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I1. List of abbreviations

a-MSH - Alpha-melanocyte stimulating hormone
ABC - Avidin-biotin-peroxidase complex
AGRP - Agouti-related protein

ARC - Arcuate nucleus

AVP - Vasopressin

BAT - Brown adipose tissue

BBB - Blood-brain barrier

BSA - Bovine serum albumin

BT - Biotinylated tyramide

CART - Cocaine- and amphetamine regulated transcript
CNS - Central nervous system

CRE - CAMP-response-element

CREB - CAMP-response-element binding protein
CRH - Corticotropin-releasing hormone

CSF -Cerebrospinal fluid

D1 - Type 1 deiodinase

D2 - Type 2 deiodinase

D3 - Type 3 deiodinase

DAB - Diaminobenzidine

DEPC - Diethylpyrocarbonate

DMN - Dorsomedial nucleus

EPSC - Excitatory postsynaptic current

ERK - Extracellular signal-regulated kinase
GFP - Green fluorescent protein

GHRH - Growth hormone-releasing hormone
GnRH - Gonadotropin-releasing hormone

HPT axis - Hypothalamus-pituitary-thyroid axis
icv. - Intracerebroventricular

i.p. - Intraperitoneal

IPSC - Inhibitory postsynaptic current
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IR - Immunoreactive

KO - Knock out

MC3-R - Melanocortin receptor type 3

MC4-R - Melanocortin receptor type 4

MCT8 - Monocarboxylate transporter type 8
MCT10 - Monocarboxylate transporter type 10
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mTOR - Mammalian target of rapamycin

NCoR1 - Nuclear receptor co-repressor 1

NHS - Normal horse serum

NP - Neurophysin

NPY - Neuropeptide Y

OATP1C1 - Organic anion transporting polypeptide 1c1
oT - Oxitocin
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P-CREB - Phosphorylated cAMP-response-element binding protein
PFA - Paraformaldehyde

PI3K - Phosphatidylinositol-3-kinase

PIF - Prolactin-inhibiting factor

POMC - Proopiomelanocortin

P-STAT3 - Phosphorylated signal transducer and activator of transcription 3
PVN - Paraventricular nucleus

rT3 - Reverse triiodothyronin

RXR - Retinoic X receptor
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SRC1 - Steroid receptor co-activator 1
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I11. Introduction

The hypophysiotropic TRH neurons are the main central regulators of the
hypothalamus-pituitary-thyroid (HPT) axis [1]. These TRH neurons are located in the
hypothalamic paraventricular nucleus (PVN) [2-4], integrate neuronal and humoral
signals and serve as a final common pathway in the regulation of the hypothalamic-
pituitary-thyroid axis [5]. The axons of the hypophysiotropic TRH neurons terminate
outside the blood-brain-barrier (BBB) in the external zone of the median eminence (ME)
where TRH is secreted to the portal capillary system of the anterior pituitary [6]. From
these blood vessels, TRH enters to the extracellular space in the pituitary, and stimulates
the synthesis and secretion of thyroid-stimulating hormone (TSH) [5], the hormone that
regulates the hormone production of thyroid gland. Thyroid hormones (THs) have
widespread biological actions including the regulation of energy metabolism through
influencing the basal metabolic rate, adaptive thermogenesis and feeding behavior and
regulation of the development and normal functioning of the central nervous system
(CNS) [7-11].

1.Thyroid hormones: metabolism, signaling and effects
1.1. The metabolism of THs

Thyroid hormones - 3,3’,5-triiodothyronin (T3) and thyroxine (T4) - are synthesized
in the follicles of thyroid gland by iodination of tyrosine residues of thyroglobulin [12].
Although T4 is the predominant product of the thyroid gland, T3 is the form of thyroid
hormones that can bind to thyroid hormone receptors with high affinity [13]. The
activation of thyroid hormones by conversion of T4 to T3 and the degradation of these
hormones are catalyzed by deiodinase enzymes [13, 14]. These enzymes are critical for
the regulation of thyroid hormone levels in the circulating blood, but also for the tissue
specific, local regulation of thyroid hormone availability [15].

All three known deiodinase enzymes (D1-3) are selenoproteins containing
selenocysteine residue in their active site [16].

Type 1 deiodinase (D1) can remove iodine from both the inner and outer rings of THSs,
forming either T3 or the inactive reverse T3 (rT3) from T4 or convert T3 to the inactive

diiodothyronin (T2) [14, 16]. Since this enzyme can both activate and inactivate thyroid
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hormones, it has the least clear physiological role in the deiodinase protein family.
Because D1 is able to convert T4 to the considerably active T3, initially it was thought to
be the main source of extra-thyroidal T3 [16, 17]. Recently, however, increasing evidence
indicates that D1 contributes significantly to the circulating T3 concentration only in
hyperthyroid patients, but not in healthy subjects [18, 19]. Therefore, currently D1 is
considered a thyroid hormone inactivating enzyme in euthyroid conditions by producing
inactive rT3 or T2 [14]. The liver and kidney, where D1 participates in the clearance of
TH derivatives, contains a relatively large concentration of this enzyme, but D1 is also
present in the anterior pituitary, intestine, placenta and thyroid gland [16, 20]. In rats, D1
Is also present in the cerebral cortex with relatively low activity, but in humans, D1 is
absent from the CNS [21, 22].

The main source of extra-thyroidal T3 is type 2 deiodinase (D2) that converts T4 to
T3 by 5’-monodeiodination of the outer ring of the molecule [14, 18]. In addition to
regulating circulating T3 concentration, this deiodinase enzyme also plays critical role in
the organ specific regulation of T3 availability [15]. Although the adequate level of T3 is
essential for the sufficient neuronal activity, T3 can be transported through the BBB
remarkably less efficiently than T4 [23]. More than 75% of T3 in the cortex is generated
locally by D2 catalyzed conversion of T4 to T3 [24]. In human D2 is the only 5’
deiodinase in the brain [15]. In accordance with this cardinal role, D2 has a widespread
expression in the brain [15, 16]. D2 is expressed predominantly in glial elements of the
neuronal tissue, such as tanycytes and astrocytes [25]. These glial cells have crucial role
in the maintenance of the adequate T3 level in the CNS [25]. Tanycytes are specialized
ependymal cells located in the basal and lateral walls of the third ventricle in the
hypothalamus [26]. Hypothalamic D2 expression is concentrated in the median eminence
and arcuate nucleus, where D2 is expressed primarily in tanycytes [14]. D2 activity is
absent from most hypothalamic regions including the PVN where the hypophysiotropic
TRH neurons reside [27]. This distribution of D2 is in contrast with the homogenous D2
expression of astrocytes in other brain regions [27-29]. D2 can also be found at high
levels in the pituitary, brown adipose tissue (BAT) and placenta and also occurs in the
gonads, pineal gland, thymus, mammary gland, coronary artery and smooth muscle cells
of the aorta [15, 16].
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In contrast to the role of D2, the primarily function of the type 3 deiodinase (D3) is the
local inhibition of TH signalization by inactivation of THs. D3 performs inner ring
deiodination converting T4 to rT3 and T3 to T2 [15, 16]. This deiodinase enzyme is
primarily expressed in neurons in the CNS where D3 plays an important role by protecting
neurons from the excess of T3 [14, 30]. In the brain, D3 mRNA can be observed widely
in the cerebral cortex, hippocampal pyramidal cells, granule cells of the dentate and
pyriform cortex. In addition, lower level of D3 expression can be found in hypothalamic
neurons [15, 16, 31]. Although the main function of D3 is to protect tissues from excess
THes, the systemic administration of thyrotoxic doses of T3 induces a surprisingly modest
increase in D3 expression of the hypothalamus. This finding is in contrast with
observations in other brain regions such as the cortex, the hippocampus and the olfactory
bulb [31]. Hence, hypothalamic deiodinase enzymes appear to convert the changes of
peripheral THs to changes of hypothalamic T3 concentration allowing T3 to serve as a
regulatory signal for neuroendocrine functions [14]. Besides its presence in the CNS, a
remarkable amount of D3 is also expressed in most of the fetal organs and placenta,
confirming the essential role of this enzyme in the precise regulation of the TH level

during embryonic development [32].

1.2. The transport of THs

Although THs are lipid soluble molecules, their passage through the cell membranes
and the BBB requires specific transporter molecules [33]. The transport of THSs is
facilitated by at least three transporter molecules: organic anion transporting polypeptide
1cl (OATP1C1), monocarboxylate transporter 8 (MCT8) and 10 (MCT10) [34].

OATP1C1, a member of the organic anion transporting family, is highly specific for
T4, rT3 and T4 sulfate [35, 36]. It binds T3 with much lower affinity [35, 36]. The
presence of OATP1C1 has been described in Leydig cells of the testis and in the
capillaries of the brain [37-39]. In the rodent brain, OATP1C1 is highly expressed in
cerebral microvessels underlining its cardinal role in the TH transport through the BBB
[40]. OATP1C1 is also expressed in hypothalamic tanycytes [40].

The most studied TH transporter is MCT8, a member of the monocarboxylate
transporter family with 12 helical transmembrane domains [34]. This transporter

molecule has strong affinity for T3, T4 and rT3 [41]. MCT8 is expressed in various

10
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tissues including heart, liver, kidney, adrenal and thyroid gland [42, 43]. MCT8 is also
present in most areas of the CNS, such as hypothalamus, choroid plexus, amygdala,
hippocampus, olfactory bulb and cortex [40, 44-46]. Although MCT8 is the main TH
transporter of neurons it can also be found in tanycytes [45]. The importance of MCT8 in
normal neurological function is underlined by the demonstration of the mutation of this
gene in families with inherited mental retardation and underdevelopment [47, 48]. The
syndrome caused by this mutation is called Allan-Herndon-Dudley syndrome, which has
typical endocrine abnormalities in addition to the strong neurological phenotype: elevated
serum T3 and reduced T4 and rT3 levels [49]. Although Mct8 knock out (KO) mice have
the same alteration in the level of THSs, interestingly no major neurological abnormalities
were found in these animals [50, 51] that suggests species-specific differences in the
neuronal transport of THs and raises the possibility that in rodents, MCT8 is not the only
neuronal thyroid hormone transporter.

The amino acid sequence of MCT10 shows great degree of homology with MCT8
[34]. Although data about its physiological function is limited, cell culture studies
demonstrate that MCT10 prefers T3 instead of T4 [52]. This TH transporter molecule is
expressed in the intestine, kidney, liver, muscle and placenta, but there is no data that
confirms its presence in the CNS [53-56].

1.3. TH receptors and signalization

The thyroid hormone receptors (TRs) are located in the nucleus of cells and act on
thyroid hormone response elements (TRE) of DNA as ligand-dependent or independent
transcription factors [57, 58]. All the known types of TRs are encoded by two genes:
THRA and THRB [58]. Alternative splicing of the THRA transcript results in different
TRa isoforms, but only TRal acts as a functional receptor [59]. The other TRa variants
seem to have inhibitory effect on TH induced gene expression in in vitro studies [59]. The
THRB gene also has two products: TRB1 and TRB2 [58]. Both of these receptors are
functional receptors and differ in the transcription initiation site, which results in different
amino end of the two TRP isoforms [60]. The distribution of TRal and TRP1 is
widespread, whereas TRP2 is expressed predominantly in TRH neurons of the PVN and
in thyrothrop cells in the anterior pituitary [60-63]. Examination of TR KO and TRf2

11
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KO animals confirms that the TRB2 receptor plays a crucial role in mediating the negative
feedback effect of THs on TRH and TSH synthesis [64, 65].

The thyroid hormone regulated genes can be divided into two main categories:
positively and negatively regulated genes. The mechanisms of positive and negative
regulation of thyroid hormone responsive genes is markedly different. The effect of T3
on the positively regulated genes is mainly mediated by the heterodimer complex of a TR
and retinoic X receptor (RXR) [66]. The TR-RXR complex is fully active when not only
T3 binds to TR, but 9-cis retinoic acid also binds to the RXR component of the
heterodimer [67]. The transcriptional initiation of positively regulated genes is facilitated
by the recruitment of co-activator molecules to the ligand bound TR-RXR complex [58,
60]. In the absence of T3, the unliganded TR-RXR heterodimer complex is also associated
with TRE, however, in the absence of T3, TRs recruit co-repressor proteins mediating the
basal, ligand independent repression of the target genes [68, 69].

In contrast, the transcriptional activity of genes negatively regulated by T3 is
stimulated by the complex of the unliganded receptor and the co-repressor molecules,
while the liganded receptor-co-activator complex suppresses these genes [65]. Although,
it was debated for years, the action of TRs on the negatively regulated genes also appears
to require direct binding of the receptor to the TRE of genes [70-72]. The typical co-
activator molecule, steroid receptor co-activator 1 (SRC1) has inhibitory effect on the
HPT axis [73] while the co-repressor molecule, nuclear receptor co-repressor 1 (NCoR1)

is required for the ligand independent activation of the HPT axis [74, 75].

1.4. Effects of THs

Thyroid hormones can influence a variety of tissue types. They regulate the embryonic
neurogenesis, the migration of pyramidal cells in the cerebral cortex [11, 76-79], granule
cells in the hippocampal gyrus dentatus [80-82] and Purkinje cells in the cerebellum [83,
84]. Furthermore, they have effects affect on axonal growth [85] and dendritic
arborization [86, 87]. THs also influence learning and memory in adults [88, 89] and
influence wakefulness [90] and mood [91]. In addition, THs influence energy
homeostasis via increasing the basal metabolic rate [10], stimulating the diet-induced [92]
and adaptive thermogenesis [93], facilitating lipogenesis [94, 95] and increasing food
intake [95].

12
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One of the major effects of THs on energy expenditure is the stimulation of basal
metabolic rate. In cells regulated by THSs, the basal metabolic activity is stimulated by the
increased number and size of the mitochondria, the increased expression of the respiratory
chain components, and the increased membrane permeability for Na* and K*, and the
increased concentration of the Na*/K* ATP-ase in the membrane [96].

Thyroid hormones also increase the energy expenditure by stimulating the
thermogenesis in the BAT [97, 98]. The heat production of BAT requires sympathetic
activation [97, 98], thyroid hormones [93] and local activation of T4 by D2 [99]. The
synergistic effect of the adrenergic stimulation via § adrenergic receptors and the locally
generated T3 result in increased uncoupling protein 1 (UCP-1) synthesis and
thermogenesis [99, 100]. Without thyroid hormones or D2, sympathetic activity is unable
to increase UCP-1 synthesis and thermogenesis [99]. During cold exposure, the marked
increase of D2 expression also plays a critical role in the local increase of T3
concentration in the BAT. This virtually saturates all TRs in this tissue, allowing thus
the cold induced thermogenesis of the BAT to be fully active even if circulating thyroid
hormone levels are slightly above normal [99]. The increased UCP-1 level interrupts the
connection between the respiratory chain and ATP synthesis. This way, most of the

energy released by substrate oxidation dissipates as heat [8].

2. Hypophysiotropic TRH neurons

The primary central regulator molecule of thyroid hormone synthesis is TRH, a
tripeptide amide (pGlu-His-ProNH2) [1]. In the anterior pituitary, TRH stimulates the
synthesis and release of TSH by acting on the G protein coupled type 1 TRH receptor
[101]. In addition, TRH increases the posttranslational glycosylation of TSH, which has
an important effect on the biological activity of the molecule [102, 103]. The secreted
TSH then acts on the thyroid gland and regulates its hormone production [104].
Neutralization of endogenous TRH by administration of anti-TRH serum induces
transient reduction of circulating level of TSH and THs [105, 106]. In newborn TRH KO
mice, no difference can be observed neither in the morphology of anterior pituitary nor in
the synthesis of THs at birth compared to wild type (WT) mice [107, 108]. However, the
gradual increase of the TH levels observed during the first postnatal days in WT animals
is absent in the TRH KO mice [107, 108]. Furthermore, the lack of TRH causes a

13
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dramatic decrease in the number of the TSH-immunoreactive (-IR) cells in the anterior
pituitary and also in the TH levels after the 10" postnatal day [107, 108]. These
observations suggest that TRH has an essential role in the early postnatal development of
the HPT axis and also in the maintenance of the activity of this neuroendocrine axis in
adult animals. The critical importance of TRH in the regulation of the HPT axis is also
demonstrated in some human patients with idiopathic central hypothyroidism [109]. In
these patients the release of biologically inactive TSH is accompanied by low circulating
levels of THs [109]. This clinical picture can be cured with chronic intravenous TRH
administration [109], further demonstrating the key role of TRH in the central regulation
of the HPT axis.

