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1. Introduction

1.1. Thyroid hormones

1.1.1. Role of thyroid hormones and thyroid hormone receptors

Thyroid hormones (TH) produced by the thyroid gland are involved in the regulation of
most of our organs and physiological processes and responsible for the maintenance of
normal function and development of most tissues, including the bone, liver,
cardiovascular system and brain (1, 2). Furthermore, THs play critical role in the
regulation of a number of physiological functions, including food intake and energy
expenditure (3). The effects of THSs are exerted via TH receptors. These nuclear receptors
are encoded by two genes, the TH receptor a (TRa) and TH receptor B (TRp) genes (4).
Distribution of these receptors show tissue specificity, TRa isoforms have very
widespread distribution including the brain, heart, skeletal muscle, while the distribution
of TR isoforms is more restricted. These receptors are expressed predominantly in some
brain regions, the retina, hypophysis, kidney, liver and lung (5, 6). The TH binding
modifies the configuration of TH receptors that results in release of co-repressors and
binding co-activators that induces the transcriptional control of TH-dependent genes

influencing the TH action in certain tissues (4, 7, 8).
1.1.2. Thyroid hormones and deiodinases

The two major forms of TH are the thyroxine (T4) and triiodothyronine (T3). T4, the
major product of thyroid gland is considered a prohormone (9). It has long half-life, but
cannot bind efficiently to the nuclear TH receptors (9). T4 has to be converted to T3 by
removal of one iodine residue from the outer ring (9, 10). This activation is catalyzed by
deiodinase enzymes (10).There are three deiodinase enzymes: type 1 deiodinase (D1),
type 2 deiodinase (D2) and type 3 deiodinase (D3) enzymes. D1 can catalyze the removal
of iodine residue from both rings of TH (9). Thus, it can convert T4 to T3 or T4 to reverse
T3 (rT3) and can also catalyze the conversion of rT3 to diiodothyronine (T2). The rT3
has two iodine on the outer ring and one on the inner ring (11) and it is an inactive

hormone as it cannot bind to the nuclear TH receptors (12). T2 is also an inactive TH
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metabolite (12). As rT3 is much better substrate of D1 than T4, this enzyme preferentially
catalyzes the degradation of rT3 under euthyroid conditions (12). D1 can, however, play
important role in the T4 to T3 conversion, when the T4 level is increased in the circulation
(11). D2 catalyzes the outer ring deiodination of TH and it converts T4 to T3 and rT3 to
T2 (12). The activation of TH is catalyzed primarily by D2 under euthyroid conditions
(9). As D1 is not expressed in the human brain, D2 is the only deiodinase enzyme that
can catalyze the TH activation in the central nervous system (CNS) (12). D3 can only
catalyze inner ring deiodination, therefore, this enzyme inactivates TH by conversion of
T4torT3 or T3to T2 (12). The deiodinase enzymes show different abundance in tissues
and the activity of these enzymes is regulated very rapidly and cell type specifically (10,
11). Thus, the activity of these enzymes allows very rapid and cell type-specific regulation
of TH action despite of the relatively stable circulating TH levels (11). In the liver and
kidney, the most active deiodinase is D1, while in the CNS, pituitary, brown adipose
tissue (BAT) and placenta, the D2 is the primary TH activating enzyme (11). The highest
D3 activity is observed in the placenta and CNS, but D3 can also be found in many other

organs (11).

Thus, the local TH activation or inactivation catalyzed by the deiodinases ensure that TH
signaling in different tissues can change independently from the serum TH levels (11,
13). In most tissues, the TH induced transcriptional regulation of these enzymes and the
very rapid posttranslational regulation of D2 activity help to optimize the local TH action
in tissues when the circulating TH level is altered. For example, during hypothyroidism
or iodine deficiency when the T4 level is low in the blood, the D2 activity is up-regulated
while the D3 expression is down-regulated to increase the production of T3 from T4 and
decrease the T3 degradation (14). Contrarily, during hyperthyroidism, the TH activation
is markedly reduced as a result of down-regulation of D2 synthesis and the ubiquitination
mediated inactivation of this enzyme, while the TH degradation is increased due to the

increase of D3 synthesis (10).

Furthermore, tissue-specific regulation of deiodinase enzymes can highly increase the
local TH action in certain tissues to meet the demand of tissues even if the circulating TH
level is unchanged or decreased (9). For example, the increased activity of the
sympathetic innervation induces increased D2 activity that results in markedly increased
TH action in the BAT after cold exposure (15). This increase of TH action in the BAT is

11



critical to increase uncoupling protein 1 expression in this tissue that helps to increase the

thermogenesis and thus helps to maintain the body temperature (16).

Thyroxine T3

Figure 1: Role of deiodinase enzymes in the metabolism of TH

The D1 or D2 mediated outer ring deiodination of the prohormone thyroxine (T4)
generates the active form of TH, the T3, while the D1 or D3 catalyzed inner ring
deiodination of T4 results in the inactive reverse T3 (rT3). T2 is an inactive form of THs
which can be produced by the D3 catalyzed inner ring deiodination of T3 or by the D1 or

D2 catalyzed inner ring deiodination of rT3.

Abbreviations: T3 - triiodothyronine, T2 - diiodothyronine, rT3 - reverse

triiodothyronine, D1 - Type 1 deiodinase, D2 - Type 2 deiodinase, D3 - Type 3 deiodinase.

Modified from Bianco and Kim, 2006 (11).
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1.1.3. Hyperthyroidism

TH regulates the metabolism which is essential to maintain tissue function and for normal
development, its level correlates with energy expenditure and body weight (6, 17). The
effects of TH on metabolism occurs primarily through actions in the brain, white- and
brown adipose tissues, skeletal muscle and liver (18). In hyperthyroid state, the excess of
TH manifesting in hypermetabolism characterized by weight loss, increased resting
energy expenditure and resting tachycardia, increased gluconeogenesis and lipolysis (19,
20). The cardiovascular system is one of the most important targets of TH, therefore the
risks of functional cardiovascular abnormalities and diseases are high in hyperthyroid
patients (21). Furthermore, hyperthyroidism increases the possibility of diabetes mellitus
by increasing blood glucose level and inducing insulin resistance (22) and by increasing
appetite, food intake, glucose absorption and plasma insulin level (22). Hyperthyroidism
also influences the development and neuropsychological state, the TH excess results in
growth acceleration, delayed pubertal onset, muscle weakness, sleep disturbances and

emotional lability (23).
1.1.4. Hypothyroidism

As TH regulates the metabolism, in contrast with hyperthyroidism, hypothyroidism
results in lower TH levels in association with hypometabolism, characterized by weight
gain, reduced resting energy expenditure, reduced lipolysis and gluconeogenesis (18),
decreases the absorption of glucose, hepatic glucose uptake and insulin responsiveness of
tissues (22). Furthermore, hypothyroidism induces cardiovascular abnormalities (24) and
influences the regulation of cold-induced thermogenesis by BAT, supporting that

hypothyroidism increases cold sensitivity (25).

