD 1982 The decrease in hypothalamic dopamine secretion induced by
suckling: comparison of voitammetric and radicisotopic methods of measurement.
Endocrinology 110:691-6

Plotsky PM, Nelll JD 1982 Interactions of dopamine and thyrotropin-releasing hormone in
the regutation of prolactin release in lactating rats. Endocrinology 111:168-73

Fagin KD, Neill JD 1981 The effect of dopamine on thyrotropin-releasing hormone-induced
prolactin secretion in vitro. Endocrinology 109:1835-40

Fink G, Koch Y, Ben Aroya N 1982 Release of thyrotropin releasing hormone intc
hypophyslal portal blood Is high relative to other neuropeptides and may be refaled to
prolactin secretion. Brain Res 243:188-9

de Greef WJ, Visser TJd 1981 Evidence for the involvement of hypothalamic dopamine and
thyrotrophin-releasing hormone in suckling-induced release of prolactin. J Endoerinol
91:213-23

Nagy GM, Frawiey LS 1990 Suckling Increases the proportions of mammotropes
responsive to various prolactin-releasing stimuli. Endocrinclogy 127:2079-84

Tashjian A Jr.,, Barowsky NJ, Jensen DK 1971 Thyrotropin releasing hormone: direct
evidence for stimulation of prolactin production by pltuitary celis in culture. Blochem Blophys
Res Commun 43:516-23

Hinkle PM, Tashjian A Jr. 1973 Receptors for thyrotropin-releasing hormone in prolactin
producing rat pituitary cells in culture. J Biol Chem 248:6180-6

Labrie F, Barden N, Poirler G, De Lean A 1972 Binding of {hyrotropin-releasing hormone
to plasma membranes of bovine anterior pituitary gland (hormone receplor-adenylate
cyclase-equilibrium constant-( 3 Hithyrotropin). Proc Nall Acad Sci U S A 69:283-7

Day RN, Maurer RA 1989 The distal enhancer region of the rat prolactin gene contains
elements conferring response to multiple hormenes, Mol Endocrinol 3:3-9

Day RN, Maurer RA 1990 Pituitary calcium channel modulation and regulation of prolactin
gene expression. Mol Endocrinol 4:736-42

Haisenfeder DJ, Ortolano GA, Dalkin AC, Yasin M, Marshall JC 1992 Differential actions
of thyrotropin (TSH)-releasing hormone pulses In the expression of prolactin and TSH
subunit messenger ribonucleic acid in rat pituitary cells in vitro. Endocrinology 130:2817-23
Subramanian MG, Reece RP 1975 Anterior pituitary and plasma prolactin in rats after 2 to
90 minutes of suckling. Proc Soc Exp Biol Med 149:754-6

Grosvenor CE, Mena F, Whitworth NS 1979 The secretion rate of prolactin in the rat
during suckling and its metabolic clearance rate after increasing intervals of nensuckiing.
Endocrinclogy 104:372-6

Selmanoff M, Selmanoff C 1983 Role of pup age, estradiol-17 bela and pituitary
responsiveness in the differences in the suckling-induced prolactin response during early
and late lactalion. Biol Reprod 29:400-11

Grosvenor CE, Whitworth NS 1979 Secretion rate and metabolic clearance rate of
profactin in tha rat during mid- and [ate lactation. J Endoctingl 82:409-15

133



Discussion

80. Selmanoff M, Wise PM 1981 Decreased dopamine turnover in the median eminence in
rasponse to suckling in the lactating rat. Brain Res 212:101-15

61. Shantl AS, Subramanian MG, Savoy-Moore RT, Kruger ML, Moghissi KS 1995
Attenuation of the magnitude of suckling-induced profactin release with advancing factation:
mechanisms. Life Sclences 56:259-266

134



SUMMARY

135






Summary

SUMMARY

Thyrotropin-refeasing-hormone (TRH) is produced by hypothalamic neurons,
transported to the median eminence, where it is released into the hypophyseal
porial blood. At the pituitary gland it stimulates the function of the thyrotrophs and
lactotrophs, which synthesize and release thyroid-stimufating-hormone (TSH) and
prolactin (PRL), respectively. TSH, In turn, stimulates the secretion of thyroxine (T4)
and triiodothyronine {T3) from the thyroid gland. In addition to stimulating milk
production, PRL is involved in a broad spectrum of biological activities. In this thesis
the role of TRH was studied in the regulation of TSH and PRL secretion under
ditferent (patho-} physiological conditions.