TRH is widely synthesized throughout the CNS [5], but only the so called
hypophysiotropic TRH neurons that project to the external zone of the median eminence
and secret the TRH into the portal capillary are involved in the regulation of HPT axis [3,
6]. These neurons are located in the PVN, a bilateral triangle-shaped nucleus in the dorsal
margin of the third ventricle. The PVN can be divided into two main divisions named
based on the size of their neurons: the parvocellular and magnocellular divisions. In rats,
the parvocellular division can be further divided into six subdivisions: the anterior,
medial, dorsal, periventricular, ventral and lateral subdivisions (fig.1.) [110]. TRH-
synthesizing neurons can be found in all parvocellular subdivisions in rats [111], but the
hypophysiotropic TRH neurons are located exclusively in the periventricular and medial
parvocellular subdivisions (fig.1.) [2, 3, 6, 111]. In rats, a distinctive feature of the
hypophysiotrophic TRH neurons is their cocaine- and amphetamine regulated transcript
(CART) expression; this peptide has not been identified in any other TRH-expressing
neuron population of the brain [2, 3, 6, 111]. Although the localization of the
hypophysiotropic TRH neurons is precisely determined in rats, limited information is
available currently about the distribution of these neurons in mice, the most frequently
used animal model of the current days.

3. The negative feedback regulation of the hypophysiotropic TRH neurons by THs
Since the maintenance of normal thyroid hormone levels is critical for the appropriate
functioning of the organism, the activity of both the hypophysiotropic TRH-producing

neurons and the TSH-expressing cells of the anterior pituitary are tightly regulated by the

14
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negative feedback effect of THs [60] (fig.2.). Hence, under basal conditions the rise of
TH levels inhibits TRH and TSH expression. In contrast, the fall in circulating TH levels
has stimulatory effect on TRH and TSH secretion. [112]. In the CNS, the TRH gene
expression is controlled by the negative feedback effect of thyroid hormones only in the
hypophysiotropic TRH neurons [113]. The observation that T3 administration to the PVN
of hypothyroid animals results in a decrease of the TRH expression exclusively in the
side of the implantation verifies that THs have direct effect on TRH neurons [114]. The
negative feedback effect of THs on TRH expression is mainly mediated by TRB2 [64],
although results of studies using siRNA mediated TRB1 gene silencing suggest that TRB1
also contributes to the ligand independent activation of TRH gene expression [115].
Interestingly, hypophysiotropic TRH neurons also express TRal which has stimulatory
effect on TRH expression in the presence of T3 [65]. However, this TRa1-mediated effect
is masked by the inhibitory effect of TR receptors in adult animals [65, 116]. In addition
to the direct effect of THs on the TRH gene, THs also modulate TRH production by the
downregulation of prohormone convertases type 1/3 and 2, resulting in accumulation of
immature proTRH derivatives and a decrease in the production of mature TRH molecules
[117].

15



DOI:10.14753/SE.2014.1934

Posterior

P —

B C D

Figure 1. Schematic drawing illustrates the organization of the PVN in rats and the
localization of the hypophysiotropic TRH neurons. The higher magnification maps based
on the figures of Fekete et al. [112] show the subdivisions of rat PVN in three different
antero-posterior levels (B-D). Red areas indicate the presence of hypophysiotropic TRH
neurons. TRH neurons with hypophysiotropic function are absent from the anterior level
(B), but present in the medial and periventricular subdivisions of the mid (C) and posterior
(D) levels of PVN.

MN — magnocellular division

Parvocellular subdivisions:

PV — periventricular; AP — anterior; VP — ventral; MP — medial; DP — dorsal; LP - lateral
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Figure 2. Schematic illustration of the hypothalamus-pituitary-thyroid axis.

Cell bodies of the hypophysiotropic TRH neurons are located in the PVN and their axons
terminate in the ME where TRH is released to the circulation. TRH reaches the anterior
pituitary through the hypophysial portal system and stimulates the TSH secretion. TSH
stimulates the T3/T4 production of the thyroid gland. THs exert negative feedback effect
both on the hypophysiotropic TRH neurons and the thyrotrop cells of the anterior
pituitary.

4. Tanycytes: location in the ME and role in the regulation of the HPT axis
4.1. The structure of the ME

The release of the hypophysiotropic hormones into the circulation occurs in the BBB-
free ME, where the axons of the hypophysiotropic neurons terminate [118]. The ME can
be divided into three parts: ependymal layer, internal and external zones [119].
Hypophysiotropic neurosecretory cells, such as TRH-, corticotropin-releasing hormone
(CRH)-, gonadotropin-releasing hormone (GnRH)-, prolactin-inhibiting factor- or

dopamine (PIF)-, growth hormone-releasing hormone (GHRH)- and somatostatin
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(SRIF)-producing neurons release their substances in the densely vascularized external
zone of the ME [3, 6, 118, 120-124]. The hormones secreted by hypophysiotropic neurons
to the capillary loops are transported directly to the anterior pituitary by its long portal
vascular system [125]. The internal zone of the ME contains the axons of the
magnocellular neurosecretory cells, these vasopressin (AVP)- and oxytocin (OT)-
containing axons pass through the ME and terminate in the posterior pituitary where the
hormones are secreted to the circulation [126, 127]. The ependymal layer that forms the
floor and ventrolateral walls of the third ventricle contains the cell bodies of specialized
glial cells called tanycytes [26]. These glial cells has essential role in the regulation of
HPT axis [5].

4.2. Tanycytes

Tanycytes are elongated glial cells with cell body located in the ependymal layer [26].
Tanycytes contact the cerebrospinal fluid (CSF) with their surface covered with microvilli
and has a long basal process to the median eminence or to discrete hypothalamic areas
[26].

Four subtypes of tanycytes (al-2, B1-2) can be distinguished based on their location,
morphology and function [26, 128].

a-tanycytes line the lateral walls of the third ventricle [26, 128]. The basal process of
al-tanycytes project to the hypothalamic ventromedial (VMN) and dorsomedial nuclei
(DMN) where they terminate on neurons while a2-tanycytes send their process to the
neurons and/or capillaries of the arcuate nucleus (ARC) and the lateral part of the
tuberoinfundibular sulcus [26, 128].

B-tanycytes line the floor of the third ventricle; p1-tanycytes are located in the lateral
envaginations of the third ventricle and project to the tuberoinfundibular sulcus
terminating on the surface of the pars tuberalis of the pituitary [26, 128]. p2-tanycytes
which form the ventral wall of the third ventricle send their basal process to the portal
capillary system in the median eminence [26, 128] where the axons of the
hypophysiotropic neurons terminate to release their neurohormones into the hypophysial
portal circulation [118] (fig. 3.).

A characteristic property of B-tanycytes is their involvement in barrier formation. p1-

tanycytes form a barrier between the arcuate nucleus and the BBB free median eminence
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[129] while B2-tanycytes establish a barrier between CSF and the neuropil of the median
eminence [26]. B1-tanycytes are linked together by zonulae adherentes and maculae
adherentes, whereas B2-tanycytes are joined together by tight junctions and zonulae
adherentes [26].

An important feature of tanycytes is that they establish connection with the CSF and
also with blood vessels [26]. Therefore, the tanycytes are in the anatomical position to
sense the alterations in the composition of the CSF, but also the changes in the level of

blood-born substances [26].

4.3. The role of tanycytes in the regulation of hypothalamic T3 homeostasis

Increasing amount of data suggest that the tanycytes are not only supportive and BBB
forming cells, but they also play a major role in the regulation of neuroendocrine axes
[26]. The B2 tanycytes can inhibit the secretion of neuroendocrine hormones by blocking
the access of hypophysiotropic terminals to the fenestrated capillaries of the median
eminence [130]. The coverage of the portal capillaries by the end feet of p2-tanycyte
processes is variable and depends on the physiological conditions [130, 131]. By this
plasticity tanycytes can separate the axon terminals from the capillaries or, to the opposite,
they can allow access of the terminals to the surface of blood vessels [130]. The most
studied example for the tanycyte remodeling is the regulation of the access of GnRH
nerve terminals to the portal capillaries during the different phases of the estrous cycle.
In proestrus, GnRH axons terminate in the pericapillary space, resulting in massive GnRH
release [130]. In contrast, in diestrus, tanycyte end feet separate the GnRH axon terminals
from the portal capillaries, contributing to a decreased secretion of GnRH [130]. Changes
in peripheral TH levels also induce remodeling of the end feet of tanycyte processes
around the capillaries [131]. This observation suggests that tanycytes may also regulate
the access of the hypophysiotropic TRH neurons to the capillaries and the release of TRH
to the circulation.

The importance of tanycytes in the regulation of the HPT axis is further supported by
the data that these glial cells express a number of proteins which are involved in the
hypothalamic TH metabolism and signaling and have regulatory effect on the HPT axis.
These proteins include TRB2 [132], the TH transporter OATP1cl and MCT8 [40, 133],
D2 that has capability to convert T4 to the active TH form [27, 29, 134], T3, and D2
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inactivating WSB-1 and reactivating USP-33 enzymes [135]. The role of D2 in the
regulation of HPT axis is underlined by the fact that the restoration of peripheral T3 level
in hypothyroid rats by administration of T3 without addition of T4 is unable to decrease
TRH gene expression to euthyroid level [136], although T3 is the predominant form of
THs that acts on TRs [13]. This observation can be explained by the fact that T3 is poorly
transported to the brain [35, 36], and the majority of hypothalamic T3 is produced locally
from T4 by D2 [16]. Although the main hypothalamic sources of D2 are tanycytes, D2
can also be found in some hypothalamic astrocytes [25]. Interestingly, astrocyte specific
D2 knock out mice show no disturbance in the negative feedback regulation of TRH,
suggesting that astrocytes do not play a role in the negative feedback effect of THs on
TRH neurons [25]. In addition, in the hypothalamus, hypothyroidism induces only slight
increase of D2 expression and no rise of D2 activity [27, 137], suggesting that
hypothalamic D2 does not compensate the changes in the circulating level of THs.
Therefore, the changes of peripheral T4 levels are converted into changes of hypothalamic
T3 concentration that is critical for the feedback regulation of TRH neurons. [14].
Although it is clear that the D2-containing tanycytes are the principal source of T3 acting
on hypophysiotrophic TRH neurons [14], it has not been clarified yet how T3 is
transported from the tanycytes to the nucleus of the hypophysiotropic neurons in the PVN.
The perikarya of hypophysiotropic TRH neurons are located far from the tanycytes;
therefore, volume transmission between the tanycytes and the TRH neurons would be a
relatively slow process. In contrast, the tanycyte end feet and the terminals of the TRH
neurons are closely associated in the external zone of the ME [26]. We have recently
hypothesized that T3 produced by tanycytes may be taken up by axon terminals of these
neurosecretory neurons in the ME and transported retrogradely to the nucleus of these

cells.
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Figure 3. Schematic drawing presents the location of p2-tanycytes in the median
eminence.

The cell bodies of B2-tanycytes can be found in the ventral and ventro-lateral walls of the
third ventricle, but they send processes to the capillary loops in the external zone of
median eminence. Tanycytes are able to take up substances from both the blood flow and
the CSF and actively influence the composition of the CSF.

Il —third ventricle; T — B2-tanycyte; A —axon terminal of hypophysiotropic neurons.

5. Neuronal inputs of hypophysiotropic TRH neurons

In addition to receiving humoral inputs, the TRH expression of hypophysiotrophic
neurons is also regulated by neuronal inputs to adapt the HPT axis to the changing internal
and external milieu. The hypophysiotropic TRH neurons integrate neuronal inputs from
various areas of the central nervous system [5]. The most extensively studied and best-
known sources of this innervation are the catecholaminergic cell groups of the brainstem,

the hypothalamic arcuate nucleus (ARC) and the DMN [5].
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5.1. Catecholaminergic neurons of the brainstem

Approximately 20% of the synapses on TRH neurons originate from the
catecholaminergic neurons of the brainstem [138], indicating the critical importance of
this input in the regulation of HPT axis. These axons mainly form asymmetric synapses
on the surface of hypophysiotropic TRH neurons which is indicative of the excitatory
function of these inputs [139]. Two types of catecholaminergic neurons innervate the
hypophysiotropic TRH neurons which can be distinguished by their neurotransmitter
content: adrenergic and noradrenergic neurons [140]. Approximately two thirds of the
catecholaminergic innervation is adrenergic and one third is noradrenergic [140].
Adrenergic inputs originates from the C1-3 regions of the medulla whereas the
noradrenergic innervation of TRH neurons arrives primarily from the A1 and A6 areas of
the brainstem [141]. The catecholaminergic input of TRH neurons has been shown to
mediate the cold induced upregulation of the HPT axis [5]. In cold environment, TRH
gene expression is rapidly and transiently increased in the PVN, which, in turn, causes
increased peripheral TSH and TH levels [142]. This activation of the HPT axis can be
important in the stimulation of thermogenesis in the brown adipose tissue to prevent the
drop of body temperature [5]. The cold induced activation of the hypophysiotropic TRH
neurons is mediated by the catecholaminergic neurons of the medulla, as it can be
inhibited by intraventricular administration of a-adrenergic antagonists [143].
Furthermore, the cold induced activation of the HPT axis is absent in rats during the first
ten postnatal days when the catecholaminergic innervation of TRH neurons is immature
[144]. The activation of the catecholaminergic inputs results in a shift in the set point of
the negative feedback regulation of the hypophysiotropic TRH neurons in a way that
higher thyroid hormone levels are necessary to suppress the TRH gene expression [5].

These changes lead to the development of central hyperthyroidism in cold environment.

5.2. Arcuate nucleus

At least two separate neuron populations of the ARC send projections to TRH neurons
to mediate metabolic signals from the blood to the PVN (fig.4). These two neuron
populations can be distinguished by their neuropeptide content: while one of these
neuronal populations synthesizes a-melanocyte stimulating hormone (a-MSH) and

cocaine- and amphetamine regulated transcript (CART), the other neuronal group
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produces agouti-related protein (AGRP) and neuropeptide Y (NPY) [5, 145]. While both
cell groups are capable of detecting satiety signals, they are regulated oppositely by these

signals and they exert antagonistic effects on the hypophysiotropic TRH neurons [5, 145].

5.2.1. The anorexigenic neuronal population of the ARC

One of the feeding related neuronal groups of the arcuate nucleus synthesizes two
anorexigenic peptides, a-MSH and CART [146, 147]. These neurons are primarily
located in the lateral part of the arcuate nucleus and have crucial role in the regulation of
energy homeostasis [145]. Intracerebroventricular (icv.) administration of a-MSH or
CART markedly inhibit food intake and stimulate energy expenditure [148, 149]. a-MSH
exerts its central effects on the energy homeostasis via two G protein coupled receptors,
the melanocortin 3 and 4 receptors (MC3-R and MC4-R) [150, 151]. Binding of a-MSH
to either MC3-R or MC4-R induces cAMP mediated signaling [152] which results in
rapid phosphorylation of the cAMP-response-element binding protein (CREB) [153]. The
phosphorylated CREB (P-CREB) binds to the cCAMP response element (CRE) in the
promoter of the regulated genes [153].

The signaling pathway of CART is less understood, because of the failure of previous
studies to identify the CART receptor. However, several second messenger systems were
identified that might mediate the effects of CART on the target cells. In CRH neurons,
CART can induce CREB phosphorylation [154]. In the hippocampus, CART inhibits
voltage-dependent intracellular Ca?* signaling probably through the inhibition of L-type
voltage-gated Ca?* channel activity via a G protein dependent pathway [155]. In addition,
in cell culture of AtT20 and PC12 cells, CART induces the phosphorylation of
Extracellular Signal-Regulated Kinase (ERK) [156, 157]. It seems possible that CART
also acts via a G-protein coupled signaling pathway.

In addition to the anorexigenic effect of the centrally administered peptides, the role
of a-MSH and CART in the regulation of energy homeostasis is also supported by the
phenotype of transgenic animals. The lack of a-MSH caused by the mutation of its
precursor proopiomelanocortin (POMC) gene results in hyperphagia and morbid obesity
in transgenic mice [158, 159]. This phenotype is caused by the combined effect of the
increased food intake and the decreased energy expenditure of these animals [158, 159].