During development, TH is essential for growth and neural differentiation, therefore TH
deficiency manifesting in neurologic discrepancies and growth retardation (6, 26).
Decreased TH levels during the fetal and neonatal period results in intrauterine growth
restriction and lower birth weight (27), furthermore impaired brain development,
characterized by irreversible cretinism (28). There is growing evidence that during
ontogeny maternal thyroid status is critical and even moderate forms of maternal thyroid

dysfunction may have long-lasting effects of the cognitive and neuronal development of
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the fetus, which alterations are largely irreversible (29). These changes are more

reversible when the hypothyroid state occurs in adults (30).

1.2. The regulation of HPT axis

1.2.1. Organization of HPT axis

The relatively steady circulating levels of TH that is necessary for the preservation of
normal function of the brain and peripheral organs is maintained by the hypothalamic-
pituitary-thyroid (HPT) axis (31). The central regulator of this neuroendocrine system is
a group of thyrotropin-releasing hormone (TRH)-synthetizing neurons in the
hypothalamic paraventricular nucleus (PVN) (32). These so called hypophysiotropic
TRH neurons integrate the humoral and neuronal signals and serve as a final common
pathway in the regulation of the HPT axis (32, 33). These hypophysiotropic TRH neurons
release TRH into the portal circulation of the pituitary in the external zone of median
eminence (ME) where their axons terminate (31). The released TRH then reach the
thyrotrophs of the anterior pituitary (31, 34) and stimulates the thyroid-stimulating
hormone (TSH) synthesis, glycosylation and secretion and thus stimulates the TH
production of the thyroid gland (32, 35).

In the PVN, not all TRH neurons are involved in the negative feedback regulation of HPT
axis. Only the hypophysiotropic TRH neurons that project to the external zone of ME are
involved in the control of thyroid gland (36). These TRH cells are located in the
periventricular and medial parvocellular subdivision at the mid and caudal levels of the
PVN in rats (37) and only at the mid-level in mice (38). The remaining TRH neurons of
the PVN are called non-hypophysiotropic TRH neurons (31). These neurons do not
project to the ME and are not involved in the regulation of the HPT axis (31, 39).
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Figure 2: Organization of the hypothalamic-pituitary-thyroid axis

In the hypothalamus, the hypophysiotropic TRH neurons of the PVN project to the
external zone of ME and release the TRH into the portal circulation of pituitary. The
released TRH induces the TSH production of thyrotrophs in the pituitary and increases
the release of TSH into the circulation. In the thyroid gland, TSH increases the T4 and
T3 production which hormones exert negative feedback regulation in pituitary and

hypothalamus to reduce the TSH and TRH production, respectively.

Abbreviations: PVN — hypothalamic paraventricular nucleus, ME — median eminence,

TRH — thyrotropin-releasing hormone, TSH - thyroid-stimulating hormone, T3 —

triiodothyronine, T4 — thyroxine
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1.2.2. The negative feedback regulation of HPT axis

The negative feedback regulation of HPT axis is responsible for the stable circulating TH
level (31). When the TH concentration is increased in the blood, the TRH and TSH
synthesis and release are inhibited by TH and contrarily, when the TH level is decreased,
the production of TRH and TSH are increased to help to normalize the circulating TH
level (40).

TH inhibits both the gene expression and posttranslational modification of proTRH in the
hypophysiotropic neurons but has no effect on the TRH production of the non-
hypophysiotropic TRH populations (41). The negative feedback effect of TH is exerted
directly on the hypophysiotropic TRH neurons, as these neurons express TH receptors
(TR) (42) and implantation of T3 in the vicinity of PVN inhibits the TRH synthesis in the
PVN, but only on the side of implantation (43). TRal, TRB1 and TRPB2 receptors are
expressed in these neurons (42). However, absence of TRB2 in TRP2 knockout mice
completely prevents the TH induced regulation of the TRH expression in the
hypophysiotropic TRH neurons indicating that the TH negative feedback regulation of
hypophysiotropic TRH neurons is mediated primarily by the TRB2 (44). The dominance
of TR receptors in the feedback regulation is also supported by the syndromes of humans
suffering from TRa or TR resistance syndromes. While people with TRa resistance
syndrome have normal circulating TSH and TH levels, the characteristic feature of the
TRp resistance syndrome is the elevated TSH and TH levels caused by the decreased
inhibitory effect of TH on the HPT axis (45).

The negative feedback mechanism in the TRH neurons is relatively rapid, as exogenous
administration of TH reduces TRH expression in the PVN within 5 hours (46). However,
circulating T3 concentration alone is not sufficient to maintain the feedback regulation
(47). Restoration of T3 level in hypothyroid rats without T4 administration does not
normalize the TRH expression in the PVN indicating that the activation of TH in the brain
is necessary for the feedback regulation of hypophysiotropic TRH neurons (47). Within
the hypothalamus, only tanycytes, a special glial cell type lining the ventrolateral wall
and floor of the third ventricle behind the optic chiasm, produce the TH activating enzyme
D2 (48), indicating that the tanycytes play critical role in the feedback regulation of TRH

neurons.

16



Beside the hypothalamus, negative feedback regulation of TH also occurs in the
thyrotroph cells of the pituitary. TH negatively regulates the synthesis of both TSH
subunits, the thyroid-stimulating hormone beta (TSHp) and the glycoprotein hormone
alpha subunits (49). TSHB mRNA level is already decreased within 4 hours after T3
administration (50). Furthermore, TH influences the release of TSH stored in the vesicles
and decreases the thyrotroph response to TRH by reducing the amount of TRH receptors

and by increasing the TRH degrading enzyme activity (49, 51).

1.2.3. Neuronal regulation of the hypophysiotropic TRH neurons

Beside the regulatory effect of humoral signaling, the activity of HPT axis is also
controlled by the neuronal inputs of the hypophysiotropic TRH neurons (31). The
regulation of the activity of the HPT axis by neuronal inputs helps to adapt the organism
to the changing environment (31). The synaptic inputs of hypophysiotropic TRH neurons
originate from three main areas: from the hypothalamic dorsomedial (DMN) and arcuate
(ARC) nuclei and the catecholamine-producing neurons of the brainstem (32, 52).
Peptidergic neurons of the ARC play critical role in the regulation of energy homeostasis
partly via the mediation of the effects of peripheral, feeding-related signals - like leptin,
ghrelin, insulin and glucose - to the TRH neurons (53). Two main feeding-related neuron
populations of the ARC are the medially located, orexigenic, neuropeptide Y (NPY),
agouti-related peptide (AGRP) and gamma-aminobutyric acid (GABA)-synthetizing
neurons, and the laterally located, anorexigenic, alpha-melanocyte stimulating hormone
(a-MSH) and cocaine- and amphetamine-regulated transcript (CART)-synthetizing
neurons (53). Both feeding related neuronal groups of the ARC innervate the TRH
neurons in the PVN (31). The orexigenic peptides inhibit (54, 55), while the anorexigenic
peptides stimulate the TRH synthesis (56, 57). During fasting, the falling level of leptin
increases the expression of orexigenic NPY and AGRP (58) and simultaneously inhibits
the synthesis of the anorexigenic peptides (59). These changes together result in reduced
TRH expression in the hypophysiotropic neurons (60). The AGRP- and a-MSH-
containing innervation of TRH neurons originate exclusively from the ARC neurons (55,
56). The NPY-and CART-containing inputs of the TRH neurons, however, have multiple

sources including the catecholaminerg neurons of the brainstem (61, 62).
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The DMN also sends input to the TRH neurons of the PVN (63). This nucleus also plays
critical role in the regulation of energy homeostasis and vegetative functions by sensing
feeding-related signals like leptin directly (64) and indirectly via inputs from a-MSH
neurons of the ARC (65). In addition, the DMN is involved in the regulation of circadian
rhythm (32). The DMN neurons form primarily symmetric type, inhibitory synapses with
the TRH neurons in the PVN (63). The inhibitory role of this input is also supported by
the 24h T3 release after bilateral destruction of DMN (66).