The role of TRH in the regulation of TSH secretion under four thyroid
function-suppressing conditions - starvation, long-term food reduction, interieukin
administration and STZ-induced diabetes mellitus - was investigated (chapter 2).
Starvation and food reduclion cause a suppression of the metabolic rate, in order to
save energy. This adaptfon of the body is associated with low plasma levels of T3,
and is therefore known as the low T3 syndrome. Interleukin-induced systemic
illness and diabetes mellitus are experimental models of non-thyroidal illness, also
resulting in a low T3 syndrome, In view of the low plasma T4 andfor T3, these four
(patho-)} physiological conditions are characterized by inappropriatly normal or low
levels of TSH. This polints to a central mechanism for the inhibition of TSH secretion
and thyroid function. Therefore, the contribution of TRH to the suppressed thyroid
function in this syndrome was invesligated.

A 3-day starvation period decreases hypothalamic proTRH mRNA,
hypothalamic TRH content and TRH concentration in portal blood. In contrast to the
effect of slarvalion, long-term food reduction does not affect levels of hypothalamic
proTRH mRiNA, nor TRH content in the ME, despite a profound decline in plasma
TSH. Levels of hypothalamic proTRH mRNA are also unaffected after 7 days of iL-
6 Infusion, while IL-1 infusion causes a significant decrease in these levels after 7
days, but not after 1 or 2 days when plasma TSH reached its nadir. Two and three
weeks after induction of diabetes mellitus with STZ, R-A rats show decreased levels
of proTRH mRNA, while this paramster is unaffected in RxU rats.

Summarizing the effects of these four sludies on hypothalamic TRH
production and release, it is clear that these parameters are either unaffected or
show a trend towards reduction rather than an increase as might be expected, if
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changes in hypothalamic TRH were secondary to the reduction in plasma thyraid
hormone levels. Decreased TSH secretion occurs before (IL-1 treatment and STZ-
induction of diabetes mellitus ih R-A rats) or even without (food reduction, IL-6
treament and STZ-induction in diabetes mellitus in RxU rais} the decrease in
proTRH mRNA. The decline in TSH secretion, therefore, cannot only be explained
by the changes in hypothalamic proTRH mRNA. Concomitant changes at the
hypothalamic and/or piluilary level seem to be involved in the generation of a low
T3 syndrome.

Starvation, food reduction, Interfeukin administration, and STZ-induced
diabetes mellitus are all associated with increased plasma levels of glucocorticoids.
An inverse relationship has been demonstrated between levels of plasma
corticosterone and levels of proTRH mRNA. Continucus IL-1 infusion stimulates
corticosterone secretion, and proTRH gene expression is reduced after 7 days, but
not after 1 or 2 days of infusion, In the same sludy, IL-6 infusion had no effect on
plasma corticosterone nor on hypothalamic proTRH mBNA. A similar observation
was made in the study on STZ-induced diabetes mellitus. in R-A diabetic rats the
increased plasma coricosterone concentration is accompanied by a reduced
proTRH gene expression, whereas in RxU diabelic rats neither parameter changed
significantly. A suppressive effect of plasma coricosterone on proTRH dene
expression would explain the different effects of {L-1 vs, IL-8, and strain-dependent
responses to STZ-induced diabetes on proTRH mRBNA. Negative control of
hypothalamic proTRH by plasma glucocorticoids may be one of the central
mechanisms underlying the generation of the low T3 syndrome,

However, our data demonstrate that the decreased pituitary TSH secrelion
cannot be attributed 1o changes in hypothalamic proTRH alone. Direct effects at the
level of the piluitary by e.g. glucocoricolds, somatostatin and NPY may contribute
to the decreased TSH secretion. Concomitant changes at the hypothalamic,
pituitary and peripheral level may act in concert to inhibit thyroid hormone secrstion.