A highly similar phenotype was also discovered in humans due to the mutation of the
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POMC gene [160]. Mutation of the MC4-R also results in morbid obesity in both mice
and humans [161]. Indeed, the most frequent monogenic cause of morbid obesity is the
mutation of this receptor [162]. The absence of CART in KO mice results in less profound
phenotype in young animals, but these animals also develop obesity when they are older
[163]. The importance of the a-MSH/CART neurons in body weight regulation gains
further support from the observation of obesity following the ablation of POMC neurons
in adult animals [164].

The o-MSH/CART neurons express receptors for circulating metabolic signals
including glucose, insulin and leptin, and the activity of these neurons is regulated by
nutritional conditions [165]. The activity of the a-MSH/CART neurons and the synthesis
of a-MSH in these cells are markedly stimulated by both insulin and leptin [165]. Leptin
also increases the synthesis of CART [165]. During fasting, when circulating levels of
leptin and insulin fall, a-MSH neurons are inhibited and the a-MSH and CART synthesis
Is repressed [165]. In contrast, leptin administration can prevent this fasting induced
inhibition of the a-MSH/CART neurons [165].

In the rat PVN, about 70% of TRH neurons in the periventricular parvocellular
subdivision and 34% in the medial parvocellular subdivision are innervated by a-
MSH/CART neurons [166]. The axon terminals of anorexigenic neurons of the ARC
typically form asymmetric synapses on the surface of TRH neurons, suggesting that these
neurons have stimulatory effect on the TRH neurons [2]. Indeed, central administration
of both a-MSH and CART have stimulatory effect on the TRH gene expression in the
PVN [2, 149, 166, 167]. Icv. administration of a-MSH or CART to fasted rats stimulates
TRH synthesis [2, 166].

In the hypophysiotropic TRH neurons, a-MSH acts predominantly on type 4
melanocortin receptor (MC4-R) [168] and induces a cascade that results in P-CREB
binding to the CREB response element (CRE) of the TRH gene promoter [169]. This P-
CREB binding contributes to the stimulation of TRH gene expression in
hypophysiotropic neurons [169, 170]. Indeed, mutation of the CRE element in the TRH
promoter can block the stimulatory effect of a-MSH on this promoter [170].

CART has a very similar stimulatory effect on hypophysiotropic TRH neurons [2].
However, the effect of CART seems to be mediated by different second messenger
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pathway as central CART administration does not induce CREB phosphorylation in
hypophysiotropic TRH neurons [154].

5.2.2. The orexigenic neuronal population of the ARC

The medially located feeding related neuron population of the ARC expresses two
orexigenic peptides, neuropeptide Y (NPY) and agouti-related protein (AGRP) [5]. This
neuron population stimulates food intake and decreases energy expenditure [171]. The
central administration of AGRP or NPY has potent orexigenic effect [171]. In the
hypothalamus NPY acts on Y1 and Y5 receptors [172] which have Gi-protein mediated
inhibitory effect on adenylyl-cyclase and converges with a-MSH induced signalization
[173]. AGREP is an endogenous antagonist of a-MSH on the MC3-R and MC4-R [174,
175] therefore, AGRP can also influence the cCAMP-dependent pathway in the target cells.

Toxin-mediated elimination of the AGRP/NPY neuron population in adult transgenic
mice produces dramatically hypophagic animals with increased energy expenditure [164].
Interestingly, neither AGRP- and NPY-KO animals nor the double KO mice have
abnormally hypophagic feeding behavior [176-178], suggesting the development of
compensatory mechanisms.

Similarly to the anorexigenic neuronal group, the orexigenic cell population also
expresses receptors for leptin, insulin and glucose [165], which confirms that these cells
also play role in the detection of metabolic signals. Leptin, insulin and glucose inhibit the
gene expression of NPY, though AGRP synthesis is only influenced by leptin and not by
insulin or glucose [165]. All these metabolic signals inhibit the activity of these cells
[165]. During fasting when the circulating level of leptin is low the AGRP/NPY neurons
are active and the level of both AGRP and NPY expression is elevated [165]. Leptin
administration to fasted rats can decrease the AGRP and NPY synthesis to fed levels,
indicating that leptin is a key regulator of the activity of AGRP/NPY neurons [165].

The AGRP/NPY neurons densely innervate the hypophysiotropic TRH neurons of the
PVN, but as opposed to a-MSH/CART neurons, they form inhibitory synapses [179]. In
addition, the chronic icv. administration of either NPY or AGRP to fed rats can markedly
decrease TRH gene expression, similarly to the effect of fasting [180, 181].

In MC4-R KO mice AGRP has no effect on TRH gene expression, which confirms

that the predominant melanocortin receptor for the regulation of hypophysiotropic TRH
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neurons is MC4-R [182]. NPY can influence the TRH gene expression via both the Y1
and Y5 receptors [183].

5.3. The hypothalamic dorsomedial nucleus

The hypothalamic dorsomedial nucleus (DMN) also innervates densely the
hypophysiotropic TRH neurons of the PVN [5]. Neurons of the DMN predominantly
form symmetric type synapses on the surface of TRH neurons, suggesting an inhibitory
effect [184]. However, the DMN seems to contain both orexigenic and anorexigenic
neuron populations [185]. While neurons of the DMN can directly detect metabolic
signals such as leptin, insulin, ghrelin and glucose [185-188], they also receive massive
innervation from both a-MSH- and AGRP- producing neurons of the ARC, indicating
that the DMN may also relay indirect metabolic information sensed by the ARC neurons
to the TRH system [189, 190]. Since the chemical ablation of the ARC results in the lack
of the regulation of TRH neurons by fasting or leptin [191], it is likely that the regulatory
effect of the DMN on the hypophysiotropic TRH neurons is not independent from the
ARC inputs. Therefore, the ARC-DMN-PVN pathway may serve as an alternative
pathway in the mediation of metabolic signals to hypophysiotropic TRH neurons.

In addition, the DMN also receives input from the suprachiasmatic nucleus (SCN), the
key regulator of the circadian rhythms [112]. Lesions of the DMN reduces circadian
rhythms of wakefulness, locomotor activity, feeding and serum corticosteroid levels
[192]. The DMN has also been shown to play critical role in the food entrainable circadian
regulation of endocrine functions [193]. These observations suggest that the DMN may
integrate the ARC and SCN inputs and contribute to the synchronization of light- and

energy homeostasis mediated regulation of the HPT axis.
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Figure 4. Schematic drawing illustrates the connection between the neuron populations
of the ARC and the hypophysiotropic TRH neurons of the PVN.

The ARC contains two antagonistic neuron populations that project to the TRH neurons
in the PVN. a-MSH-immunoreactive neurons form excitatory synapses on the surface of
TRH neurons and also stimulate the TRH expression by at least two neuropeptides: a-
MSH and CART. To the opposite, AGRP neurons form inhibitory synapses on TRH
neurons and these neurons inhibit the TRH expression by AGRP and NPY release. DMN
receives robust innervation from both a-MSH and AGRP neurons and project to TRH

neurons in the PVN.

6. Regulation of the HPT axis during fasting and refeeding
During longer periods of restricted access to environmental resources, the rapid and

precise adaptation to energy availability has a critical role in survival. Fasting induces a
marked decrease in circulating levels of TH which is accompanied by lower TSH levels

and a significant reduction of TRH gene expression [194-196]. This status referred to as
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central hypothyroidism promotes energy conservation by decreasing basal metabolic rate
and reducing thermogenesis [5]. The fasting induced central hypothyroidism can be
prevented by the chemical ablation of the ARC [191]. Furthermore the lack of ARC
inhibits the stimulatory effect of leptin on TRH gene expression, and also on TSH and
TH release in fasting animals [191]. After 24 hours of starvation when the mass of white
adipose tissue (WAT) is still not reduced significantly, the circulating level of leptin
already falls because of its decreased release from the pool stored in adipocytes [197].
The low circulating level of leptin causes the loss of the activation of a-MSH/CART
neurons which results in decreased stimulatory tone on TRH gene expression [165]. To
the opposite, during fasting the decreased blood-level of leptin stimulates NPY and AGRP
gene expression and the activity of these cells, which, in turn, inhibit TRH neurons in the
PVN [165] (fig.5.).

Leptin administered icv. to rats can induce the phosphorylation of signal transducer
and activator of transcription 3 (STATS3), an intracellular component of leptin receptor
mediated signalization machinery, in the TRH neurons in the PVN [198]. This suggests
that leptin can directly act on TRH neurons. Although the distribution of phosphorylated
STAT3 (P-STAT3)-IR TRH neurons regulated directly by leptin and the pattern TRH
neurons that are activated by a-MSH after leptin administration overlap only partially.
This observation suggests that TRH neurons which are directly regulated by leptin differs
from the ones receiving information about leptin concentration indirectly from the ARC
[198]. The relevance of the ARC-independent leptin signalization pathway is unclear yet,
but the role of this direct leptin signaling pathway seems to be insignificant during fasting
as the inhibitory effect of fasting on the HPT axis is absent in ARC ablated rats [191] and

also in double-transgenic mice lacking both melanocortin and NPY signaling [199].

7. Melanocortin resistance of the hypophysiotropic TRH neurons during the early
phase of refeeding

When animals are refed after fasting, they are satiated 2h after the onset of food intake
[200], but their energy expenditure is increased only after 24h coincidently with the
normalization of TRH gene expression [201]. A quick satiety response of the animals is
accompanied by the presence of c-Fos, a member of the immediate early gene family and

a marker of neuronal activation, in 90% of the a-MSH neurons in the ARC and in the a-
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MSH activated neurons of the ventral parvocellular subdivision of the PVN [200]. In
contrast, only a modest increase in the presence of c-Fos can be observed in TRH neurons
and accordingly, TRH gene, TSH and TH levels are not influenced by this short period
of refeeding [201]. The TRH mRNA expression in the PVN returned to fed level only 24
hours after the start of refeeding [201]. However, the activation of the a-MSH neurons of
the ARC plays critical role in the determination of meal size during the first two hours of
refeeding. During this early phase of refeeding the hypophysiotropic TRH neurons seem
to be resistant to the stimulatory effect of these ARC neurons [201]. The background of
the melanocortin resistance of TRH neurons during the early phase of refeeding is still
unidentified.
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Figure 5. Schematic illustration of the regulatory effect of leptin on the HPT axis.

In fed animals the high circulating level of leptin facilitates the stimulatory effect of a-
MSH neurons on TRH synthesis and represses the inhibitory effect of AGRP neurons on
TRH neurons. These actions result in the release of THs. During fasting reduced
circulating levels of leptin induce the inactivation of a-MSH neurons and cancel the
inhibition of AGRP neurons. The altered activity of neuron populations of ARC results

in the repression of TRH-synthesis which causes the fall of circulating TH levels.
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8. Leptin-induced synaptic rearrangement in the regulation of feeding-related
hypothalamic neuronal groups

Increasing evidence suggests that leptin can induce the synaptic rearrangement of the
hypothalamic feeding-related neuronal circuitry. In the ARC, leptin-related alteration has
been described in the innervation of both feeding related neuron populations that regulate
the TRH neurons [202]. In leptin deficient ob/ob mice, a significant increase in the
number of excitatory postsynaptic currents (EPSC) can be observed onto NPY neurons
compared to WT mice, while the frequency of inhibitory postsynaptic currents (IPSC)
onto the a-MSH-producing POMC neurons was significantly higher in ob/ob mice than
in WT animals [202]. These observations were confirmed by the electron microscopical
comparison of ob/ob and WT mice, which revealed alterations in the total number and
the ratio of excitatory and inhibitory synapses on the surface of both NPY and POMC
neurons in ob/ob mice compared to WT mice [202]. The lack of leptin increases the total
number of synapses on the perikarya of NPY neurons [202]. Although a slight fall can be
observed in the number of inhibitory synapses in ob/ob mice, the dominant effect of the
lack of leptin is the marked increase of excitatory synapses on these cells when compared
to WT animals [202]. In contrast, when studying the perikaryal surface of a-MSH
neurons in ob/ob mice, a remarkable decrease can be observed in the number of excitatory
synapses and a slight, but not significant reduction in the number of inhibitory
connections [202]. In addition, leptin seems to induce changes not only in the incidence
of synaptic inputs to a-MSH/CART and AGRP/NPY neurons but it also contributes to
altered axonal growth of these neurons during development [203]. In the PVN of 10-day-
old ob/ob mice, 10 times less fibers of ARC origin can be observed compared to WT
littermates [203]. Although this disruption in the fiber density decreases in adult mice, a
3 to 4 fold lower density of axons originating from the ARC can still be detected in the
medial parvocellular subdivision of the PVN of leptin deficient mice [203]. The chronic
intraperitoneal (i.p.) leptin injection to 4-days-old ob/ob mice can prevent the disruption
of axonal growth from the ARC to the PVN, corroborating the essential role of leptin in
the stimulation of the development of the hypothalamic feeding-related neuronal network
[203]. Although leptin treatment of adult ob/ob mice does not reverse the decreased ARC
innervation of the PVN [203], transcriptional-profiling studies suggest that in the PVN of
adult mice leptin regulates genes like basigin (Bsg), apolipoproteinE (ApoE), growth
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associated protein 43 (Gap43), synuclein-y and GABAA receptor associated protein
(Gabarap); these genes are involved in synapse formation and neuronal growth [204].
These data about role of leptin in the regulation of hypothalamic synaptic plasticity
suggest that leptin may also regulate TRH gene expression by influencing the synaptic

plasticity of the arcuato-paraventricular pathway.

9. Non-hypophysiotropic TRH neurons

Although the first described and most studied role of TRH is its hypophysiotropic
function, TRH is also released as a neurotransmitter modulating synaptic transmission
within the central nervous system. TRH synthesizing neurons are located in many areas
of the CNS, such as the olfactory bulb [205], septum [206], brainstem [207], amygdala
[208], cerebellum [209], cortex [210] and the hypothalamic PVN [5, 211], periventricular
nucleus [111, 211], DMN [111, 211], perifornical area [111] and the lateral hypothalamus
[211]. The function of the non-hypophysiotropic TRH-expressing neuron populations is
less well understood although TRH is known to have wide non-hypophysiotropic effects,
like analgesia, anticonvulsant activity, increase of arousal, memory facilitation, increase
of locomotor activity, organ specific increase of blood flow and intensified
gastrointestinal activity [5]. In addition, increasing evidence indicates that some of the
non-hypophysiotropic TRH neuron populations in the hypothalamus may also play role
in the regulation of energy homeostasis; non-hypophysiotropic TRH-synthesizing
neurons of the anterior PVN and perifornical area seem to be involved in the appetite
regulation [212, 213].

Examination of TRH knock out (TRH-KO) mice indicates that the lack of TRH
induces several alterations that are related to the non-hypophysiotropic roles of TRH
[108]. In these mice behavioral abnormalities like depressive mood and alcohol
intolerance can be observed [108]. In accordance, TRH expression is often altered in
psychiatric disorders [214]. Although centrally administered TRH has well known
anorexigenic effect [215], the data about the body weight and development of the TRH-
KO animals is controversial. Interestingly, at the age of 4 weeks the TRH-KO mice were
smaller than WT animals, but no significant difference was observed between the two

groups at postnatal week 8 [107].
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10. Identification of the activated elements of neuronal networks

In the studies applying c-Fos immunolabeling for the identification of the activated
neurons, the question of the neuronal input of identified cells is always difficult.
Generally, double labeling immunohistochemical methods are used for the visualization
of the connection between axons and perikarya [166]. Although the observation of axon
varicosities on the surface of a neuronal cell body cannot verify the synaptic
communication, but it indicates, at least, the anatomical connectivity of the two neuronal
structures. Therefore, analyses of the presence of immunoreactive boutons on the surface
of perikarya at light microscopic level can be helpful to estimate the extent of the
interaction of the two systems, if the presence of synapses is validated by electron
microscopy [166].

Althought c-Fos labeling can identify the activated neurons, the analysis of their inputs
is not possible with this technique in the absence of cytoplasmic labeling in the activated
neurons.