The third major input of hypophysiotropic TRH neurons originates from the
catecholaminergic neurons of the brainstem (32). These neurons have two subtypes, the
adrenergic and noradrenergic neurons (31). The catecholaminergic innervation of TRH
neurons has asymmetric-type synapses indicating excitatory nature of these inputs (67).
Consistent with this morphological observation, noradrenaline increases the TRH
expression in the PVN (68). Neurons of all three adrenergic cell groups, the medullary
C1-3 adrenergic groups, innervate the PVN. In addition, three from the six noradrenergic
cell groups of the brainstem also project to the subdivisions of the PVN where the TRH
neurons are located (52). These catecholaminerg cell groups regulate wide variety of
physiological functions, and play critical role in the mediation of the stimulatory effect

of cold exposure on the HPT axis that helps to increase the thermogenesis (69).
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Figure 3: Illustration of the main neuronal inputs of hypophysiotropic TRH neurons

Orexigenic (NPY/AGRP) and anorexigenic (a-MSH/CART) cell populations of the ARC
send projections to the hypophysiotropic TRH neurons and mediate the effect of altered
energy status on the TRH neurons. The DMN sends inhibitory projections to TRH neurons
likely to regulate the circadian rhythm of the hormone production. The catecholaminergic
neurons of the brainstem form asymmetric-type synapses on the TRH neurons and

mediate the cold induced activation of the TRH neurons.

Abbreviations: PVN - hypothalamic paraventricular nucleus, TRH - thyrotropin-
releasing hormone, ARC — arcuate nucleus, NPY — neuropeptide Y, AGRP — agouti-
related peptide, a-MSH - alpha-melanocyte stimulating hormone, CART - cocaine- and

amphetamine-regulated transcript, DMN — hypothalamic dorsomedial nucleus.
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1.3. The role of tanycytes in the regulation of HPT axis

1.3.1. Anatomy and function of tanycytes

Tanycytes are special glial cells of the hypothalamus lining the ventrolateral walls and
the floor of the third ventricle behind the optic chiasm (48). The tanycytes are polarized
cells. Their cell bodies are located in the ependymal layer of the third ventricle and their
long basal process projects into the neuropil of the hypothalamus (70). Four subtypes of
tanycytes can be classified based on their location and morphology. The al-tanycytes line
the middle third of the ventrolateral wall of the third ventricle and their basal processes
project to the ventromedial nucleus (VMN) and DMN (70, 71). a2-tanycytes are located
ventrally from the a1 subtype in the ventricular wall and send projections to the ARC (48,
70). The B1-tanycytes are found in the wall of the lateral extension of the infundibular
recess and their processes terminate on the surface of the tuberoinfundibular sulcus, while
the B2 subtype line the ventricular wall of the ME and the basal processes of these
tanycytes terminate around the fenestrated capillaries of hypophyseal portal capillary

system in the external zone of ME (48, 70).

Tanycytes are involved in the formation of blood-brain-barrier (BBB). In the ventricular
wall of the ME, the cell bodies of the B-tanycytes are very tightly connected by tight
junctions to form a barrier between the extracellular space of the ME and the
cerebrospinal fluid (CSF). The cell bodies of a-tanycytes are not so tightly connected,
therefore, they do not form barrier between the CSF and the extracellular fluid of neuropil,
but the end feet processes of these tanycytes are involved in the BBB formation around
the capillaries in the ARC, VMN and DMN (70, 72, 73).

However, tanycytes were considered as simple supporting and barrier forming cells, more
and more data were published in the recent years about the importance of tanycytes in the
regulation of neuroendocrine axes and the energy homeostasis (70, 74-76). Tanycytes
have been shown to regulate the entry of energy homeostasis-related hormones (75) to

the brain and regulate the hypothalamic-pituitary-gonadal and thyroid axes (70).
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1.3.2. Role of tanycytes in the feedback regulation of the hypophysiotropic TRH

neurons

The tanycytes play critical role in the negative feedback regulation of HPT axis. As
described earlier, circulating T3 level alone is not sufficient for the normal negative
feedback regulation of TRH expression in the hypophysiotropic neurons, the circulating
T4 and local TH activation in the brain are necessary for the normal negative feedback
regulation of hypophysiotropic TRH neurons (47). However, the TH activating enzyme,
the D2 is not expressed in the TRH neurons (77). Only tanycytes produce D2 within the
mediobasal hypothalamus (MBH), and thus only these cells can convert T4 to T3 in this
brain region (78). The tanycytes express two types of TH transporters, the organic anion-
transporting polypeptide (OATP1C1) which transport both T3 and T4 with similar
affinity (79) and the monocarboxylate transporter 8 (MCT8) which has higher affinity for
T3 (80). Thus, tanycytes are able to take up T4 from the blood or from the CSF, convert

it to T3 and then release T3 to the extracellular space of the ME.

In the external zone of ME, MCT8 is present on the surface of the terminals of
hypophysiotropic TRH neurons (81), therefore, T3 secreted by p2-tanycytes can be taken
up and transported by retrograde axonal transport to the perikarya of TRH neurons (31).
Therefore, tanycytes can modulate the feedback regulation of HPT axis by influencing

the T3 availability for the hypophysiotropic TRH neurons (31).

In most brain regions, the role of D2 is to maintain stable local T3 concentration,
therefore, hypothyroidism upregulates, while hyperthyroidism downregulates the activity
of D2 (10). However, neither hypothyroidism (82), nor iodine deficiency induce marked
changes in D2 activity of MBH (83), indicating that the main function of tanycytes is not
the maintenance of stable, local T3 concentration, but rather the conversion of the changes
of peripheral T4 concentration to changes of hypothalamic T3 concentration (31). Under
certain conditions, however, tanycytes can increase their D2 activity independently from
the changes of T4 concentration, and therefore, these cells can alter the feedback
regulation of the hypophysiotropic TRH neurons and the activity of the HPT axis (31).
For example, infection induces an approximately 4-fold increase of D2 activity in the

MBH (84). The increased TH activating capacity of tanycytes results in local
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hyperthyroidism that inhibits the hypophysiotropic TRH neurons and therefore, induces
central hypothyroidism. In D2 KO mice, infection has no effect on the HPT axis (85).

Thus, the TH activating capacity of tanycytes provides an extra regulatory mechanism in

the central regulation of the HPT axis.