In chapter 3 the dual role of TRH in the secretion of PRL and TSH was
investigated during lactation. Lactation is associated with an increase in PRL
release from the anterior pituitary and changes in the pituitary-thyroid axis, resulting
in the decrease in plasma thyroid hormone concentration. The latter is unexpected
if high PRL levels during lactation are due to increased TRH stimutation. This thesis
describes the effects of litter size throughout lactation and the effects of acute
suckling after a period of separation of mothers and pups, on TRH synthesis and
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release.

Suckling-induced increase of plasma PRL was accompanied by a transient
increase of hypothatamic proTRH on day 2 of lactation and, at later time points,
following readmission of mothers and pups after a 6 h separalion. This suggesls
that during lactation TRH is primarily involved in the onset of PRL release and that
other factors are important for the continuation of the suckling-induced PRL release.
The retumn of hypothalamic proTRH to normal levels during continued laclation may
be mediated by an Inhibitory effect of the suckling-induced increase in plasma
corticosterone.

The increase of hypothalamic TRH synthesis on day 2 of lactation, is
accompanied by a increase in pituitary TSH secretion. On day 13 of lactation, the
transient increase of hypothalamic proTRH mRNA following reunion of mothers and
pups after a 6 h separation is not accompanied by an increase in TSH secretion.
This different response on day 2 and day 13 of lactation to the hypothalamic TRH
signal may be related to an increased sensitivity of the piluitary thyrotrophs to TRH
In rals at the onset of laclalion, and/or to the increased levels of plasma
conlicosterone at day 13 of lactation, which may exert a direct inhibitory effect at the
pituitary. Furthermore, the differential control of anterior pituitary PRL and TSH
secretion by the hypothalamic TRH signal during factation is related to functional
differences between laclotrophs and thyrotrophs, which Influence the sensitivity
andfor response of these cells to hypothalamic and peripheral factors.

In conclusion, in the generation of the low T3 syndrome, the decreased
piluitary TSH secretion cannot be attributed to changes in hypothalamic proTRH
alone. Dependent on the {patho-} physiological condition, concomitant changes at
the hypothalamic, pituitary and peripheral level act in concert to inhibit thyroid
hormone secretion.
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SAMENVATTING

Het tripeptide "thyrotropin-releasing-hormone" (TRH), geproduceerd door
hypothalame neuronen, wordt getransporteerd naar de eminentia mediana waar het
wordt afgegeven aan het hypofysesteelbloed, Aangekomen hij de hypofyse,
stimuleert het vervolgens de functie van de thyrofrofe en lactotrofe cellen, welke
respectieveliik  schildklier-stimulerend-hormoon  (TSH) en prolactine  (PRL)
synthetiseren en afgeven. TSH, op zijn beunt, stimuleert de secretie van thyroxine
{T4) en ftriiodothyronine (T3) uit de schildkiier. Naast stimulatie van de
melkproduktie is PRL betrokken bij een breed scala aan biologische activileiten. In
dit proefschrift wordt de rol van TRH bestudeerd in de reguiatie van de TSH- en
PRL-secretie tijdens verschillende (patho-)fysiologische condities.

De rol van TRH in de regulatie van de TSH-secretie werd onderzocht tijdens
vier schildklierfunctie-onderdrukkende condities, nl. vasten, langdurige
voedselreductie, interleukinentoediening en STZ-geinduceerde diabetes mallitus
{hoofdstuk 2}, Vasten en voedselreductie vercorzaken een onderdrukking van het
basaal metabolisme waardoor energie wordt bespaard. Deze aanpassing van het
lichaam wordt geassocieerd met lage plasma-T3-spiegels en staat daardoor bekend
als het lage-T3-syndroom. interleukinen-geinduceerde systemische ziekie en
diabetes mellitus zijn experimentele modellen voor niet-schildklier aandoeningen
{non thyroidal illness) welke ook leiden tot het lage-T3-syndroom. De lage plasma-
T3-spiegels tijdens deze vier (patho-)fysiologische condities gaan gepaard met
onwaarschijnlijk normale of lage plasma-TSH-spiegels, Dit duidt op een centraal
mechanisme dat verantwoordelifk is voor de remming van de TSH-secretie en
schildklisrfunctie. Daarom werd de bljdrage van TRH in de ontwikkeling van
onderdrukte schildkiierfunctie onderzocht.