The Nissl-staining method is a widely used counterstaining method which labels the
cytoplasm of neurons based on the interaction of basic dyes and the nucleic acid content
of the cells [216, 217]. These dyes, such as cresyl violet, toluidine blue, anylin, methylen
blue and thionine bind to the DNA with strong affinity and visualize primarily the cell
nuclei, but also label the cytoplasmic RNA content of the cells [216]. Since remarkable
amount of protein is continuously synthesized in neurons, a high concentration of rough
endoplasmatic reticulum can be observed in the cytoplasm of these cells [218, 219]. Nissl-
staining is often used in combination with immunohistochemical methods as a
counterstaining approach to facilitate the mapping of the labeled cell populations [220-
222]. Unfortunately, after the immunolabeling procedure Nissl-dyes often visualize only
the cell nuclei, but not the cytoplasm, making the counterstaining less valuable [220-222].
In this case the individual determination of the contacts of the c-Fos labeled neurons is
not possible. We hypothesized that the lack of cytoplasmic labeling after
immohistochemical processes is caused by the digestion of the RNA content of the
neurons by RNase enzyme contamination and that the application of RNase-free
conditions and RNase inhibitors during the immunohistochemical processes could

improve the labeling of cytoplasm by the subsequent Nissl-staining.
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IV. Specific aims

1. To map the distribution of hypophysiotropic TRH neurons in the mouse hypothalamus

2. To determine the route of T3 transport between the thyroid hormone activating

tanycytes and the hypophysiotropic TRH neurons

3. To clarify the mechanism of the melanocortin resistance of the hypophysiotropic TRH

neurons during refeeding

4. To develop an improved method for the combined use of immunocytochemistry and

Nissl-staining
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V. Materials and methods

1. Animals

The rodent species and strains used for the studies of the thesis are summarized in

Table 1. The animals were housed under standard environmental conditions (light
between 6:00 A.M. and 6:00 P.M., temperature 22°C, food and water ad libitum) in the

animal facility of the Institute of Experimental Medicine of the Hungarian Academy of

Sciences. All experimental protocols were reviewed and approved by the Animal Welfare

Committee at the Institute of Experimental Medicine of the Hungarian Academy of

Sciences and carried out in accordance with legal requirements of the European

Community.

Table 1. Summary of animals used in different experiments

Study

Species

Strain

Sex

Weight

Mapping the distribution of
hypophysiotropic TRH neurons in
the mouse hypothalamus

Mouse

CD1

Male

28-30g

Identification of the transport route
between the thyroid hormone
activating tanycytes and

hypophysiotropic TRH neurons

Rat

Wistar

Male

220-250g

Mouse

CD1

Male

28-30g

Deciphering the mechanism of the
melanocortin resistance of
hypophysiotropic TRH neurons
during refeeding

Mouse

TRH/Cre-
ZIEG

Male

28-30g

Development of an improved
method for combined use of
immunocytochemistry and Nissl-

staining

Rat

Wistar

Male

300-310g
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2. Tissue preparation and labeling
2.1. Methods used for mapping the distribution of hypophysiotropic TRH neurons in the

PVN of mice
2.1.1. Flouro-Gold injection and tissue preparation for immunocytochemistry

To detect hypophysiotropic neurons, 4 mice received intravenous injection of Fluoro-
Gold (15ug/g BW in 100ul 0.9% saline, Fluorochrome. Llc., Denver, CO., USA). Two
days later, the mice were injected intraperitoneally with the same dose of Fluoro-Gold to
further enhance the labeling in the hypophysiotropic cell bodies. Fluoro-Gold is a
retrograde tracer which is not able to pass through the BBB. Therefore, only the axons
terminating outside of the BBB, including the axon terminals of hypophysiotropic TRH
neurons in the median eminence can take up Fluoro-Gold from the circulation and
transport it to their perikarya where the accumulation of this tracer can be detected. Since
non-hypophysiotropic TRH neurons have no direct connection with the circulation, they
are not able to concentrate Fluoro-Gold. Therefore, the presence of Fluoro-Gold uptake
in TRH-IR perikarya is indicative of the hypophysiothropic nature.

Five days after the second tracer injection, the deeply anesthetized animals (ketamine:
50 ng/g; xylazine: 10 ug/g body weight, i.p.) were icv. treated with colchicine, an
inhibitor of axonal transport (1 ug/g body weight) by injection through a 26 G needle
placed into the lateral ventricle under stereotaxic control (coordinates from Bregma:
antero-posterior —0.2 mm, lateral —1mm, dorsoventral -2.5mm) [223]. The colchicine
treatment was applied to facilitate the detection of TRH-IR perikarya. In intact animals,
only a few TRH-IR perikarya are detectable with immunocytochemistry in the PVN,
because TRH is rapidly transported to the axons. In contrast, the colchicine induced
inhibition of axonal transport markedly increases the TRH-content of cell bodies and
therefore, the detectability of the perikara of TRH neurons. Control animals were not
injected with Fluoro-Gold, but received icv. colchicine treatment as described above.
Twenty hours after the colchicine treatment, the animals were deeply anesthetized with
ketamine-xylazine and perfused through the ascending aorta with 10 ml phosphate
buffered saline (PBS; pH 7.4), followed by 30 ml 1% acrolein + 3% paraformaldehyde
(PFA) in PBS, and finally 20 ml 3% PFA in PBS. Both PFA and acrolein form irreversible
cross-links between the primary amino groups of proteins, resulting in the fixation of

tissues. PFA is used in most routine immunocytochemical detections. However, TRH is

35



DOI:10.14753/SE.2014.1934

a very small peptide and the antibody used for the detection of TRH was produced against
TRH conjugated to bovine serum albumin (BSA) with acrolein, which markedly modifies
the structure of TRH. Therefore, the antiserum raised this way can only recognize TRH
if the tissue is also perfused with an acrolein-containing tissue fixative.

After perfusion, the brains were removed and cryoprotected in 20% sucrose containing
PBS at 4°C overnight, to prevent frezeing artefacts, and then, frozen on dry ice. Twenty-
five micrometer thick, coronal sections through the rostro-caudal extent of the PVN were
cut on freezing microtome (Leica Microsystems, Weltzar, Germany), collected in four
identical sets in cryoprotective solution (30% ethylene-glycol; 25% glycerol; 0.05 M
phosphate buffer) and stored at -20°C until used.

2.1.2. Pretreatment for single-, double- and triple labeling immunocytochemistry

The sections were treated with the strong reducing agent sodium borohydride (1% in
distilled water for 30 min) to extinguish the free aldehyde activity of acrolein by reducing
it to hydroxyl group. Then the sections were incubated in a mixture of 0.5% Triton X-
100, a detergent applied to increase the permeability of cell membranes, and 0.5% H>0>
to inhibit the endogenous peroxidase activity (in PBS for 15 min). Nonspecific antibody
binding was blocked with 2% normal horse serum (NHS) in PBS for 15 min. The sections
were then processed for single-, double- or triple labeling immunocytochemistry as

described below.

2.1.3. Single-labeling immunocytochemistry for TRH

The sections were incubated in sheep anti-TRH serum (1:4000, generated in our
laboratory, # 08W2) in serum diluent (2% NHS, 0.2% PhotoFlo, 0.2% sodium azide in
PBS) for two days at 4°C, followed by incubation in biotinylated donkey anti-sheep 19G
(1:500, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for two hours at
room temperature. Then the sections were immersed in Avidin-Biotin-Peroxidase
complex (ABC) (1:1000 Vector Laboratories Inc., Burlingame, CA, USA) in 0.05 M Tris
buffer (TB) (pH 7.6) for 1 hour. The peroxidase activity of the antibody-ABC complex
was visualized by Ni-DAB developer [mixture of 0.05% diaminobenzidine (DAB),
0.15% Nickel-ammonium-sulfate, 0.005% H»O in 0.05 M Tris buffer] that resulted a

dark blue precipitate in the TRH-IR neurons. Then the sections were mounted onto glass
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microscope slides from 0,3% polyvinyl alcohol disolved in distilled water (Elvanol).
After dehydrating the sections in ascending series of ethanol and xilene, they were
coverslipped with DPX mounting medium (Sigma-Aldrich Inc., St. Louis, MO, USA)

2.1.4. Triple-immunofluorescent labeling to detect Fluoro-Gold, TRH and vasopressin or
oxytocin

Triple immunofluorescent labeling was performed for Fluoro-Gold, TRH and the
secreted peptide hormone of one of the two magnocellular neuron population: AVP or
OT, to map the hypophysiotropic TRH neurons in the PVN of mice and determine their
relationship with the magnocellular neurons. Although Fluoro-Gold shows
autofluorescence, the detection of the hypophysiotropic neurons was facilitated with
immunofluorescencent labeling of the tracer resulting in brighter and more stable
fluorescent signal.

The sections were pretreated as described above and incubated in a mixture of rabbit
anti-Fluoro-Gold serum (1: 24,000, Chemicon, EMD Millipore Corp., Billerica, MA,
USA ), sheep anti-TRH serum (1:4000) and mouse anti-AVP-neurophysin (AVP-NP)
antibody (1:500, PS-41; gift from Dr H.Gainer, NIH, Bethesda, MD, USA) or mouse anti-
oxytocin-neurophysin (OT-NP) (1:500, PS-38; 1/1000, kindly provided by Dr. Sharon
Key, Public Health Service, NIH, Bethesda, MD, USA) in serum diluent for two days at
4°C. Then, the sections were incubated in the following mixture of secondary antibodies:
biotinylated donkey anti-rabbit 1gG for detection of Fluoro-Gold (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA), Alexa 555-conjugated donkey
anti-sheep IgG for detection of TRH (1:500, Invitrogen, Life Technoligies Corp., Grand
Island, NY, USA) and FITC-conjugated donkey anti-mouse IgG for identification of
AVP-NP or OT-NP (1:50, Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) in serum diluent at room temperature for 2 hours. This was followed by an
incubation in ABC reagent at 1:1,000 dilution in 0.05 M TB for 1 hour. The
immunoreaction detecting Fluoro-Gold was further amplified using the biotinylated
tyramide (BT) TSA amplification kit (Perkin Elmer Life and Analytical Sciences,
Waltham, MA, USA) according to the manufacturer’s instructions. Finally, the sections
were incubated in Cy5-conjugated streptavidin (1:200, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) diluted in serum diluent, for 1.5 h. The sections

37



DOI:10.14753/SE.2014.1934

were mounted onto glass microscope slides from TB and coverslipped with Vectashield
mounting medium containing DAPI fluorescent counterstain (Vector Laboratories Inc.,
Burlingame, CA, USA).

2.1.5. Double-labeling immunofluorescence for TRH and CART

The sections were incubated in sheep anti-TRH serum (1:4000) and mouse anti-CART
antibody (1:1500, gift from Dr. Jes Thorn Clausen, Novo Nordisk A/S, Denmark) for 2
days at 4°C. Then, the sections were treated with a mixture of Alexa 555-conjugated
donkey anti-sheep 1gG for labeling the antibodies against TRH (1:500, Invitrogen, Life
Technologies Corp., Grand Island, NY, USA) and FITC-conjugated donkey anti-mouse
IgG for the visualisation of anti-CART IgGs (1:300, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) for 2 hours at room temperature. After the
immunocytochemistry the sections were mounted onto glass microscope slides from TB
and coverslipped with Vectashield mounting medium containing DAPI.

2.1.6. Nissl-counterstaining

To study the organisation of the PVN in mice, Nissl-counterstaining was performed in
sections from different levels of the PVN. Nissl-counterstaining facilitated the
discrimination of magno- and parvocellular subdivisions of the PVVN and helped visualize
the borders of the nucleus. The sections without any pretreatment were mounted onto
gelatine-coated slides, dehydrated with an ascending series of ethanol, treated with xylene
for 5 min and rehydrated in a descending series of ethanol and in MilliQ water. Then, the
sections were treated with 0.1% cresyl-violet solution (disolved in distilled water and
acidified by 0.31% acetic acid) for 3 min followed by differentiation in acetic acid in
100% ethanol (at 1:50,000 dilution) for 5 sec [217]. Following dehydration in an
ascending series of ethanol, the sections were treated with xylene and coverslipped using
DPX Mounting medium.
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2.2. Methods to identify the route of T3 transport between the thyroid hormone activating
tanycytes and the hypophysiotropic TRH neurons
2.2.1. Tissue preparation and single-labeling immunocytochemistry for brightfield
microscopical detection of MCT8 in the median meninence

Deeply anasthesized mice (n=5) were transcardially perfused with 10ml PBS followed
by 30ml of 4% acrolein + 2% PFA in PBS, and then 20ml 4% PFA in PBS. After that,
the brains were removed and cryoprotected in 20% sucrose in PBS at 4°C overnight.
25um-thick coronal sections were prepared from the brains with a freezing microtome
(Leica Microsystems, Weltzar, Germany) and stored in cryoprotective solution. To
visualize the presence of MCT8 in hypophysiotropic axon terminals of the rat
hypothalamus, sections were pretreated for immuncytochemical labeling as it was
described earlier in Section 2.1.2. The sections were then incubated in anti-MCT8 rabbit
polyclonal serum (1:5,000, kind gift of Dr. TJ Visser, Rotterdam, The Netherlands). The
primary antiserum was reacted with biotinylated donkey anti-rabbit 1gG (1:500, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) for 2 hours, followed by
incubation in ABC (1:1,000) for 1 hour. The peroxidase signal was visualized using Ni-
DAB developer. The resulting reaction product was silver-gold-intensified using the
Gallyas method [224]. The immunostained sections were mounted onto glass slides from
Elvanol, air dried, and coverslipped with DPX mounting medium (Sigma-Aldrich Inc.,
St. Louis, MO, USA).

2.2.2. Tissue preparation and single-labeling immunocytochemistry for electron
microscopic detection of MCT8 in the median eminence

To study the cellular and subcellular distribution of MCT8 in the median eminence,
rats (n=5) were perfused transcardially, first with 50 ml PBS, followed by 150ml 4%
acrolein + 2% PFA in phosphate buffer (PB) and 50ml 4% PFA in PB, under deep
anesthesia. The brains were removed and postfixed in 4% PFA overnight. Next day, 30-
50um-thick coronal sections were cut on a Leica VT 1000S Vibratome (Leica
Microsystems, Weltzar, Germany). Free aldehyde groups and the endogenous peroxidase
activity were eliminated by treatment in 1% sodium borohydride (30 min in PBS) and in
0.5% H202 (15 min in PBS), respectively. The sections were cryoprotected in 15%

sucrose in PBS for 15 min, and then, in 30% sucrose in PBS for 12h at 4°C. This was
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followed by permeabilization using three sequential freeze-thaw cycles in liquid nitrogen.
Finally, 2% normal horse serum (in PBS) was applied (20 min) to prevent nonspecific
antibody binding. The pretreated sections were incubated in rabbit anti-MCT8 serum
(1:20,000 for two days at 4°C, followed by biotinylated donkey anti-rabbit 1gG (1:500,
Jackcon ImmunoResearch Laboratories, USA) for 2 h and ABC complex (1:1,000) for
1.5 h. The immunoreactivity was visualized with Ni-DAB developer. Finally, the
immunoreaction product was intensified using the Gallyas silver-gold method [224]. The
sections were treated with 1% osmium tetroxide for 60 min. This treatment preserves the
lipid membranes of the sections, and the binding of heavy metal to the lipids also
facilitates the electron microscopic visualization of lipid membranes. The treatment in
2% uranyl acetate (prepared in 70% ethanol) for 40 min provides further contrast to the
cell membranes. The sections were then, dehydrated in an ascending series of ethanol and
propylene oxide, and flat-embedded in TAAB 812 medium epoxy resin (TAAB
Laboratories Equipment Ltd., Aldermaston, United Kingdom) between a glass
microscope slide and a glass coverslip precoated with liquid release agent (Electron
Microscopy Sciences, Hatfield, PA, USA). The embedded sections were photographed
and then, cut into ultrathin sections (50-60nm) with a Leica Ultracut UCT ultramicrotome
(Leica Microsystems, Weltzar, Germany). The ultrathin sections were mounted onto
formvar-coated single slot grids, and contrasted with 2% lead citrate.