1.3.3. Role of PPII in tanycytes

Tanycytes also synthetize the TRH degrading enzyme, the pyroglutyamyl-peptidase 1l
(PPII) (31). PPII is a membrane-bound protein and has very high substrate specificity
(86). As the axon terminals of hypophysiotropic TRH neurons are surrounded by tanycyte
processes, it is likely that PPII can degrade the released TRH before it could enter into
the portal capillaries (31). Peripheral administration of T4 induces significantly increased
expression of PPII in tanycytes (86). Furthermore, inhibition of PPII in the ME of
hyperthyroid rats markedly increases the amount of released TRH (86) supporting that
the PPII production of tanycytes plays role in the feedback regulation of the HPT axis.

1.4. Role of the endocannabinoid system in the regulation of HPT axis

1.4.1. General features of the endocannabinoid system

Endocannabinoids are retrograde neurotransmitters widely spread in the brain, released
from postsynaptic neurons, acting on presynaptic axon terminals (87, 88). The roles of
endocannabinoids are the modulation of synaptic plasticity, motor functions, pain control,
stress response, food intake, lipid and glucose metabolism, inflammatory response among
others (89). Endocannabinoids are lipid-derived messengers. Their physiological role is
the regulation of neurotransmitter release at synapses throughout the brain (90).
Impairment of the endocannabinoid system results in behavioral, neurological and
metabolic disorders (89). The two major type of endocannabinoids are anandamide and
the most abundant 2-arachydonoylglicerol (2-AG) (91). This latter endocannabinoid is
synthesized by the postsynaptically located diacylglycerol lipase a (DAGLa) from
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diacylglycerol and suppresses neurotransmitter release of presynaptic terminals by
activation of type 1 endocannabinoid receptor (CB1) (92, 93). In DAGLa KO mice, the
2-AG level is markedly decreased in the central nervous system, indicating that the
DAGLua is the major biosynthetic enzyme of 2-AG (94).

1.4.2 The role of the endocannabinoid production of tanycytes

Recently, our group has described a novel microcircuit between the hypophysiotropic
TRH axons and tanycytes which regulates the TRH release via the endocannabinoid
system (95). The axons of hypophysiotropic TRH neurons in the external zone of ME
contain CBL1 receptor, indicating that endocannabinoids can modulate the activity of these
axons (96). Since endocannabinoids can travel only short distances (97) and the external
zone of ME contains only very few neuronal perikarya, it was suggested that tanycytes
control the TRH release via the endocannabinoid system (95). Indeed, tanycytes express
DAGLa and inhibition of endocannabinoid synthesis or administration of CB1 antagonist
markedly increases the TRH release of ME explants, suggesting that tanycytes tonically
inhibit the TRH release of hypophysiotropic axons (95). It raised the question, how the
endocannabinoid synthesis of tanycytes is regulated. In neuronal interactions, glutamate
regulates the endocannabinoid synthesis and release of postsynaptic neurons by
stimulating DAGLa via metabotropic glutamate receptors and increase in intracellular
Ca2" level (91, 98). The hypophysiotropic TRH neurons are glutamatergic cells (99),
furthermore tanycytes express glutamate receptors (100) raising the possibility that
glutamate release of the hypophysiotropic TRH neurons may stimulate the
endocannabinoid synthesis of tanycytes. Indeed, using combination of optogenetics and
electrophysiology, our group showed that activation of the TRH axons depolarizes the
tanycytes via glutamate and it was also demonstrated that the glutamate content of ME
stimulates the endocannabinoid synthesis of tanycytes. These data together indicated that
there is a regulatory microcircuit between tanycytes and hypophysiotropic TRH neurons
in which TRH neurons stimulate the tanycytes by glutamate release, while the tanycytes
inhibit the TRH release of hypophysiotropic axons via endocannabinoids. However, the

relative importance of this regulatory mechanism in live animals was unknown.
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1.5. Set point of the HPT axis

Under most conditions, the HPT axis maintains stable circulating TH levels (31). The TH
negative feedback regulation of the HPT axis plays critical role in this process (39).
During development, a set point of this feedback regulation develops as a stable
characteristic of the individual for the whole life (101). The set point determines the
interrelationship of TRH and free thyroxine (fT4) levels that is optimal for the individual
(102). Any deviations from this TRH-fT4 relationship results in counter-regulatory
action. This set point develops around birth (101).

1.5.1. The development of the HPT axis

The timing of the set point development of HPT axis is different among species (101,
103-105). The mechanism of this set point development is poorly understood. The HPT
axis and its feedback regulation is already well-developed at birth in humans (29), but it
develops during the first postnatal week in rats (104) and between embryonic day (E) 19

and post hatching day 2 in chickens (103).

In humans, hypothalamic nuclei start to differentiate at gestational week (GW) 15-17 and
reach the adult-like anatomical structure at GW24-33 (106), while the rodent
hypothalamic nuclei differentiate fully between E19 and postnatal day (PD) 10 (107).

In humans, the pituitary starts to develop at GW4 and is fully differentiated at GW16,
however, the biologically active TSH production is detectable from GW17 (108). In mice,
the pituitary formation occurs between E9-E17 (109).

There is a time gap between the development of HPT axis and TH-mediated negative
feedback regulation of the axis both in mammals and chickens (103). For instance in
chickens, TSH already stimulates the hormone secretion of the thyroid gland at E10 (110),
but both the TSHB mRNA level and the circulating TH levels continuously increases until
E19 (111), indicating the lack of negative feedback regulation before E19. The TRH level
in the chicken hypothalamus also increases during the ontogeny (112). In rats, TRH is
expressed in the PVN from E16 (113). Increased circulating TH level has no effect on the
hypophysiotropic TRH expression at E16-20, but inhibits it at PD7 (104). However, the
exact timing of the set point development in rodents is currently unknown. Therefore to
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examine the timing of the set point and the development of negative feedback regulation
of HPT axis, in our studies we used newborn mice treated with T4 during the first
postnatal week that approximately corresponds to the third trimester of the human

pregnancy.
1.5.2. The effect of maternal thyroid status during the ontogeny

As described above, during the ontogeny, the HPT axis develops in different times in
different species, but TH is necessary from the beginning of the pregnancy for the normal
fetal development in all mammals. Therefore, at the beginning of ontogeny, the fetus is
fully dependent on maternal TH status, indicating that maternal thyroid dysfunction,
especially during the early gestation, can cause long-lasting changes in the offspring’s
development and thyroid function (29). In the human fetus, significant level of T3 and
TH receptors are present in the brain before the onset of fetal TH production (114).
Furthermore, TH transporters can be found in the placenta for ensuring active TH
transport through the placental barrier (115) indicating the maternal origin of fetal TH at

the early gestational period.

Maternal hypothyroidism during pregnancy results in decreased survival, growth
retardation and impaired neuropsychological development of the offspring (116), while
hyperthyroidism in this period can alter the TH status of the offspring and induce
irreversible changes as well (101). Studies in humans revealed that infants born from
hyperthyroid mothers show hyperthyroidism, but later this state resulting in central
hypothyroidism, due to the changes in set point (117, 118). In rats, pharmacologically
induced hypothyroidism in dams and pups around birth resulted in lower T4 and T3
levels, but normal TSH level at adulthood, indicating that perinatal TH status programs
future set point of the HPT axis (119).