Drie dagen vasten veroorzaakte een daling in hypothalaam proTRH mRNA,
hypothalame TRH-content en TRH-concenlratie in het portale bloed. In tegenstelling
tol wvaslen, veroorzaakte {angdurige voedselreduclie geen veranderingen in
hypothalaam proTRH mRNA en TRH-content in de eminentia mediana, ondanks de
sterke daling in plasma-TSH. Hypothataam proTRH mRNA-spiegels bleven
eveneens onveranderd na 7 dagen interleukine-6-infusie, maar interteukine-1-infusie
veroorzaakte een daling van deze splegels na 7 dagen, zij het niet na 1 of 2 dagen,
wanneer plasma-TSH het laagst was, Twee en drie weken na inductie van diabetes
mellifus mef STZ, daalde het proTRH mRNA in de hypothalamus significant in de
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R-A ratten, maar bleef onveranderd in RxU ratten.

De effecten van deze vier condilies op de hypothalame TRH-produktie en -
afgifte samengevat, tonen aan dat deze parameters onveranderd of verlaagd zijn.
Deze resulaten zijn In strijd met de te verwachten stijging, ervan uitgaande dat
veranderingen in hypothalaam TRH secundair ziijn aan de afname in plasma-
schildklierhormoonspiegels. De verlaging in TSH-secrelie werd waargenomen voor
(IL-1-infusie en STZ-geinduceerde diabetes mellitus in R-A ratten) of zelfs zonder
{voedselreductie, iL-6-infusie en STZ-geinduceerde diabetes mellitus in RxU ratten)
een daling In proTRH mRNA. De daling in TSH-secretie kan daardoor niet voltedig
verklaard worden op basis van de veranderingen in hypothalaam proTRH mRNA.
Waarschijnlijk zullen andere veranderingen op hypothalaam en hypofysair niveau
bijdragen aan de ontwikkeling van het lage-T3-syndroom.

Vasten, voedselreductie, interleukinentoediening, en STZ-geinducesrds
diabetes meliitus gingen alle gepaard met een stijging in de plasma-
glucocorticoidenspiegels, Een inverse relatie iussen deze spiegels en proTRH
mMmRNA werd aangetoond. Continue Il-1-infusie stimuleerde corticosteronsecrelie en
onderdrukte de proTRH-genexpressie na 7 dagen, maar niet na 1 en 2 dagen. IL-6-
infusie had daarentegen geen effect op plasma-corticosteron, noch op proTRH
mRNA. In de studie aangaande STZ-gsinduceerde diabsetes mellitus namen we een
stijging in plasma-corticosteron en een daling in proTRH mRNA waar in de R-A
ratten, terwijl in de RxU ralten de beide parameters niet signiticant veranderden.
Een onderdrukkend effect van plasma-corticosteron op de proTRH-genexpressie
zou de verschillende effecten van de IL-1- vs. de IL-6-behandeling en de stam-
athankelijke effecten van STZ-geinduceerde diabetes mellitus op praTRH verklaren.
Een negatieve controle van hypothalaam proTRH door plasma-glucocorticoiden zou
een van de centrale mechanisman kunnen zijn dis ten grondslag liggen aan de
ontwikkeling van het lage-T3-syndroom.

Onze data tonen echter aan dat de verlaagde hypofysaire TSH-secrstie niet
alleen verklaard kan worden door veranderingen in hypothalaam proTRH. Directe
effecten op het niveau van de hypofyse door bv. glucocorticoiden, somatostaline en
NPY kunnen eveneens bijdragen aan de verlaging van de TSH-secretie.
Waarschijnlijk leiden veranderingen op hypothalaam, hypofysair en perifesr niveau
tesamen fot een verlaagde schildklierhormoonsecretie.