2.2.3. Tissue preparation and double-immunofluorescent labeling for the detection of
MCT8 and TRH in the median eminence

Double-immunofluorescent labeling was carried out on tissue sections of rat
hypothalami perfused with 4% acrolein + 2% PFA as described above. To facilitate
antibody penetration and decrease non-specific labeling, the same pretreatments were
applied as described in Section 2.1.2.. The sections were incubated in the mixture of rabbit
anti-MCT8 (1:1,000) and sheep anti-TRH (1:1,500, #08W2) antisera for 2 days. Then,
the primary antibodies were detected with Alexa555-conjugated donkey anti-rabbit 1gG
(Invitrogen, Life Technologies Corp., Grand Island, NY, USA) and FITC-conjugated
donkey anti-sheep 1gG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
(both 1:500, for 2 hours). The sections were mounted onto glass slides from TB and

coverslipped with Vectashield mounting medium.
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2.3. Methods used for studies focusing on the mechanism of the melanocortin resistance
of the hypophysiotropic TRH neurons during refeeding
2.3.1. Tissue preparation

Since colchicine treatment highly influences the neuronal transmission and therefore,
the regulation of neuronal systems, we could not study the neuronal plasticity in the brain
of colchicine treated animals. Therefore, to facilitate the visualisation of TRH expressing
neurons, double-transgenic mice were used in these studies. We have crossed floxed
indicator Z/EG mice (The Jackson Laboratory, Sacramento, CA, USA) that can express
green fluorescent protein (GFP) only in Cre recombinase expressing cells with TRH/Cre
mice (generated in our laboratory) that express Cre recombinase only in TRH neurons.
The resultant double-transgenic (TRH/Cre-Z/EG) mice expressed GFP only in the TRH
neurons.

The double-transgenic animals were divided into 5 groups: 1) fed with standard rodent
chow (n=5) 2) fasted for two days (n=5) 3) fasted for two days and refed for 2 hours (n=3)
4) fasted for two days and refed for 24 hours (n=3) 5) Treated with leptin (12pg/day, for
2 days) using an osmotic minipump for subcutaneous infusion (1003D, Alzet Corp.,
Cupertino, CA, USA) during the two days of fasting (n=3). At the completition of the
experiment, the mice were deply anaesthesized and perfused through the ascending aorta
with 10ml PBS followed by 40ml 4% PFA in PBS. The brains were removed and
postfixed for 2 hours in 4% PFA in PBS. After postfixation, the brains were cryoprotected
in 20% sucrose at 4°C overnight, and then, frozen on dry ice. Twenty-five pm-thick
coronal sections through the rostro-caudal extent of the PVN were cut on a freezing
microtome. The sections were treated with a mixture of 0.5% TritonX-100 and 0.5% H20-
in PBS for 15min. Nonspecific antibody binding was blocked with 2% normal horse
serum (NHS) in PBS for 15 min.

2.3.2. Triple-labeling immunofluorescence for GFP, AGRP and a-MSH

Although the autofluorescence of the GFP expressed by the TRH neurons can be
detected with confocal microscope the immunofluorescent detection of GFP was used to
further facilitate the visualization of TRH neurons. The pretreated sections were

incubated in a mixture of rabbit anti-AGRP (1:1,000, Phoenix Pharmaceuticals Inc.,
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Burlingame, CA, USA), sheep anti-a-MSH (1:10,000, kindly provided by Jeffrey B.
Tatro, Tufts Medical Center, Boston, MA, USA) and mouse anti-GFP (1:5000,
Chemicon, EMD Millipore Corp., Billerica, MA, USA) antisera for 2 days at 4°C in
antibody diluent. Then, the sections were incubated in the following mixture of secundary
antibodies: Alexa555-conjugated anti-sheep IgG for the detection of a-MSH (1:500,
Invitrogen, Life Technologies Corp., Grand Island, NY, USA), FITC-conjugated anti-
mouse 1gG for the intensification of GFP (1:250, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) and biotin-conjugated donkey anti-rabbit IgG for the detection of
AGRP (1:500, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Then,
the sections were treated with ABC (1:1,000 for 1h) and BT (1:1,000 for 10 min) and
finally, AGRP immunoreactivity was visualized with Cy5-conjugated streptavidin
(1:250, Jackson ImmunoResearch Laboratories, West Grove, PA, USA, for 2h). The
sections were mounted onto glass slides from TB and coverslipped vith Vectashield

mounting medium.

2.4. Method for combined use of immunocytochemistry and Nissl-staining

To demonstrate that the refeeding-activated neurons in the ventral PVN are contacted
by axons containing NPY, double-labeling immunocytochemistry combined with Nissl-
staining was performed. Since the presence of the activation marker c-Fos can be
observed exclusively in the nucleus of cells, the cytoplasmic staining by Nissl-dye is
essential for the visualization of the contacts between the perikaryon of the activated

neurons and their NPY-containing afferent axons.

2.4.1. Tissue preparation

Three male Wistar rats were fasted for 3 days, and then, refed for 2 hours before
perfusion. The animals were deeply anesthesized and transcardially perfused with 20ml
PBS, followed by 150ml 4%PFA in PBS. Then, 25-um-thick coronal sections were

prepared with a freezing microtome.
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2.4.2. Standard double-labeling immunocytochemistry for c-Fos and NPY

The sections were treated with 0.5% Triton X-100 and 0.5% H>0O> in 0.01M PBS for
15 min. To reduce nonspecific antibody binding, the sections were treated with 2%
normal horse serum in PBS for 15 min. Then, the sections were incubated in rabbit
antiserum against c-Fos (1:30,000, Ab-5, Calbiochem, EMD Millipore Corp., Billerica,
MA, USA) for 2 days at 4°C. During standard immunocytochemical procedures, all
antisera were diluted in TB containing 2% normal horse serum, 0.2% Kodak Photo-Flo
and 0.2% sodium-azide. After the incubation in c-Fos antiserum, the sections were
washed in PBS and incubated in biotin-conjugated donkey anti-rabbit 1gG (1:500, 1,5h,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA), followed by an
incubation in ABC reagent (1:1,000 dilution in TB) for 1 hour. The signal was visualized
by Ni-DAB developer which resulted in a dark blue precipitate. Then, the sections were
incubated in sheep anti-NPY serum (1:100,000, gift from Dr. Istvan Merchenthaler,
University of Maryland, School of Medicine, USA) for 1 day at 4°C, rinsed in PBS and
incubated in biotinylated donkey anti-sheep IgG (1:500, 2h, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). This was followed by an ABC treatment step
(1:1,000, 1h). The signal was visualized by 0.025% DAB/0.0036% H20 in TB. The
discrimination between the dark blue Ni-DAB staining and the light brown DAB label
was facilitated by the different intracellular location of the chromogens: c-Fos was

detected in cell nuclei, whereas NPY was located in axons in the PVN.

2.4.3. RNase-free double-labeling immunocytochemistry for c-Fos and NPY

For RNase-free immunocytochemistry, the sections were treated very similarly than
for standard immunocytochemistry, but with the following modifications. All solutions
were prepared with MilliQ water treated with diethylpyrocarbonate (DEPC, 0.2ul/ml)
overnight and autoclaved to destroy the potential RNase contamination. PBS stock
solution was also treated with DEPC (0.2ul/ml) overnight at room temperature and
autoclaved. Antibodies were dissolved in the following solutions: 1% BSA, 0.2% sodium
azide and 15 U/ml heparin in 0.01M PBS or 0.01M TB. Heparin was used to inhibit the
RNase activity in the antisera. The primary antibodies were used at the following
dilutions: rabbit antiserum against c-Fos: 1:15,000 and sheep NPY antiserum: 1:50,000.
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2.4.4. Counterstaining

Nissl-counterstaining was performed identically that was described earlier in Section
2.1.6.. The immunostained sections that were mounted on gelatine-coated slides were
dehydrated with ascending series of ethanol, treated with xylene for 5 min and rehydrated
in descending series of ethanol and in MilliQ water. Then, the sections were treated with
1% cresyl violet solution (in 0,31% acetic acid diluted in distilled water) for 3 min
followed by differentiation in acetic acid in 100% ethanol (at 1:50,000 dilution) for 5 sec.
Then the sections were dehydrated again with ascending series of ethanol and xylene and

coverslipped with DPX mounting medium.

3. Image analyses

Table 3. summarizes the microscopic techniques used for image analysis.

Table 3. Microscopic techniques used for the analyses of immunostained sections in

different experiments of the PhD thesis

Study Experiment Microscopic technige

Mapping the distribution

of hypophysiotropic TRH
neurons in the mouse Mapping of TRH-IR
hypothalamus neurons in the PVN Brightfield microscopy

Comparive analysis of the
distribution of
hypophysiotropic TRH
neurons and vasopressin
and oxytocin neurons in Confocal and fluorescent

the PVN microscopy

Co-localization of CART
and TRH in the PVN of Confocal and fluorescent

mice microscopy
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Identification of the
transport route between the

thyroid hormone activating | Presence of MCT8 in the

tanycytes and hypophysiotropic axon
hypophysiotropic TRH terminals in the median Brightfield- and electron
neurons eminence microscopy

Co-localization of MCT8
and TRH in
hypophysiotropic axon
terminals Confocal microscopy

Determination of the
Deciphering the number of a-MSH- and
mechanism of the AGRP-boutons in contact
melanocortin resistance of | with TRH neurons under
hypophysiotropic TRH different metabolic
neurons during refeeding | conditions Confocal microscopy

Development of an
improved method for Comparison of the effect
combined use of of standard and RNase-free
immunocytochemistry and | immunocytochemistry on

Nissl-staining Nissl-counterstaining Brightfield microscopy

3.1. Confocal microscopy

Images were taken with a Biorad Radiance 2100 confocal laser-scanning microscope
(Bio-Rad Laboratories, Hertfordshire, UK) using 20X, 40X and 60X objectives and the
following laser lines: 488nm for FITC, 543nm for Cy3 and Alexa555 and 637nm for Cy5.
The following dicroic/emission filters were used: 560nm/500-530nm for FITC, 650/560-
625nm for Cy3 and Alexa555 and a 660nm-long pass filter for Cy5.

To study the co-localization of TRH and FluoroGold, 40x magnification images were
taken with 0.5 pm Z-steps through the entire PVVN. The location of TRH-, Fluoro-Gold-,
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OT-NP-, AVP-NP- and CART immunoreactivities was detemined on individual optical
slices with the ImageJ software (http://rsbweb.nih.gov/ij/). The maps of the localization
of TRH neurons in the PVN were drawn in CorelDRAW11 software. The presence of all
immunolabeled neurons in representative sections was marked on the maps. Images of
the blue DAPI signal were taken with Axiolmager M1 microscope (Carl Zeiss, Inc., Jena,
Germany) and overlaid with the fluorescent images of the immunostainings to facilitate
the differentiation between magnocellular and parvocellular divisions. The composite
images were prepared with the Adobe Photoshop CS program. The borders of the
divisions were drawn in CoreDRAW11 software based on DAPI-staining. The contrast
and brightness weres adjusted in Adobe Photoshop CS software.

The largest perikaryon diameter of randomly selected 50 TRH- and 50 vasopressin-
containing neurons and 100-100 randomly selected Nissl-stained neurons located in the
compact part of the PVN or in the mid level medial part of the PVN, respectively, from
each animal was measured with ImageJ software.

To determine the number of a-MSH- and AGRP-IR axon varicosities in contact with
the surface of TRH neurons, one section from the mid level of the PVN was analyzed
from each animal. The selected sections were matched to ensure the analysis of identical
section planes. Confocal microscopic images were taken from both sides of the PVN at a
60X magnification. The images were taken using 0.5um Z-steps. The number of AGRP-
and a-MSH-IR boutons was determined on all TRH neurons on both sides of the PVN.
The TRH neurons were used for the analyses only if the perikaryon was present entirely

in the section.

3.2. Electron microscopy

The ultrathin sections were examined with a Jeol-100C (Jeol Ltd., Tokyo, Japan)
transmission electron microscope. The brightness and contrast of the digital photographs
were adjusted in Adobe Photoshop CS program.
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3.3. Brightfield microscopy

Images were taken with an Axiolmager M1 microscope (Carl Zeiss, Inc., Jena,
Germany) using 10X, 20X and 60X objectives. Brightness and contrast were adjusted
with Adobe Photoshop CS software.

4. Statistical analyses
The statistical significance of the data was analyzed using T-test;, ANOVA and

Neuman-Kuels analyses, using the Statistica9 software package.

5. Specificity of the primary antisera
5.1. Sheep anti-TRH serum

The sheep antiserum against TRH (# 08W2) was raised in our laboratory against TRH
conjugated to BSA with acrolein [213]. The specificity of the antiserum for
immunocytochemistry was tested by preabsorption with TRH (Bachem Corp.,
Bubendorf, Switzerland) at 80 pug/ml concentration, which treatment resulted in the
complete loss of immunostaining. The distribution of the immunoreactive elements was

the same as previously described [111].

5.2. Mouse monoclonal antibody against CART

CART immunoreactivity was visualized using a mouse monoclonal antibody raised
against purified recombinant CART(41-89) [225]. Recombinant CART(41-89) was
conjugated to ovalbumin with carbodiimide. The specificity of CART antiserum was
tested by the combination of single-labeling immunocytochemistry for CART and in situ
hybridization using antisense RNA probes directed against the rat CART cDNA (bp 226-
411; GenBank accession number U10071). The distribution of CART-IR cells in
colchicine-treated material matched with the in situ hybridization distribution, suggesting

that all cells expressing CART constitutively are visualized [147].

5.3. Monoclonal antibodies produced against OT-NP or AVP-NP
For monoclonal anti-OT-NP and anti-AVP-NP antibodies, BALB/c mice were
immunized intraperitoneally with acid-soluble extracts of rat neurointermediate lobes in

complete Freund’s adjuvant. Spleen cells of these mice were isolated and immortalized
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by fusion with myeloma cells. Each clone producing monoclonal antibodies were cultured
separately. The monoclonal antibodies of each «clone was tested by
immunohistochemistry and solid and liquid phase radioimmunoassay. With light
microscopic immunohistochemistry, both anti-OT-NP and anti-AVP-NP stained
exclusively the posterior pituitary, and the paraventricular and supraoptic nuclei of rat
hypothalamus. The radioimmunoassay demonstrated that anti-AVP 1gG (PS-41) is highly
specific for the complex of AVP-NP and does not cross-react with OT-NP, whereas anti-
OT-NP IgG (PS-38) reacts with OT-NP exclusively. In addition, peptides synthesized in
the rat neurointermediate lobe, i.e., dynorphin A and dynorphin B (100 pmol/tube), B-
endorphin (100 pmol/tube), a-MSH (1000 pmol/tube), and angiotensin 11 (10,000
pmol/tube), did not affect antibody binding [226].

5.4. Rabbit anti-Fluoro-Gold serum
Rabbit antiserum raised against Fluoro-Gold did not give any staining on sections

originating from mice without Fluoro-Gold treatment.

5.5. Rabbit MCT8 antiserum

To test the specificity of the anti-MCT8 antibody in the examined region,
hypothalamic sections of MCT8-KO mice were used as a negative control (the MCT8-
KO brain was kindly provided by Dr. H. Heuer, Jena, Germany). MCT8-
immunoreactivity was completely absent in the median eminence of the MCT8-KO mice
[227].

5.6. Sheep anti-a-MSH serum

The specificity of the antiserum was demonstrated by the loss of immunoreactivity
after preabsorption of the diluted antiserum with an excess of synthetic a-MSH
(10°mol/I) peptide [228].

5.7. Rabbit anti-AGRP serum
The specificity of the polyclonal antibody was verified by preabsorbtion of the
antiserum with the peptide antigen fragment AGRP (83-132)-NH> which resulted the

complete loss of the immunolabeling [179].
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5.8. Rabbit c-Fos antiserum

The polyclonal antibody developed by Calbiochem (EMD Millipore Corp., Billerica,
MA, USA) against a synthetic peptide (SGFNADYEASSSRC) corresponding to amino
acids 4-17 of human c-Fos. However it reacts with mouse and rat c-Fos and the retroviral
v-Fos proteins. The early response transcription factor c-Jun do not affects the antibody
binding. The staining capability of the antiserum was tested by the producer on sections
of rat brain with induced c-Fos expression which resulted in a highly specific staining

pattern.