1.5.3. The role of the environment and epigenetics in the development of HPT axis

set point

Beside the maternal thyroid status, environmental factors also influence the development

of the offspring’s HPT axis in the sensitive period.
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TSH and T4 levels have a very stable log negative relationship during the whole lifespan
However, this TSH-fT4 relationship and thus the set point of the feedback regulation is
highly variable among individuals (102, 120). Mathematical model published by Lowe et
al. (102) revealed that the exponential curve of the fT4-TSH relationship in T4 substituted
hypothyroid patients did not overlap, indicating the significant interindividual variation
of the set point of the feedback regulation of HPT axis.

A study, performed by Panicker et al. (121) identified a number of genetic loci, which
have impact on the HPT axis set point, but twin studies revealed (102) that heritability
accounts for only 60% of the interindividual HPT axis variability. This suggests that
internal and environmental factors like hormonal status, feeding status, acute or chronic
inflammations (122) and endocrine disruptors (123) have also large impact on the

development of set point.

The long-term effects of environmental factors or perturbations of internal milieu during
the late gestational or perinatal periods can be mediated by epigenetic modifications of
genes. The predominant epigenetic modification of the mammalian DNA is the
methylation of cytosine, when a methyl or hydroxymethyl group binds covalently to the
5’ position of cytosine in cytosine-phosphate-guanine (CpG) dinucleotids (124). These
CpG dinucleotids are frequently found in the promoter region of genes. Methylation of
cytosine in these regions repress gene expression by preventing the binding of specific
transcription factors or attract repressors (125). Furthermore, CpG methylation also
influences the initiation of transcription and the alternative splicing of transcripts (124).
These changes of gene expression by methylation ensure the adaptation to the
environmental changes. The transfer of the methyl group to CpG sites is catalyzed by
DNA-methyltransferase (DNMT) enzymes, including DNA-methyltransferase 1
(DNMT1), DNA-methyltransferase 3A (DNMT3A) and DNA-methyltransferase 3B
(DNMT3B) (124, 126).

The liver is one of the main target organs for TH, where these hormones stimulate
lipogenesis, fatty acid oxidation and cholesterol metabolism (127). THRp and various T3-
responsive genes are present in high abundance in this tissue (128). In the liver, the D2
enzyme is only expressed in the neonatal mice, but it is absent at adulthood, however, the
total ablation of liver D2 in transgenic mice results in changes in the methylation status

of genes involved in fatty acid, triglyceride, cholesterol and bile acid synthesis (128).
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These results indicate that changes in TH status at the early postnatal period when the set
point of the HPT axis develops can cause epigenetic modification of TH dependent genes,

but this mechanism is poorly understood yet.

27



2. Aims

The aim of our study was to better understand the underlying mechanisms of the
development of the HPT axis set point and the central regulation of the negative feedback

of HPT axis in mice, therefore our specific aims were:

1. To investigate how tanycytic endocannabinoid system regulates:
- the TRH release of hypophysiotropic TRH neurons
- the activity of HPT axis

- the body composition and metabolism

2. Toelucidate, that early, perinatal disturbance of the thyroid status can induce long
lasting changes in

- the activity of HPT axis

the body composition and metabolism

TH action of tissues

TH-dependent gene expression profile of liver
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3. Materials and methods

3.1. Experimental animals and treatments

The experiments were carried out using newborn and adult mice housed under standard

environmental conditions (12h light/dark cycle, temperature 22+1 °C, chow and water ad

libitum). The mouse strains used for the experiments and the experimental design are

found in Table 1. All experimental protocols were reviewed and approved by the Animal

Welfare Committee at the Institute of Experimental Medicine and the Animal Health and
Food Control Station, Budapest (PE/EA/1102-7/2020).

Table 1: Summary of experimental design and strains used in the experiments.

Abbreviations: THAI — thyroid hormone action indicator mouse, T4 — thyroxine, bwg —

body weight gram.
Duration Age
Strain Treatment of during | Sacrifice
treatment | treatment
Experiment 1: CD1 - - - 55-65
Examination of Rax-
the role of CreERT2 1750u0/b
tanycytic Rax- Ta r# c%xi ;Z r% 4 days 45-55 55-65
endocannabinoid | CreERT2//Da
production gla 1M
Experiment 2: TRH-IRES- | 200 ng/bwg 123456 | 12345,
tdTomato T4 or 1 day
Development of hicl 7,10 6,7,10
the HPT axis Venic'e
. FVB/Ant 200 ng/bwg
negative feedback T4 o 1 da 1347 1347
regulation in mice . y e e
vehicle
. : TRH-IRES- 1 ug/bwg
EAPErITEL & tdTomato T4 or 5 days 2-6 55-70
Effects of early :
. . vehicle
disturbance in TAAI Tiia/b
thyroid status in L.Il_% e 5 d 2.6 5570
adult mice Or ays ) i
vehicle
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3.1.1. The role of endocannabinoid synthesis of tanycytes in the regulation of HPT

axis (Experiment 1)

Rax-CreERT2 mice (129) were crossed with Dagla™™ mice (130) to generate mice with
tanycyte-specific deletion of DAGLa. In adult animals, Rax mRNA is selectively
expressed in hypothalamic tanycytes (131), therefore the Rax-CreERT2 construct ensures
the tanycyte-specific gene modification in this transgenic model. The Dagla™ mouse
allow the Cre dependent cell type specific ablation of the DAGLa enzyme. The CreERT2
recombinase is tamoxifen dependent, tamoxifen treatment is necessary to induce
recombination in the DAGLa locus of the double transgenic mice. The tamoxifen-treated
Rax-CreERT2 animals were used as control, while the tamoxifen-treated Rax-
CreERT2//Dagla™ mice were used as tanycyte-specific DAGLa ablated (T-DAGLa KO)
mice. 45-55 day old adult male mice from both strains (N=19-22) were treated with
tamoxifen (Sigma-Aldrich) dissolved in corn oil and administered in 175ug/bwg dose
daily for 4 days via oral gavage. The dose of the tamoxifen was tested previously in other
mouse lines to induce Cre-mediated recombination. One week after the last treatment,
metabolic measurements and body composition analysis using EchoMRI 700 whole body
magnetic resonance analyser (Zinsser Analytic, Germany) were performed on a cohort of
animals (N=7-8). All of the tamoxifen-treated mice were sacrificed 1 week after the last
treatment for further examinations as described later. CD1 male mice were used for
previous morphological studies to detect the components of the endocannabinoid system
in the tanycytes and the hypophysiotropic TRH neurons, therefore we used this mouse
line to determine the glutamate and TRH receptor content of tanycytes isolated by laser
capture microdissection (LCM) as described later.
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Figure 4: Experimental design of tanycyte-specific deletion of DAGLa

Rax-CreERT2 (control) and Rax-CreERT2//Dagla™ mice were treated with 175ug/bwg
tamoxifen via oral gavage for 4 consecutive days starting at P45-55. 1 week after the last
tamoxifen administration, the animals were sacrificed between age of P55-65 for sample
collection.