In hoofdstuk 3 wordt de dubbele rol van TRH in de secretie van PRL en TSH
bestudeerd tijdens zogen, Lactatie wordt enerziids geassocieerd met een toename
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in de PRL-afgifte van de hypofysevoorkwab, en anderzijds met veranderingen
binnen de hypofyse-schildklier-as, resulterend in verlaagde
schildkliethormoonspiegels. Dit laatste is onverwacht als veranderingen In
hypothalaam TRH secundair zouden zijn aan de verlaging in
schildklierhormoonspiegefs in plasma. Dit proefschrift beschrijit de effecten van
nestgrootte tiidens de gehsele lactatieperiode en de effecten van een acute
zoogstimulus na een periode waarin moeders en pups gescheiden zijn geweest, op
TRH-synthese en -afgifte.

Be door zogen geinduceerde toename in PRL-afgifte gaat samen met een
korte stijging van hypothalaam proTRH mRNA op dag 2 van lactatie en op dag 13
van lactatie, na terugplaatsing van moeders en pups nadat zij 6 uur gescheiden
waren geweest, Dit suggereert dat tijdens laclalie TRH voornamelijk betrokken is bij
de aanzet lol de verhoogde PRL-afgifte, en datl andere factoren verantwoordefijk
zijn voor het verdere verloop van de PRL-spiegels. Het snelle herstel van
hypothalaam proTRH mRNA zou gemediéerd kunnen worden door een remmend
effect van de door zogen geinduceerde hoge plasma-corticosteron-spiegels.

De tosname van de hypothalame TRH-synthese op dag 2 van lactatie gaat
samen met een toename in plasma-TSH. De korte toename van proTRH mRNA na
terugplaatsing van moeders en pups op dag 13 van laclalie, gaat niet samen met
een toename in plasma-TSH. Dit verschil in respons op dag 2 en dag 13 van
lactatie op de TRH-stimulus, zou gerelaleerd kunnen ziin aan een loegenomen
geveeligheid van de hypofysaire thyrotrofe cellen voor TRH in ratten aan het begin
van de lactatte-periode, en/of aan de verhoogde plasma-corticosteron-spiegsls op
dag 13 van lactatie, welke een direct remmend effect op de hypofyse zouden
kunnen uitoefenen. Bovendien is het verschil in regulatie van de hypofysaire TSH-
en PRL-secretie door hypothalaam TRH tiidens lactatie gerelateerd aan functionele
verschiflen tussen lactotrofe en thyrolrofe cellen, welke de gevoeligheid en/of
respons van deze cellen belnvloeden op hypothalame en perifere factoren.

Tijdens de ontwikkeling van het lage-T3-syndroom, kan de verlaagde TSH-
secretie niet volledig worden toegekend aan veranderingen in hypothalaam proTRH.
Athankelijk van de (patho-)fysiologische conditie, zullen gelijktijdige veranderingen
op hypothalaam, hypofysair en perifeer niveau tesamen, leiden tot de uiteindealijke
remming van schildklierhormoonsecretie.
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ACTH
Arg
BSA

CNS
CRH

DKP
DNA

FFA
Gin
Glu
Gly
His
HPLC
D1
IL-1
IL-6
iv
LPS
Lys

MMI
NTI
NPY
Pro

proTRH

Adrenccorticotrepic hormone
Arginine

Bovine serum albumin

Body weight

Central nervous system
Corlicotropin-releasing hormone
Dopamina

Diketoplperazine
Deoxyribonucleic acid

Free (not protein bound)
Free fraction

Free fatly acids

Glutamine

Glutamic ackd

Glycine

Histidine

High performance liquid ¢chromatography
Type 1 iodothyronine deiodinase
Interleukin-1

Interieukin-6

Iniravenous
Lipopolysaccharide

Lysine

Median eminence
Methimazol

Non-thyroldal illness
Neuropeptide Y

Proline

Spacer peptide 4
Prohormone of TRH
Protactin

Paraventricular nucleus
R-Amsterdam
Radicimmunocassay
Messenger ribonucleic acid
Standard error of the mean
Streptozotocin
Tritodothyronine

Reverse triiodothyronine
Thyroxine

Thyroxine-binding globuline
Thyroxine-binding prealbumin
Fhyrotropin-releasing hormone
Thyrotd-stimulating hormene
Uridine diphosphate
UDP-glucuronyliransferase
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