5.9. Sheep antiserum against NPY

The specificity of immunostaining with the NPY antiserum was demonstrated by the
loss of immunoreactivity after preabsorption of the diluted antiserum with an excess of
synthetic NPY peptide (10-°mol/l) [228].
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V1. Results

1. Distribution of hypophysiotropic TRH neurons in the mouse hypothalamus
1.1 The organization of the PVN in mice
We observed that the organization of the mouse PVN is highly different from the
organization of the PVN in rats. Therefore, instead of using the nomenclature of the
mouse brain atlas by Paxinos and Franklin [223] which was adapted the rat brain
nomenclature [229], we have divided the mouse PVN into five parts (Fig. 6). These parts
are as follows:
- compact = a cell dense region in the midlevel of the PVN which contains both magno-
and parvocellular cells (Fig. 6B)
- periventricular = 3-5 cell wide zone adjacent to the third ventricle (Fig. 6A-C)
- anterior = cranial to the compact part (Fig. 6A)
- mid level medial = located between the compact part and the periventricular zone at the
midlevel of the PVN (Fig. 6B)

- posterior = located caudal to the compact part (Fig. 6C)
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Figure 6. Illustration of the nomenclature used to define the parts of the mouse PVN.

Borders of the parts of the mouse PVN are labeled on images of Nissl-stained
preparations. A-C represents three anterio-posterior levels of the PVN. Ill, Third
ventricle; A, anterior part; C, compact part; M, mid level medial part; P, periventricular

zone; PO, posterior part; Scale bar=100pum;
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1.2. Distribution of TRH-IR neurons in the PVN

TRH-IR neurons were observed in all parts of the PVN, except the periventricular zone
(Fig. 7). Moving from rostral to caudal portions of the PVN, TRH-containing neurons
were observed in all three levels (anterior, mid and posterior levels), but the density of
these cells was the highest at the anterior and mid levels (Fig. 7A, C). The largest number
of the TRH neurons was observed in the compact part of the PVN (Fig. 7C). The shape
and size of the TRH neurons located in the compact and in the other parts of the PVN
were similar (size of TRH neurons in mid level medial part of the PVN vs. compact part
(um): 12.15 £ 0.05 vs. 12.26 + 0.02; P=0.31).

1.3. Distribution of hypophysiotropic TRH neurons in the PVN
Fluoro-Gold accumulation in neuronal perikarya was readily visualized and had an

inhomogeneous and punctate appearance (Fig. 8B). Although the anterior part of the
PVN contained a large number of TRH neurons, only very few were co-labeled with
Fluoro-Gold (Fig. 8C; 9A; 10A). Similarly, none of the TRH neurons in the posterior
part of the PVN contained Fluro-Gold (Fig. 8D; 9G; 10G). Most double-labeled neurons
were located in the compact part of the PVN (Fig. 8A, B; 9B-F; 10B-F).
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Figure 7. Distribution of TRH neurons in the PVN of mice.

Low magnification images illustrate TRH-IR neurons at three, antero-posterior levels of
the PVN (A, C, E). The borders of the PVN and the localization of the compact part are
illustrated on neighboring cresyl-violet stained sections (B, D, F). Scale bar = 50 um
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Figure 8. Distribution of hypophysiotropic TRH neurons in the PVN of mice.

The hypophysiotropic TRH neurons containing both TRH- (magenta) and Fluoro-Gold-
immunoreactivity (green) can be observed at the mid level of PVN (A, B). Arrowheads
point to double-labeled neurons, whereas arrows point to single-labeled non-
hypophysiotropic TRH neurons. Most of the hypophysiotropic TRH neurons are located
in the compact part demarcated by a broken line (A). High magnification image (B)
illustrates the Fluoro-Gold immunoreactivity (green) in the TRH neurons (magenta) in
the compact part of the PVN. Fluoro-Gold immunoreactivity was absent from TRH
neurons in the anterior (C) and posterior parts of the PVN (D). Each image represents
single optical slices. The thickness of optical slice is 1 pm in B-D and 2 pm in A.

I11, third ventricle; Scale bars on A-D = 50um.
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1.4. Comparative localization of hypophysiotropic TRH neurons and vasopressin and
oxytocin neurons in the PVN

AVP and OT neurons were observed primarily in the compact part of the PVN,
although scattered cells were also observed in the mid level medial part of PVN (Figs. 9-
11). The size of magnocellular AVP neurons (16.4 = 0.1 pm) was significantly larger
than the size of the TRH neurons (p<0.001). Hypophysiotropic TRH neurons containing
both Fluoro-Gold- and TRH immunoreactivity were also observed primarily in the
compact part of the PVN where they intermingled with AVP and OT neurons (Fig. 9-11).
No co-localization of TRH and AVP or OT was observed in this region (Fig. 9-11). In
addition, no co-localization was observed in any other region of the PVN where OT and
AVP were identified.

To further clarify the presence of magnocellular and parvocellular cells in the compact
and mid level medial parts of the PVN, histograms of the cell sizes were created using
the following criteria: magnocellular neurons: > 14 um; parvocellular neurons: < 14 pm.
In the compact part, an approximately equal number of cells had a diameter lower (49.3
+ 0.9%) and higher (50.7 + 0.9%) than 14pum. In the mid level medial part of PVN, the
vast majority of cells were smaller than 14 um (96.0 + 1.2%) and only scattered cells had
a diameter equal to or above 14 um (4.4 = 1.2%). The distribution of the cell size of
neurons located in the mid level medial part of the PVN and at the compact part of the
PVN is illustrated in Fig 12.
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Figure 9. Schematic drawings illustrate the distribution of hypophysiotropic TRH and
AVP neurons at different antero-posterior levels of the PVN.

Open circles denote single-labeled TRH neurons; filled circles denote double-labeled
TRH/FG neurons; crosses denote AVP neurons. The borders of the compact part are

labeled with broken lines. I, third ventricle.
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Figure 10. Schematic drawings illustrate the distribution of hypophysiotropic TRH and
OT neurons at different antero-posterior levels of the PVN.
Open circles denote single-labeled TRH neurons; filled circles denote double-labeled

TRH/FG neurons; crosses denote OT neurons. 111, third ventricle.
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Figure 11. Simultaneous localization of TRH with oxytocin (OT) and vasopressin (AVP)
in the PVN of mice.

Medium-magnification confocal images illustrate the distribution of the TRH- (red),
AVP- (blue, Al), OT- (blue, B2) and Fluoro-Gold-IR (green) cells at the mid level of the
PVN. Al-2 or B1-2 images represents the same field. Note that TRH is not colocalized
with the magnocellular peptides. While arrows point to single-labeled TRH neurons,
arrowheads label the hypophysiotropic TRH neurons. Each image represents a 1 um thick

optical slice. III, third ventricle, Scale bar = 50 pm.
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Figure 12. Distribution of cell size in the mid level medial part of the PVN (black bars)
and in the compact part of the PVN (gray bars).

1.5. Co-localization of CART and TRH in the neurons of the PVN

The localization of neurons co-synthesizng CART and TRH in the PVN of mice was
similar to that of the TRH neurons accumulating Fluoro-Gold. Numerous CART-TRH
double-labeled neurons were observed at the mid level of PVN in the compact part (Fig.
13B-F; 14A, B). Co-localization of CART and TRH was not detected in the posterior
part of PVN, and only a few double-labeled cells were present in the anterior part (Fig.
13A, G). Co-localization of the two peptides was also detected in the axon terminals of
the median eminence (Fig. 14C).
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Figure 13. Schematic drawings illustrating co-localization of TRH and CART at different
antero-posterior levels of the PVN.

Open circles represent single-labeled TRH neurons; filled triangles indicate double-
labeled TRH/CART neurons. The borders of the compact part are labeled with broken

lines. 111, third ventricle.
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Figure 14. Co-localization of TRH with CART in the PVN and median eminence of mice.
Low (A)- and high (B)-power images show co-localization of TRH (magenta) and
CART (green) in the compact part of the PVN. Arrowheads indicate the double-labeled
neurons, whereas arrows point to single-labeled TRH neurons. Co-localization of TRH
and CART is also detected in the axon terminals of the median eminence (C). The
thickness of optical slice is 1 um in B and 2 um in A and C. lll, third ventricle; Scale

bar = 50pm.
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2. ldentification of the transport route the thyroid hormone activating tanycytes and
hypophysiotropic TRH neurons
2.1. Presence of MCT8 in the hypophysiotropic axon terminals in the median eminence
To determine whether the hypophysiotropic terminals are capable of accumulating T3,
the distribution of MCT8 immunoreactivity was studied in the median eminence. Intense
and diffuse MCT8 immunoreactivity was observed in cell bodies and processes exhibiting
the characteristic distribution and morphology of tanycytes (Fig. 15A, B). In addition,
punctate MCT8 immunoreactivity was detected among the tanycyte processes in the
external zone of the median eminence (Fig. 15C). Ultrastructural analysis of the MCT8-
IR elements in the external zone of the median eminence demonstrated strong MCT8
immunoreactivity distributed uniformly in the tanycyte processes (Fig. 16A). In addition,
MCT8 immunoreactivity was also observed in axon terminals, where the silver grains
focally accumulated in a segment of the axon varicosities in close proximity to the plasma
membrane (Fig. 16B, C).

2.2. Co-localization of MCT8 and TRH in hypophysiotropic axon terminals

A series of double immunofluorescent labeling for MCT8 and TRH demonstrated the
presence of MCT8-IR puncta on the surface of the vast majority of TRH-containing axon
varicosities in the external zone of the median eminence (Fig. 17).
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Figure15. MCT8 immunoreactivity in the rodent mediobasal hypothalamus.

Low magnification photograph illustrates the presence of MCT8 immunoreactivity
associated with tanycytes (A). In the median eminence, strong MCT8 immunoreactivity
is observed in tanycyte processes (B, arrows). In addition to occurring in tanycyte
processes (arrows), MCT8 immunoreactivity is also observed in small dot like structures
reminiscent of axon varicosities (arrow heads) (C). III, third ventricle; Scale bars: 200 um
in A, 100 um in B, 20 pm in C
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Figure 16. Ultrastructure of MCT8-IR structures in the rat median eminence.

MCT8 immunoreactivity (silver grains) is associated with tanycytes (A) and axon
varicosities (B, C) in the external zone of the median eminence. In the axon varicosities,
silver grains accumulate in a small region of the varicosity close to the cytoplasmic
membrane (B, C). Scale bar: 500 nm.

Figure 17. MCT8 immunoreactivity in axon
varicosities of the rat hypophysiotropic TRH
neurons.

The immunofluorescent signal for MCT8 (red) is
distributed as small dots throughout the external
zone of median eminence and appears
(arrowheads) on the surface of TRH-

immunoreactive axon varicosities (green). Scale

bar: 2 um.
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3. Clarification of the mechanism causing the melanocortin resistance of
hypophysiotropic TRH neurons during refeeding
3.1. AGRP- and a-MSH-IR innervation of TRH neurons

A dense network of both AGRP- and a-MSH-IR axons was observed in the PVN
surrounding the TRH neurons (fig. 18A). The density of the a-MSH-containing axons
was slightly higher in the rostral part of PVN, whereas the network of the AGRP-IR axons
seemed to be denser in the posterior level of the PVN. In the same antero-posterior level,
no difference was observed in the density of the a-MSH- and AGRP-IR axons in the
medial and compact part of the PVN. Large number of AGRP- and a-MSH-IR axon
varicosities formed juxtaposition with the perikarya and dendrites of the TRH neurons.
In the mid level of the PVN confocal microscopic analyses identified an average of 30.9
+ 0.3 AGRP-IR and 19.3 + 0.4 a-MSH-IR axon varicosities on the surface of TRH-IR
perikarya and first order dendrites (fig. 19A). Table 2. summarizes the number and the
ratio of AGRP- and a-MSH-IR boutons on the surface of TRH neurons in the PVN.

3.2. The effect of fasting on the number of a-MSH- and AGRP-IR boutons on TRH neurons

Fasting caused a marked increase in the number of AGRP-immunolabelled axon
varicosities on the surface of TRH neurons (fasted vs. fed: 44.9 + 0.3 vs. 30.9 + 0.3 axon
varicosities / TRH neuron; P<0.001) and decrease in the number of a-MSH-IR boutons
(fasted vs. fed: 13.6 + 0.7 vs. 19.3 + 0.4 axon varicosities / TRH neuron; P<0.001) in
contact with the TRH neurons in the PVN (fig. 19B). Therefore, fasting resulted in a 2.07
fold increase in the ratio of AGRP- and a-MSH-IR varicosities forming contact with the
TRH neurons (fasted vs. fed: 3.34 = 0.2 vs. 1.61 + 0.03; P<0.001) (fig. 18B, 19B).

3.3. Effect of 2h vs. 24h of refeeding on the number a-MSH- and AGRP-IR boutons in
contact with TRH neurons

Two hours after the start of refeeding, the number of AGRP-IR boutons on the surface
of TRH neurons differed only slightly, but significantly from the fasted values (2h refed
vs. fasted: 46.0 = 0.3 vs. 44.9 £ 0.3 axon varicosities / TRH neuron; P=0.018). However,
the number of AGRP-IR inputs to TRH neurons was markedly elevated compared to that
found in the fed animals (2h refed vs. fed: 46.0 = 0.3 vs. 30.9 + 0.3 axon varicosities /

TRH neuron; P<0.001). Two hours after the onset of refeeding no significant alteration
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was observed in the a-MSH-innervation of TRH neurons compared to that observed in
fasted animals (2h refed vs. fasted: 13.9 + 0.8 vs. 13.6 + 0.7 axon varicosities / TRH
neuron; P=0.746) (fig 18C, 19C). At this timepoint, the ratio of AGRP and a-MSH
containing boutons was unchanged when compared to the value of the fasted animals (2h
refed vs. fasted: 3.33 = 0.2 vs. 3.34 £ 0.2; P=0.967) (fig. 18B, C). In contrast, 24 hours
after the start of food consumption a marked decrease was observed in the number of
AGRP-IR axon varicosities on TRH neurons, when compared to fasted animals (24h refed
vs. fasted: 34.4 + 0.1 vs. 44.9 = 0.3 axon varicosities / TRH neuron; P<0.001), although
this number was still slightly higher than fed animals (24h refed vs. fed: 34.4 + 0.1 vs.
30.9 + 0.3 axon varicosities / TRH neuron; P<0.001) (fig. 18D). At this timepoint, the
number of a-MSH-IR boutons in contact with TRH neurons was markedly increased in
comparison with that of fasted animals (24h refed vs. fasted: 20.9 = 0.6 vs. 13.6 = 0.7
axon varicosities / TRH neuron; P<0.001) (fig. 18D) and there was no significant
difference between the a-MSH-IR innervation of TRH neurons in these mice and fed
animals (24h refed vs. fed: 20.9 = 0.6 vs. 19.3 + 0.4 axon varicosities / TRH neuron;
P=0.153). The ratio of the AGRP-IR and a-MSH-IR varicosities of TRH neurons was
markedly lower than in fasted mice (24h refed vs. fasted: 1.64 = 0.01 vs. 3.34 + 0.2;
P<0.001). In addition, no significant difference was observed in the ratio of AGRP-IR
and a-MSH-IR innervation of TRH neurons, when compared to the ratio of fed animals
(24h refed vs. fed: 1.64 £ 0.01 vs. 1.61 + 0.03; P=0.866) (fig.18D, 19D).

3.4. The effect of leptin treatment on the fasting-induced rearrangement of a-MSH- and
AGRP-inputs to TRH neurons

Leptin administration by subcutaneously implanted osmotic minipump completely
prevented the fasting induced changes in the a-MSH-IR innervation of TRH neurons
(leptin-treated fasted vs. fasted: 20.5 + 0.1 vs. 13.6 £ 0.7 axon varicosities / TRH neuron;
P<0.001; leptin-treated fasted vs. fed: 20.5 = 0.1 vs. 19.9 + 0.4 axon varicosities / TRH
neuron; P=0.178) and markedly attenuated the fasting induced alteration in the number
of AGRP-IR boutons on the surface of these cells (leptin- treated fasted vs. fasted 34.4 +
0.1 vs. 44.9 + 0.3 axon varicosities / TRH neuron; P<0.001; leptin-treated fasted vs. fed:
34.4£0.1vs. 30.9 £ 0.3 axon varicosities / TRH neuron; P<0.001) (18E). This treatment

also prevented the fasting-induced change in the ratio of AGRP- and a-MSH innervation
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of TRH neurons (leptin-treated fasted vs. fasted: 1.67 + 0.01 vs. 3.34 + 0.02; P<0.001;
leptin-treated fasted vs. fed: 1.67 = 0.01 vs. 1.61 + 0.03; P=0.939) (18A, E; 19A, E).