Abbreviation: P — postnatal day

Created with BioRender.com

3.1.2. Determination of the development of the HPT axis negative feedback

regulation in FVB/Ant and TRH-IRES-tdTomato mouse pups (Experiment 2)

1,2,3,4,5,6, 7 and 10 day old TRH-IRES-tdTomato (132) mouse pups were injected
(N=4-6) subcutaneously with 200 ng/bwg thyroxine (L-Thyroxine sodium salt
pentahydrate, Sigma) or vehicle (0.36 mM NaOH) and were decapitated 8 hours later.
The TRH-IRES-tdTomato line was created by inserting an IRES-tdTomato cassette into
the mouse TRH locus using CRISPR/Cas9 on FVB/Ant background to allow detection of
TRH-expressing cells based on the red fluorescence of tdTomato (132).

FVB/Ant 1, 3, 4 and 7 day old pups (N=4-7) were treated with 200 ng/bwg thyroxine or

vehicle and were decapitated 8 hours later.
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3.1.3. Determination of the effect of early hyperthyroidism on physilogical
parameters of adult TRH-IRES-tdTomato and THAI mice (Experiment 3)

Male TRH-IRES-tdTomato (N=14) and THAI (Thyroid Hormone Action Indicator (133),
N=8) mouse pups were injected subcutaneously daily with 1 ng/bwg thyroxine or vehicle
(1.8 mM NaOH) between postnatal day (P) 2-6 and sacrificed as adults at the age of P
55-70. The THAI mouse model was used to study tissue-specific TH action. In these
mice, the expression of the firefly luciferase (luc) reporter is driven by a minimal viral
promoter that was made TH sensitive by the insertion of three copies of the TH response

element of the human diol gene (133).
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Figure 5: Experimental design of the examination of the effect of early, postnatal
hyperthyroidism on the physiological parameters of adult mice

TRH-IRES-TdTomato and THAI mouse pups were treated with 7 ug/bwg T4 or vehicle
subcutaneously for 5 consecutive days between P2-6. At the age of P55-70, adult animals
were sacrificed for sample collection.

Abbreviation: T4 — thyroxine, P — postnatal day

Created with BioRender.com
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3.2. Tissue preparation

3.2.1. Preparation of tissues for gene expression analysis

Adult Rax-CreERT2 and Rax-CreERT2//Dagla™ mice (Experiment 1) were decapitated
1 week after the last tamoxifen treatment for collection of blood to measure free TH
levels, and pituitary samples for qPCR analysis. Whole brain samples for TRH in situ
hybridization (ISH) were rapidly removed and frozen in powdered dry ice. All samples
were kept at -80 °C until used. Serial, 12 um coronal sections through the PVN were cut
on a cryostat (Leica Microsystems, Wetzlar, Germany) and the sections were saw
mounted on gelatin-coated glass slides. Each set of slides contained every fourth section.
The sections were air-dried at 56 °C overnight and then stored at -80 °C.

FVB/Ant and TRH-IRES-tdTomato mouse pups (Experiment 2) were decapitated for
collecting whole brain samples for TRH ISH, and liver and pituitary samples for gPCR
analysis. All of the tissues were removed rapidly, immediately frozen in powdered dry
ice, and stored at -80 °C until used. 12 um coronal sections through the PVN were cut on
a cryostat and every third section was collected for a slide. The slides were prepared as
described above air-dried at 56 °C overnight and then stored at -80 °C.

Postnatally treated, adult THAI mice (Experiment 3) were decapitated and liver, BAT,
small intestine, hippocampus and hypothalamus samples were collected for gPCR

measurements. Tissues were frozen in powdered dry ice then stored at -80 °C until used.
3.2.2. Tissue preparation for immunohistochemistry

One week after the last tamoxifen treatment, Rax-CreERT2 and Rax-CreERT2//Dagla 7/
mice (Experiment 1) were deeply anesthetized with ketamine and xylazine (ketamine 50
mg/kg, xylazine 10 mg/kg body weight, i.p.). The animals were transcardially perfused
with 10 ml 0.01 M phosphate-buffered saline pH 7.4 (PBS), followed by 50 ml 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer pH 7.4 (PB). After perfusion, the
brains were removed and transferred into the fixative solution for 2 hours. For
cryoprotection, brains were incubated in 30% sucrose in 0.01 M PBS overnight at 4 °C,
then frozen in powdered dry ice. Series of 25 pm coronal sections were cut using Leica

SM2000 R freezing microtome (Leica Microsystems, Wetzlar, Germany) and were
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placed in antifreeze solution (30% ethylene glycol; 25% glycerol; 0.05 mM PB), then
stored at -20 °C until their use for immunohistochemistry.

3.2.3. Tissue preparation of postnatally treated, adult TRH-IRES-tdTomato mice
for ISH, hormone and gPCR analysis

Postnatally treated, adult TRH-IRES-tdTomato mice (Experiment 3) were anaesthetized
with a mixture of ketamine and xylazine (ketamine 50 mg/kg, xylazine 10 mg/kg body
weight, i.p.). Liver samples for gPCR analysis were collected and frozen immediately
brefore fixation. Blood was drawn for free TH level measurements from caudal vena cava.
For ISH, anaesthetized mice were perfused transcardially with 10 ml RNAse-free 0.01 M
PBS, pH 7.4, followed by 50 ml 4% PFA in RNAse-free PBS. After perfusion, the brains
were removed and transferred into the fixative solution for 2 hours. For cryoprotection,
brains were incubated in 20% sucrose in RNAse-free 0.01 M PBS overnight at 4 °C, then
frozen in powdered dry ice and stored at -80 °C until used. Serial 18-pum-thick coronal
sections through the PVN were cut on a cryostat. The sections were mounted on
Superfrost Plus slides (Fisher, Hampton, NH) to obtain three sets of slides, each set
containing every third section through the PVN. The mounted sections were air-dried at
56 °C overnight and stored at -80 °C.

3.2.4. Tissue preparation for laser capture microdissection

Postnatally treated, adult TRH-IRES-tdTomato (Experiment 3), CD1, Rax-CreERT2 and
Rax-CreERT2//Dagla™™ mice (Experiment 1) were deeply anaesthetized as described
above. For isolation of tanycytes with PALM Laser Capture Microdissection (LCM)
system (Zeiss), mice were transcardially perfused with 30 ml ice cold 10% RNAlater
(Sigma) dissolved in 0.01M RNase-free PBS to preserve the integrity of RNA for further
gene expression investigations. The brains were rapidly removed from the skull, frozen
in -40°C isopentane, then stored at -80 °C until used. 12 pm thick coronal sections were
cut on a cryostat through the rostrocaudal extent of the ME. The sections were collected
on PEN membrane covered slides (Zeiss), fixed in 50% and 70% ethanol, stained with
0.6% cresyl violet dissolved in 70% ethanol, then dehydrated in graded solution of ethanol

and dried on a 42°C hotplate. The stained sections were stored at -80 °C.
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Table 2: Summary of tissue preparation and sectioning. Abbreviations: DAGLo —
diacylglycerol lipase a, PFA — paraformaldehyde, ME — median eminence, PVN —

paraventricular nucleus

Experiment Strain Fixative Sectioning
DAGL« Rax-CreERT2 freezing
. . . 4% PFA microtome
immunohistochemistry | Rax-CreERT2//Dagla
30% sucrose ME
(Exp. 1) fl/fl
25 um
4% RNase- o
postnatally treated, adult free PFA
18 um

TRH-IRES-tdTomato 20% RNase-
Superfrost Plus
free sucrose

In situ hybridization slide

(Exp-12.3) Rax-CreERT2 C%/\O/ﬁat
Rax-CreIilFlzf':'leDagla ] 12 pm
gelatine-coated
FVB/Ant pups lide
CD1
Laser capture Rax-CreERT2 cryostat
microdissection Rax-CreERT2//Dagla 10% ME
(Exp. 1,3) fl/fl RNAlater 12 pm
- postnatally treated, adult PenSlide

TRH-IRES-tdTomato

3.3. Immunohistochemistry for DAGLa in the ME

Every fourth sections of the ME of tamoxifen-treated Rax-CreERT2 and Rax-
CreERT2//Dagla™ mice (Experiment 1) were placed into 0.5% Triton X-100 and 0.5%
H20. in 0.01 M PBS for 20 min to improve penetration and block the endogenous
peroxidase activity, then incubated in 2% normal horse serum (NHS) in PBS for 10 min
to reduce non-specific antibody binding. The sections were incubated in guinea-pig anti-
DAGLa antibody (gift from Dr. Ken Mackie, Indiana University, Bloomington, IN, USA)
(134) at 1:4000 dilution in 2% NHS for 2 days at 4°C. After washing in 0.01 M PBS, the
sections were incubated in biotinylated donkey anti-guinea pig 1gG (1:500, Jackson) in
2% NHS for 2 hours, then treated with avidin-biotin-peroxidase complex (1:1000, Vector
lab, Vectastain ABC Elite kit). The DAGLa immunoreactivity was visualized with Ni-
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DAB developer (0.05% DAB/0.15% Ni-ammonium sulfate/0.005% H20 in 0.05 M Tris
buffer, pH 7.6) and the sections were mounted onto glass slides, dehydrated in ascending
series of ethanol followed by xylenes and coverslipped with DPX mountant (Sigma-
Aldrich).

3.4. Measurement of blood glucose and serum free TH levels

Blood glucose levels of Rax-CreERT2 and Rax-CreERT2//Dagla™™ mice (Experiment 1)
were determined from one drop of blood collected from a small tail incision using Accu-
Check® Performa blood glucose meter (Roche) before the anesthesia for RNAlater
perfusion.

Blood drawn from caudal vena cava of anaesthetized TRH-IRES-tdTomato mice before
the perfusion and trunk blood of Rax-CreERT2 and Rax-CreERT2//Dagla™™ mice was
collected and placed on ice for 1 hour. The blood samples were centrifuged at 4 °C at
3000 rcf for 15 minutes twice, then the sera was collected in new Eppendorf tubes and
was stored at -80 °C until used.

The free TH levels were measured from tamoxifen-treated Rax-CreERT2 and Rax-
CreERT2//Dagla™ mice by AccuBind™ ELISA fT3 and fT4 kits (Monobind, Lake
Forest, CA) according to the manufacturer’s protocol using iIMARK™ Microplate
Absorbance Reader (BIO-RAD). The intraassay coefficients of variation for free
triiodothyronine (fT3) assay was 3.1 to 4.9 percent and for fT4 assay it was 3.25 to 10,98
percent, respectively. The interassay coefficients of variation for fT3 assay was 7.9 to
13.1 percent and for fT4 assay it was 6.01 to 10.81, respectively.

FT4 and fT3 levels of postnatally treated, adult TRH-IRES-tdTomato mice (Experiment
3) were measured by AccuLite™ CLIA fT3 and fT4 kits (Monobind, Lake Forest, CA)
according to the manufacturer’s protocol using a luminometer (Luminoskan Ascent,
Thermo Scientific). The intraassay coefficients of variation for fT3 assay was 5.9 to 9
percent and for fT4 assay it was 5.32 to 9.34 percent, respectively. The interassay
coefficients of variation for fT3 assay was 8.2 to 10.4 percent and for fT4 assay it was
5.26 t0 9.76, respectively.
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3.5. Radioactive ISH for determination of proTRH mRNA levels in the
PVN

Every third section of the PVN of T4-treated and control 1, 3, 4 and 7 day old FVB/Ant
mouse pups (Experiment 2) and postnatally treated, adult TRH-IRES-tdTomato animals
(Experiment 3) or every fourth section of the PVN of Rax-CreERT2//Dagla™™ and their
control Rax-CreERT2 mice (Experiment 1) were processed for ISH with single stranded
741-base long (corresponding to the 106—846 nucleotides of the mouse proTRH (mTRH)
MRNA; BC053493) [35S]UTP-labeled cRNA probe for mTRH (38). The mTRH
riboprobe was synthetized in the presence of Sp6 enzyme (Roche) and [**SJUTP (Perkin
Elmer). The labelled riboprobe was purified with Mini Quick Spin RNA columns (Roche)
and counts per million (cpm) of the radiolabelled mTRH was measured by liquid
scintillation analyzer (Tri-Carb 2900TR).

The sections of FVB/Ant mouse pups and Rax-CreERT2//Dagla™™ mice with their
control groups were fixed with 4% PFA in 0.01 M PBS (pH 7.4) for 1 h. Since the samples
of TRH-IRES-tdTomato mice were already perfusion fixed with 4% PFA, instead of the
4% PFA treatment, the sections of these animals were treated with 1 pg/ml proteinase K
(Sigma-Aldrich) in 0.1 M Tris buffer, pH 8.0, containing 0.05 M EDTA for 30 minutes
at 37°C, and the proteinase K digestion was stopped with fixation in 4% PFA for 5 min.
After these initial steps, all the sections were treated similarly. The sections were washed
in 0.01 M PBS, acetylated with 0.25% acetic anhydride in 0.9% triethanolamine for 20
min, and then treated in graded solutions of ethanol (70, 80, 96, and 100%), chloroform,
and a descending series of ethanol (100 and 96%) for 5 min each. The sections were
hybridized with the radiolabeled mTRH probe containing hybridization buffer (50%
formamide, a 2-fold concentration of standard sodium citrate (2 x SSC), 10% dextran
sulfate, 0.5% SDS, 250 pg/ml denatured salmon sperm DNA) under glass coverslips
overnight at 56 °C. The concentration of radiolabeled probe used for the different
experiments are described in Table 3.

After the overnight incubation, the slides were washed in 1x SSC (3X 5 min) and treated
with RNaseA (25 pg/ml, Sigma-Aldrich) for 1 h at 37 °C, followed by additional washes
in 1X SSC (15 minutes), 0.5X SSC (15 minutes), and 0.1X SSC (2X 30 minutes) at 65°C.
After dehydration in graded dilutions of ethanol, the slides were dipped into Kodak NTB

autoradiography emulsion (Carestream Health) diluted 1:1 in MQ water and stored at 4
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°C. The exposition times are found in Table 3. The autoradiograms were developed using
EMS Developer D-19 Replacement Kit (Electron Microscopy Sciences).