Table 2. Average number of a-MSH- and AGRP-IR boutons on the surface of TRH

neurons.
Control Fasted Refed for 2h Refed for 24h | Fasted
+ leptin
AGRP 30.9+0.3 449+0.3% | 46.0+0.3° 34.4+0.1° 344+0.1°
o-MSH | 19.9+0.4 13.6+0.7¢ | 13.9+0.8¢ 20.9 + 0.6° 20.5+0.1°
AGRP/ |1.61+0.03 |3.34+0.2¢ |3.33+0.2 1.64+0.7° | 1.67+0.01°
a-MSH

a — Significantly different from control (P<0.001), refed for 2h (P<0.05), refed for 24h
(P<0.001) and leptin treated fasted (P<0.001) groups

b — Significantly different from control (P<0.001), fasted (P<0.05), refed for 24h
(P<0.001) and leptin treated fasted (P<0.001) groups

¢ — Significantly different from control (P<0.001), fasted (P<0.001) and refed for 2h
(P<0.001) groups

d — Significantly different from control (P<0.001), refed for 24h r (P<0.001) and leptin
treated fasted (P<0.001) groups

e — Significantly different from fasted (P<0.01) and refed for 2h (P<0.001) groups
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Figure 18. Effect of fasting and refeeding on the AGRP- (green) and a-MSH-IR (red)
innervation of TRH neurons (blue) in the PVN.

Medium-power images illustrate that fasting markedly increases the density of AGRP-IR
axons (green), but decreases the density of a-MSH-IR axons (red) surrounding TRH
neurons (blue) in the PVN (B), compared to fed animals (A). While 2h after refeeding no
remarkable change can be observed from the fasted mice (C), 24h after refeeding the axon
densities are similar to those observed in the PVN of fed animals (D). Subcutaneous leptin
infusion prevents the fasting-induced changes in the innervation of the PVN (E). The

thickness of optical slice is 2um. 11, third ventricle. Scale bar: 50um
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Figure 19. AGRP- and a-MSH-containing axon varicosities on the surface of TRH-
neurons in PVN.

High magnification images demonstrate that fasting (B) resulted in an increase in the
number of AGRP-IR boutons (green) on the surface of TRH neurons (blue), but decreased
the number of a-MSH-IR boutons (red) compared to the values of fed animals (A). 2 h
after refeeding (C) no major change was observed compared to fasted animals. 24 h after
refeeding (D) the AGRP-IR innervation of TRH neurons decreased, whereas the a-MSH-
IR innervation increased, in comparison with those of fasted animals. In leptin-treated
mice, no fasting induced alteration was observed (E). Each optical slice represents 0.5um

thickness. Scale bar: 25pm
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4. Development of an improved method to combinate immunocytochemistry with Nissl-
staining
4.1. Effects of RNase-free immunocytochemical method on immunostaining

Two hours after refeeding, the hypothalamic nuclei including the ventral parvocellular
subdivision of the ventral PVN (VPVN) showed the same distribution pattern of c-Fos-IR
neurons as it was described earlier [200].
The RNase-free immunohistochemical procedure did not influence the detectability of c-
Fos-IR neurons (Fig. 20A-D).

4.2. Analysis of the juxtaposition of varicosities and neurons using standard
immunocytochemical method combined with Nissl-counterstaining

After standard immunocytochemistry, Nissl-counterstaining resulted in sufficient
labeling of the cell nuclei, but stained the neuronal perikarya only very faintly (Fig. 20A,
C, E). Numerous NPY-IR fibers were detected in the vPVVN around the c-Fos containing
neurons (Fig. 20A, C, E). However, due to the very faint cytoplasmic staining, the outlines
of cytoplasm were not clearly visible (Fig. 20C, E). Therefore, it was not possible to safely

estimate the number of c-Fos-IR neurons contacted by NPY-IR varicosities.

4.3. Analysis of the juxtaposition of varicosities and neurons in the vPVN after refeeding
using RNase-free immunocytochemical method combined with Nissl-counterstaining
After RNase-free immunocytochemistry, the cresyl-violet dye stained not only the cell
nuclei but also labeled the cytoplasm of neurons (Fig. 20.B, D, F). This cytoplasmic
staining facilitated the identification of the different subdivisions of the PVN and the
correct localization of the c-Fos-IR cell populations (Fig. 20B). In addition, the clear
labeling of cytoplasm made the cell borders visible (Fig. 20F). c-Fos-IR neurons in the
VPVN were contacted by numerous NPY-IR fibers (Fig. 20D, F). By quantification of the
contacts, we could determine that 84.99 + 2.35% of c-Fos-IR neurons were contacted by

NPY-IR varicosities.
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Figure 20. Combination of double-labeling immunocytochemistry for NPY (brown) and
c-Fos (black) with Nissl-staining (violet) using standard (A, C, E) and RNase-free (B, D,
F) immunocytochemical techniques on sections containing the hypothalamic
paraventricular nucleus (PVN).

Rats used for this experiment were fasted for 3 days and then, refed for 2h. Low and
medium power micrographs illustrate the distribution of NPY and c-Fos-IR elements in
the PVN (A, B) and in the ventral parvocellular part of the PVN (C-F), respectively. The
distribution of the immunocytochemical signals is identical on section immunostained
with standard (A, C) or RNase-free (B, D) method. However, the Nissl-staining resulted
in dominantly nuclear, and no or very weak cytoplasmic labeling using standard
immunocytochemistry (A, C). In contrast, strong cytoplasmic Nissl-staining is observed
after RNase-free immunocytochemistry (B, D). High-power micrographs (E, F) illustrate
the relationship of NPY-IR varicosities and the c-Fos-IR neurons in the ventral
parvocellular subdivision of the PVN. Note that although NPY-IR varicosities surround
the c-Fos-IR neurons in both images (E, F), the cytoplasmic border of c-Fos-IR neurons
and the juxtaposition of NPY-IR varicosities (arrows) to c-Fos-IR neurons can be
recognized only in preparations stained with RNase-free immunocytochemistry (F). Scale
bar in B =100 um corresponds to A and B, scale bar in D = 100 um corresponds to C and

D, scale bar ion F =20 um corresponds to E and F

73




DOI:10.14753/SE.2014.1934

VII. Discussion

1. Distribution of hypophysiotropic TRH neurons in the mouse PVN

TRH neurons were detected in all parts of the PVN of mice except the periventricular
zone. This distribution markedly differs from that observed in the rat brain in which only
a few TRH neurons can be identified in the magnocellular division [111]. In addition,
TRH neurons are completely absent from the periventricular zone in mice, where
numerous TRH neurons reside in the rat PVN [111].

The predominant localization of TRH neurons in the compact part of the PVVN in mice
raised the question whether these neurons have parvocellular or magnocellular
phenotype. To address this issue, the co-localization of the peptides of the magnocellular
neurons, the vasopressin and oxytocin, with TRH was studied by fluorescent
immunocytochemistry. Although TRH-IR neurons were intermingled with vasopressin-
and oxytocin-IR neurons in the compact part of the PVN, co-localization of TRH with
either one of these two magnocellular peptides was not observed. In accordance with this
finding, morphometric analysis of TRH- and vasopressin-IR neurons demonstrated that
TRH neurons located in the magnocellular division are significantly smaller than the
magnocellular, vasopressin producing neurons and not significantly different in size from
TRH neurons residing in other parts of the PVN. This analysis indicates that TRH
neurons in all regions of the PVN have a parvocellular phenotype. As these parvocellular
neurons are intermingled with magnocellular vasopressin and oxytocin neurons in the
mouse brain in a region similar to the posterior magnocellular division in the rat, the
structural organization of this nucleus appears to show robust species differences in rats
and mice. This observation is further supported by the morphometric analyses of the
Nissl-stained preparations which showed that similar number of parvo- and
magnocellular cells can be found in the compact part of the mouse PVN. Therefore, we
suggest that in the mouse, this part of the PVN be termed the “compact part”, based on
the high density of cells, instead of using the nomenclature adopted from rat studies. The
marked differences of the mouse and the rat PVN was later confirmed by the work of
Biag et al [230].

The observation that Fluoro-Gold containing hypophysiotropic TRH neurons were

detected only at the mid level of the PVN further demonstrate the difference between the
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PVN of the two rodent species. In particular, TRH neurons in the posterior part of the
PVN that are distinctly hypophysiotropic in the rat [3, 4, 6, 112], did not concentrate
Fluoro-Gold in the mouse. Furthermore, the majority of hypophysiotropic TRH neurons
at the mid level of the PVN were concentrated in the compact part, with fewer neurons
organized in the adjacent mid level medial part of the PVN. Similar to the rat brain [3, 4,
6, 231], however, was the absence of Fluoro-Gold in TRH neurons residing in the anterior
part of the mouse PVN, establishing the non-hypophysiotropic nature of this group of
neurons. In addition, similarly to observations on the rat [2], hypophysiotropic TRH
neurons in the mouse also co-express CART which is present in both the perikarya in the
mid level of the PVN neurons and in their axon terminals innervating the median
eminence. Co-localization was only rarely observed in the anterior and posterior parts of
the PVN. Similar observations were published earlier by Broberger et al. [232].

To confirm the immunocytochemical and tracing studies, we have carried out in situ
hybridization experiments to study the effect of hypothyroidism on TRH gene expression
in different subnuclei of the mouse PVN; it has been known from data obtained in rats
that thyroid hormones exert negative feedback effect only on the hypophysiotropic TRH
neurons. These hybridization studies on mice established that hypothyroidism only
resultsin increased TRH gene expression in the compact part and in the mid level medial
part of the PVN [233]. In contrast, it had no effect on TRH gene expression in the anterior
and posterior parts of the PVN. It is worth emphasizing, that this observation is definitely
different from the phenomenon seen in the rat in which hypothyroidism increases TRH
mMRNA throughout the medial and periventricular parvocellular subdivisions of the PVN
with a particularly robust response in the most caudal aspect of the PVN [234].

The results of our studies indicate that the organization of the PVN and in particular,
the distribution of hypophysiotropic TRH neurons, is markedly different in mice and rats.
Accordingly, we propose that targeted physiological and molecular studies of
hypophysiotropic TRH neurons in mice should take into consideration that these neurons
are located in the compact part and in the neighboring region in the mid level of the PVN

and absent from the anterior and posterior parts of the PVN.
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2. A new mechanism regulating thyroid hormone availability of hypophysiotropic TRH
neurons

The negative feedback effect of thyroid hormones on TRH gene expression of
hypophysiotropic neurons has an essential role in the regulation of the HPT axis [112].
Studies, however, demonstrated that euthyroid concentration of peripheral T3 alone is not
enough for the normal feedback regulation of the hypophysiotropic TRH neurons [136].
Conversion of T4 to T3 in the brain is also necessary for this process [136]. In the
hypothalamus, the tanycytes are the primary cell type in which the conversion of T4 to
T3 can be catalyzed [25]. However, tanycytes are relatively far from the PVN where the
hypophysiotropic TRH neurons reside. In the median eminence, the axon terminals of the
hypophysiotropic neurons and the processes of 2 tanycytes are closely associated [26].

However, it has not been clear whether or not, the axon terminals of hypophysiotropic
neurons are capable of taking up thyroid hormones in the median eminence. To
understand the pathway whereby T3 can reach the nuclei of hypophysiotropic TRH
neurons, we studied the location and subcellular distribution of the major neuronal T3
transporter, MCTS8, in hypophysiotropic neurons.

According to the literature, we have observed at light microscopic level that the
tanycyte processes are highly immunoreactive for MCT8. However, we have also found
punctate MCT8 immunoreactivity among the tanycyte processes in the external zone of
the median eminence. Using electron microscopic examination, we have demonstrated
that the punctate MCT8 immunoreactivity is associated with hypophysiotropic axon
terminals. By double-labeling immunocytochemistry, we have shown that MCT8 is
present in the vast majority of the TRH-containing hypophysiotropic axon terminals. This
transporter is considered to be the predominant, neuronal T3 transporter, and its mutations
in humans is characterized by a severe neurologic phenotype [47]. As tanycytes express
MCT8, OATP1CL1 thyroid hormone transporters [40, 133] and type 2 deiodinase [27,
29], they seem to be capable of accumulating T4, converting T4 to T3, and then, releasing
T3 into the surrounding neuropil. As axon terminals in the external zone of the median
eminence lie in close proximity to tanycyte endfeet, the observation that axon terminals
of TRH neurons in the median eminence express MCT8 indicates that T3 could readily
accumulate in the axon terminals of hypophysiotropic TRH neurons and then, reach the

nucleus of these cells by retrograde transport. Further studies are needed to demonstrate
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the existence of the retrograde T3 transport in the hypophysiotropic axon terminals. Of
note, a very fast retrograde axonal transport of biologically active molecules, like BDNF
has already been reported [235-237].

¢ MCTS

Figure 21. Schematic drawing illustrates the pathway of T3 transport from tanycytes to
the hypophysiotropic TRH neurons.

Tanycytes take up T4 from the blood flow or from the CSF. Then, type 2 deiodinase,
present in tanycytes converts T4 to T3. Tanycytes release this active form of THs to the
surrounding neuropil. Axon terminals of the hypophysiotropic TRH neurons take up T3
with the help of an MCT8-mediated transport mechanism and allocate it by retrograde
axonal transport to the perikarya of neurons located in the PVN. C=capillary, T=tanycyte,
N=hypophysiotropic TRH neuron
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3. Fasting-induced alterations in the a-MSH- and AGRP-IR innervation of TRH
neurons: a possible mechanism of melanocortin resistance during the early phase of
refeeding

Our data demonstrate that fasting results in a remarkable change in the a-MSH-IR and
AGRP-IR innervation of TRH neurons. Fasting induces a significant decrease in the
number of a-MSH-IR boutons on the surface of TRH neurons, and a marked increase in
the innervation of these neurons by axons containing AGRP (fig. 22.)

These changes result in a two fold increase of the ratio between the inhibitory and
stimulatory inputs of the TRH neurons, which may contribute to the development of
fasting induced central hypothyroidism. These changes may enhance the effect of the
fasting induced increase of the NPY and AGRP synthesis and the decrease of the a-MSH
and CART-synthesis in the ARC neurons.

When animals are refed after fasting, the a-MSH neurons of the ARC are activated
within two hours in parallel with the development of satiety after a period of vigorous
food intake [200, 201]. The activation of these cells plays important role in the
determination of meal size during this early period of food intake and is also critical for
the refeeding-induced activation of the neurons in the ventral parvocellular subdivision
of the PVN [200]. Two hours after the onset of refeeding, the pattern of the ARC input
of the TRH neurons remains similar to that it is observed during fasting: increased
orexigenic and decreased anorexigenic inputs. The neuropeptide content of the a-MSH-
IR and AGRP-IR axons is regulated by nutritional signals. This could partly account for
the differences in the immuncytochemical detection of boutons on the surface of TRH
neurons under different metabolic conditions. However, while 2 hours after the onset of
refeeding the a-MSH neurons are activated and the neuropeptide expression of these cells
is increased [201], the number of the detected a-MSH boutons in contact with TRH
neurons still remains similar as during fasting. This finding supports the concept that the
observed changes of innervation pattern is due to synaptic plasticity and not to the altered
peptide content of the varicosities. To provide further support to this opinion, we are
currently crossing POMC-Cre mice with mice expressing miristilated GFP in Cre
expressing cells. In this double transgenic mice, we can study the entire length of the
axons of POMC neurons independently from the activity of cells, as the miristilated GFP

labels the entire cell membrane.
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After 24h of refeeding the fasting induced alterations in the AGRP- and a-MSH-IR
innervation of TRH neurons become similar as observed in the fed animals. The AGRP-
IR innervation of TRH neurons is decreased, whereas a marked elevation can be observed
in the number of a-MSH-IR boutons on the surface of TRH neurons, compared to the
early phase of refeeding.

These changes in the innervation of TRH neurons show similar timing as the changes
of the TRH gene expression in the hypophysiotropic neurons [201]. While after two hours
of refeeding, both the ARC input to TRH neurons and the expression of TRH in the
hypophysiotropic neurons are similar to those of fasted animals, both parameters return
to fed levels 24h after refeeding. Therefore, we propose that the fasting-induced
alterations of the a-MSH-innervation of the TRH neurons contributes to the inability of
the activated a-MSH neurons to stimulate TRH gene expression during the early phase
of refeeding. Since a-MSH neurons activate the neuron population in the vPVN [200,
201] it seems that the neuron populations of the PVN involved in food intake and energy
expenditure are differentially regulated by melanocortins during the early phase of
refeeding. In accordance with the differential activation of these hypothalamic cell
groups, food intake is inhibited 2h after the onset of refeeding, but the energy expenditure
increases only after 24h [201]. Therefore the melanocortin resistance of TRH neurons
during the early phase of refeeding may facilitate the restoration of depleted energy stores
after fasting, while the rapid decrease of food intake after meal protects the
gastrointestinal tract from overdistension.

Since leptin is the main nutritional signal that regulates the hypophysiotropic TRH
neurons as well as the energy homeostasis related neuronal groups of the ARC [165], we
studied whether or not leptin administration can prevent the fasting induced alteration in
the AGRP-IR and a-MSH-IR innervations of TRH neurons. To prevent the fasting
induced fall in circulating leptin levels, leptin was continuously administered during
fasting by subcutaneously implanted osmotic minipump. Although fasting resulted in a
slight, but significant increase of the number of AGRP-containing axon varicosities in
contact with the surface of TRH neurons even in the leptin-treated mice, this increase was
markedly attenuated compared to the effect of fasting observed in the saline-treated
animals. In addition, leptin treatment completely prevented the fasting-induced decrease
of the number of a-MSH-IR boutons in contact with TRH neurons. Altogether, fasting
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did not alter the ratio between the AGRP-IR and the a-MSH-IR innervation of TRH
neurons in leptin treated animals. These data demonstrate that leptin regulates the
hypophysiotropic TRH neurons by exerting multiple effects on ARC neurons. Leptin
alters the gene expression of feeding-related peptides in these cells of the ARC [165], and
influences their electrophysiological activity [202], and at the same time also causes
synaptic plasticity in the arcuato-paraventricular pathway [202, 203]. However, the
finding that the number of AGRP-boutons in leptin treated fasted mice slightly differs
from the fed values suggests that the innervation of TRH neurons by AGRP neurons
might be also regulated by other signaling molecules.

The signaling pathways mediating the effects of the changes of leptin levels on the
axonal sprouting and retraction are currently unknown, but one potential mediator could
be the phosphatidylinositol 3-kinase — mammalian target of rapamycin (PI3K-mTOR)
pathway. Leptin is known to upregulate both PI3K and mTOR in the feeding related
neurons of the ARC [238]. The critical role of the PI3K was demonstrated in the leptin
induced axonal growth during development in embryonic hippocampal neurons [239].
mTOR has also been shown to stimulate axonal growth after nerve injury [239]. In
contrast, the inhibition of MTOR signalization by rapamycin induces the autophagy to
axons in the CNS [240]. During fasting the fall in circulating levels of leptin may induce
autophagy in POMC neurons by the inhibition of PI3BK-mTOR pathway, whereas the
increase in the leptin level during refeeding activates the PI3K-mTOR pathway in a-MSH
synthesizing neurons [241] to contribute to the regrowth of axons in the PVN. Since leptin
similarly regulates the PI3K-mTOR pathway in the AGRP/NPY and the a-MSH/CART
neurons [241, 242], but has opposite effect on the axonal growth of these cells [203], it is
likely that the leptin-mediated synaptic plasticity in the AGRP/NPY neurons are regulated

by different intracellular pathways.
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Figure 22. Schematic drawing illustrates the reorganization of the a-MSH- and AGRP-
innervation of TRH neurons in different metabolic stages.

Fasting induces an increase in the number of AGRP-IR axon varicosities on the surface
of TRH neurons and decreases the number of a-MSH-containing boutons in contact with
these neurons. The fasting-induced alteration in the AGRP- and a-MSH-innervation of
TRH neurons lasts at least 2h after the start of refeeding. 24h after the start of refeeding
a dramatic decrease can be observed in the number of AGRP-boutons on the surface of
TRH neurons, whereas the number of a-MSH boutons on TRH neurons is increased.
Leptin markedly decreases the number of AGRP-IR axon varicosities in contact with
TRH neurons and completely prevents the fasting induce fall in the a-MSH innervation

of TRH neurons.

4. The effect of RNase-free immunocytochemical treatment on the cytoplasmic staining
with Nissl-dyes

The Nissl-staining combined with immunocytochemistry could be a very useful
histological method for the identification of the connections between neuronal perikarya
and chemically identified axon varicosities. Unfortunately, Nissl-dyes tend to stain
primarily the cell nuclei with only faint labeling of the cytoplasm of the neurons after
immunocytochemical detection of antigens. Since the basic dyes bind to the nucleic acid
content of cells and RNase treatment during the posthybridization step of in situ
hybridization also results in the loss of the cytoplasmic staining with the basic dyes [243],
we hypothesized that the RNasee contamination of the solutions used for

81




DOI:10.14753/SE.2014.1934

immunocytochemistry may be the reason for the lack of the labeling of Nissl bodies with
basic dyes. This hypothesis is also supported by data showing that immunocytochemistry
results in damage of RNA in samples processed for microarray analyses [244]. To test
this hypothesis, we have used DEPC-treated, autoclaved buffers and RNase-free
glassware for all steps of immunocytochemistry. To further prevent the potential RNase
contaminations, the RNase inhibitor heparin was added to all antibody containing
solutions. The RNase-free conditions slightly decreased the sensitivity of the
immunocytochemistry, but it could be compensated for by using an increased primary
antibody concentration. This effect of RNase-free conditions is probably due to the
protease activity of heparin. The distribution of the immunoreaction products was not
influenced by the treatment. The RNase-free conditions, however, markedly changed the
result of the counterstaining. The Nissl-staining strongly labeled the cytoplasm of the
neurons and also resulted in a slightly more intense nuclear labeling. The combination of
RNase-free immunocytochemistry and Nissl-staining can be a very useful approach when
precise localization of immunostained neuronal elements is necessary: mapping the
localization of new peptides, proteins, identifying regions where anterogradely or
retrogradely-labeled structures can be found [245] or mapping the localization of
activated neurons using c-Fos as a marker [246]. In addition, the strong cytoplasmic
labeling of neurons with Nissl-staining can be helpful, when the innervation of a cell
group is studied at light microscopic level and the neuronal population is identified based
on a marker that is localized in the nucleus of cells, like nuclear receptors and transcription
factors. As an example, we show that it is very difficult to determine at light microscopic
level whether the NPY-IR varicosities are juxtaposed to the surface of the c-Fos-IR
neurons in the ventral parvocellular subdivision of the PVN when the cytoplasm of cells
is not or very faintly stained. Due to the lack of the cytoplasmic staining, the borders of
the c-Fos expressing cells can not be visualized. In contrast, when RNase-free double-
labeling immunocytochemistry is combined with Nissl-staining, the brown DAB, the dark
blue Ni-DAB and the purple Nissl-staining that strongly labels the cytoplasm of neurons
can be easily distinguished. Therefore, the juxtaposition of NPY-IR varicosities to the c-
Fos-IR neurons in the vPVN can be easily detected and quantified. Using this method we
observed that in the vVPVN 84.99 + 2.35% of the c-Fos expressing neurons are contacted

by NPY-IR fibers. In summary, we conclude that when standard immunocytochemistry
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Is combined with Nissl-staining, the loss of the cytoplasmic RNA content of neurons
results in the lack of cytoplasmic labeling with the Nissl-staining. In contrast,
combination of RNase-free immunocytochemistry with Nissl-staining preserves the RNA
content of neurons and results in a strong cytoplasmic counterstaining that can facilitate
mapping of immunostained neurons or the light microscopic examination of the

innervation of cells characterized by their nuclear protein content.
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VIII. Conclusions

In summary, the organization of the PVN in mice is markedly different from that observed
in rats. The so called magnocellular part of this nucleus contains approximately equal
numbers of parvo- and magnocellular neurons. Therefore, we suggest to call this part of
the PVN compact part based on the high concentration of neurons in this division. The
distribution of hypophysiotropic TRH neurons is also different in mice than in rats. These
neurons are located exclusively in the mid level of PVN. Only a few hypophysiotropic
TRH neurons were found in the anterior level of PVN, whereas this neuron type was
absent from the posterior level of the nucleus. Interestingly, no hypophysiotropic TRH
neuron was found in the periventricular zone of PVN of mice though numerous
hypophysiotropic TRH neurons are located in this zone of PVN in rats. In mice, most of
the hypophysiotropic TRH neurons are located in the compact part intermingled with
magnocellular neurons, but no co-localization of TRH and AVP or OT was observed.
Based on their size, all hypophysiotropic TRH neurons are parvocellular cells. The
distribution of the hypophysiotropic and CART expressing TRH neurons overlap,
suggesting that hypophysiotropic TRH neurons express CART in mice similarly to the
observations in rats.

The presence of MCT8 thyroid hormone transporter on the terminals of hypophysiotropic
TRH neurons in the median eminence suggests that these terminals can take up T3 from
the extracellular space of the median eminence and likely transport it to the nucleus of
hypophysiotropic TRH neurons. As the median eminence is located outside of the BBB
and contains D2 expressing tanycytes, the origin of the T3 content of this brain region is
unique: it derives from both the peripheral blood and the tanycytes. Therefore, the
hypophysiotropic TRH neurons can be directly influenced by the changes of peripheral
T3 concentration, but also by the activity of tanycytes. This gives high flexibility to the
feedback regulation of TRH neurons.

In addition to the effects of fasting and leptin on the activity of the feeding related neurons
of the ARC, the nutritional signals may also influence the hypophysiotropic TRH neurons
by inducing synaptic plasticity in the arcuato-paraventricular pathway. The fasting
induced increase of the AGRP- and decrease of the a-MSH-innervation of TRH neurons

may facilitate the fasting induced inhibition of the hypophysiotropic TRH neurons. Since
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this change of the innervation pattern lasts at least 2 hours after the onset of refeeding, it
may contribute to the melanocortin resistance of TRH neurons during this early phase of
refeeding. 24 hours after the start of refeeding the ratio between the AGRP- and a-MSH-
innervation of TRH neurons reverts to fed level coincidently with the normalization of
TRH expression. Leptin administration prevents the fasting-induced changes in the ratio
between AGRP- and a-MSH-innervation of TRH neurons, suggesting that leptin is the
main factor that regulates the plasticity of the synaptic input of TRH neurons.

Our data demonstrate that the RNase contamination of materials used for
immunocytochemistry contributes to the decrease of cytoplasmic labeling of neurons with
basic dyes when Nissl-staining is combined with immunocytochemistry. The application
of RNase-free techniques, therefore, can highly assist the detection of the cytoplasm with
Nissl-staining and facilitate the examination of the neuronal inputs of neurons identified

by their nuclear protein content.
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IX. Summary

Since the exact location of hypophysiotropic TRH neurons within the PVN of mice
was unknown we have mapped the location of these cells. Hypophysiotropic TRH
neurons were observed mainly at the mid level of the PVN, primarily in the compact part.
In this part of the PVN, TRH-neurons were mixed with oxytocin and vasopressin neurons,
but based on their size, the TRH neurons were parvocellular and did not contain
magnocellular neuropeptides. Co-localization of TRH and CART were observed only in
areas where hypophysiotropic TRH neurons were located. These data demonstrate that
the localization of hypophysiotropic TRH neurons is highly different, while their peptide
content is similar in mice and rats. Thyroid hormones have negative feedback effect on
the TRH expression of hypophysiotropic neurons, but the route by which T3 can reach
the TRH neurons was unknown. By immunocytochemistry, we have detected the
presence of MCT8 in the hypophysiotropic TRH-containing axon terminals in the median
eminence (ME) that suggests that T3 released by tanycytes or originating from the
peripheral circulation may be taken up by axons of the hypophysiotropic TRH neurons in
the ME and transported retrogradely to the perykarya in the PVN. For the identification
of fasting- and refeeding-induced synaptic plasticity of the input of TRH neurons, the
number of AGRP- and a-MSH-IR boutons on the surface of TRH neurons was studied
by immunocytochemistry in different metabolic stages. Since AGRP acts as a
melanocortin antagonist, the ratio between AGRP and a-MSH may has critical role in the
regulation of TRH expression. Fasting resulted a dramatic increase in this ratio that was
still high 2 hours following the start of refeeding. This alteration in the innervation of
TRH neurons may contribute to the melanocortin resistance of these neurons during the
early phase of refeeding. 24 hours after the the start of refeeding the ratio of AGRP- and
a-MSH-innervation of TRH neurons reaches the fed value coincidently with the
activation of TRH neurons. Leptin administration prevented the fasting-induced alteration
of the ratio of AGRP- and a-MSH-innervation of TRH neurons.

To facilitate the identification of neuronal networks the method of Nissl-staining
combined with immunocytochemistry was improved. The lack of cytoplasmic staining
by Nissl-dyes after standard immunocytochemistry was completely prevented by RNase-

free conditions of immunocytochemistry.
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X. Osszefoglalas

Mivel a hipofiziotr6f TRH-idegsejtek pontos elhelyezkedése az egér hypothalamusban
eddig nem volt ismert, feltérképeztiik-e sejtek megoszlasat e fajban. Hipofiziotrof TRH
idegsejteket els6sorban a PVN kozépso sikjanak kompakt részén figyeltiink meg, ahol e
sejtek oxitocin- és vazopresszin-idegsejtekkel keveredve fordultak eld. Ugyanakkor e
TRH-idegsejtek mérete a parvocelluldris tartomanyba esett €s a magnocellularis
neuropeptidek sem voltak benniik jelen. A CART ¢és TRH ko-lokalizaci6ja a hipofiziotrof
TRH-idegsejtekével elhelyezkedésével mutatott hasonld megoszlast. Adataink arra
utalnak, hogy a hipofiziotr6f TRH idegsejtek megoszlasa jelentdsen eltér, de peptid
tartalma hasonlé egérben és patkanyban. Noha a T3 ismerten negativ visszacsatolassal
hat a TRH expresszidra, eddig az uUtvonal, melyen keresztiil a T3 eljut a TRH-
idegsejtekhez ismeretlen volt. Immuncitokémia segitségével kimutattuk, hogy a
hipofiziotrof TRH-idegsejtek eminencia medianaban (ME) elhelyezked6 axonvégzddései
tartalmazzak a T3 f6 neuronalis transzporter molekulajat, az MCT8-at, ami arra utal, hogy
a tanicitdk altal felszabaditott és a keringésbdl az ME-be jut6 T3-at is képesek a
hipofiziotrof TRH-idegsejtek axonvégzddései felvenni, majd valdsziniileg retrograd
transzporttal e sejtek sejttestébe eljuttatni. Az €¢hezés és Ujrataplalas hatasara létrejovo
szinaptikus atrendezédések megfigyelése érdekében megvizsgaltuk a TRH-idegsejtek
felszinén elhelyezkedd AGRP- és a-MSH-IR boutonok szamat kiilonb6zd taplaltsagi
allapotokban. Mivel az AGRP az a-MSH antagonistajaként hat, e két beidegzés aranya
kulcsfontossagl lehet a TRH expresszid szabalyozasaban. Ez az ardny €hezés hatasara
jelentdsen megndtt €s magas maradt még két 6raval az urataplalas megkezdését kvetden
is, ami magyarazhatja ezen iddszakban a TRH sejtek melanokortinnal szembeni
rezisztenciajat. 24 ora elteltével, mikorra a TRH-idegsejtek aktivalodnak az AGRP- és a-
MSH-beidegzésiik aranya normalizalodott. A TRH-idegsejtek beidegzésének ¢hezésbeli
valtozasa leptin adasaval kivédhetd volt.

Tovabba, az ideghaldzatok feltérképezésének megkonnyitése érdekében kidolgoztuk
az immuncitokémidval kombinalt Nissl-festés olyan valtozatat, melyben az RNaz-mentes
koriilmények kozt végzett immuncitokémiai eljarassal kikiiszoboltiik a citoplazmatikus
festddés hianyat, mely a hagyoményos immuncitokémia utan altalanosan eléforduld

jelenség.
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