The slides were dehydrated in ascending series of ethanol followed by xylenes and
coverslipped with DPX mountant (Sigma-Aldrich). Darkfield images were captured by
Zeiss Axiomager.M1 microscope equipped with AxioCam MRc5 (Carl Zeiss) using 10X
objective and AxioVision Se64 Rel.4.9.1 software. Three sections were selected in every
group from the mid-level of PVN and integrated density was measured in both sides of
the selected sections by using ImageJ software. Background density points were removed

by thresholding the image.

Table 3: Concentration of mTRH probe and exposition times used for the ISH

experiments. Abbreviations: P — postnatal day, cpm — counts per million

Experiment Strain probe (cpm/ul) Exposition time
Rax-CreERT?2
Experiment 1 | Rax-CreERT2//Dagla 30000 7 days
fl/fl
. Adult

Experiment 3 TRH-IRES-tdTomato 60000 20 days

P1 FVB/Ant 18 days
Experiment 2 P3 FVB/Ant 15 days

P4 FVB/Ant 50000 15 days

P7 FVB/Ant 11 days

3.6. Examination of DAGLa, Dio2, PPII, glutamate transporter and

receptor gene expression in tanycytes isolated with LCM
3.6.1. Isolation of tanycytes using LCM

The RNAlater perfused and preconditioned brain sections of CD1, Rax-CreERT2, Rax-
CreERT2//Dagla™ mice (Experiment 1) and postnatally treated, adult TRH-IRES-
tdTomato animals (Experiment 3) were thawed at room temperature and kept under
vacuum until used. The cell bodies of p2-tanycytes from CD1, Rax-CreERT2 and Rax-
CreERT2//Dagla™ mice and o- and B-tanycytes from adult TRH-IRES-tdTomato mice

were microdissected separately with PALM Microbeam Laser Capture Microdissection
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System (ZEISS) and pressure-catapulted with a single laser pulse into 0.5 ml Adhesive
cap, opaque tubes (Carl Zeiss Microimaging) using a 20X objective lens.

3.6.2. RNA isolation and determination of RNA quality

The microdissected samples were kept in Extraction Buffer of the RNA isolation Kit at -
80°C, then RNA isolation was performed using the Arcturus PicoPure RNA Isolation Kit
(Applied Biosystems) according to the manufacturer’s protocol. To digest the potential
DNA contamination of the samples, DNase treatment was carried out using RNase-free
DNase Set (Qiagen). The RNA integrity number (RIN) - which defines the quality of
RNA - and the concentration of the isolated RNA samples were measured with Agilent
2100 Bioanalyzer using Agilent RNA 6000 Pico Kit (Agilent Technologies). Samples
with RIN below 4 were excluded from further studies.

3.6.3. Reverse transcription and amplification

The RNA samples were transcribed using ViLO Superscript 11l cDNA Reverse
Transcription Kit (Invitrogen) according to the manufacturer’s protocol.

Concentration of single-stranded complementary DNA (cDNA) was determined with
Qubit Fluorometer using Qubit ssDNA Assay Kit (Invitrogen). The cDNA was
preamplified for every studied and housekeeping genes using Preamp Master Mix Kit

(Applied Biosystems).

3.6.4. Custom TagMan Gene Expression Array Card

384-well Custom TagMan Gene Expression Array Cards (Applied Biosystems) were used
to examine the presence of glutamate transporters and glutamate receptor subunits in 32-
tanycytes of CD1 mice (Experiment 1). The microfluidic card was preloaded by the
manufacturer with selected gene expression assays for our target receptors, transporters
and housekeeping genes listed in Table 5. ViiA 7 real-time PCR platform with Array
Card Block and comparative CT method (Life Technologies) was used for thermal cycles
of the gPCR.
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The glyceraldehyde-3-phosphate dehydrogenase (Gapdh), the actin beta (Actb) and the
hypoxanthine-guanine phosphoribosyltransferase (Hprt) were used as housekeeping
genes, the CT values of genes of our interests were normalized to the geometric mean of
the CT value of housekeeping genes. The diacylglycerol lipase alpha (Dagla) and type 2
deiodinase (Dio2) served as positive controls, since we have already proved that DAGLa
Is expressed in tanycytes (95) and Dio2 is known to be expressed by tanycytes (78). The
metabotropic glutamate receptor 1 (Grml) and the metabotropic glutamate receptor 5
(Grmb) were used as negative controls as our in situ hybridization analysis revealed that

these genes are not expressed in tanycytes (95).
3.6.5. TagMan quantitative PCR analysis

Equal amount (10 ng) cDNA was applied in each TagMan reaction using Tagman Fast
Universal PCR Mastermix (Thermo Fisher Scientific). The examined genes are listed in
Table 4. For the gPCR analysis, ViiA 7 real-time PCR platform (Life Technologies) was
used for thermal cycles with Fast-96 well block and comparative CT method. The CT
values of the genes of interest in B-tanycytes of postnatally treated, adult TRH-IRES-
tdTomato mice (Experiment 3) were normalized to the CT value of the geometric mean
of three housekeeping genes (Gapdh, Actb, Hprt) since the T4 treatment influenced the
gene expression of Gapdh. Gene expressions in a-tanycytes of postnatally treated, adult
TRH-IRES-tdTomato (Experiment 3) and B2-tanycytes of Rax-CreERT2 and Rax-
CreERT2//Dagla™ mice (Experiment 1) were normalized only to the CT value of Gapdh,

since the gene expression of Gapdh was not influenced by our treatments in these cells.

3.7. Determination of the expression of TH sensitive genes in different

tissues

The RNA was isolated from pituitary samples by Arcturus PicoPure RNA Isolation Kit
(Applied Biosystems) according to the manufacturer’s protocol and DNase treatement
was performed by RNase-free DNase Set (Qiagen).

From MBH samples, the RNA isolation was performed by RNeasy lipid tissue mini kit

(Qiagen).

40



NucleoSpin RNA (Macherey-Nagel) kit with DNase treatment was used to isolate total
RNA from liver, BAT, small intestine, hypothalamus and hippocampus samples. The
homogenization of hypothalamus and hippocampus was performed by sonication in RAL
buffer from the NucleoSpin RNA kit, while all other tissues were homogenized in TRIzol
Reagent (Invitrogen) with tissue tearor. RNA concentration was determined with Qubit
Fluorometer using a Qubit hs-RNA assay kit (Invitrogen) or with Smart Spec Plus
Spectrophotometer (BIORAD). Reverse transcription was carried out with High-capacity
cDNA reverse transcription kit (Applied Biosystems), then cDNA concentration was
measured with Qubit Fluorometer using Qubit ss-DNA assay kit (Invitrogen). MBH,
liver, BAT, hypothalamus and hippocampus samples of THAI mice were premaplified
for luc gene expression, marker of TH action in the THAI mice, with Hprt which served
as housekeeping gene. The TagMan gPCR analysis was performed as described in 3.6.5.

The examined genes are listed in Table 4.

Table 4: List of genes examined by TagMan qPCR

Tissue | Gene | Gene name | Accession
Rax-CreERT2 and Rax-CreERT2//Dagla™ (Experiment 1)

tshf3 thyroid stimulating hormone beta | Mm03990915 g1
Pituitary gapdh glyceraldehyde-3-phosphate Mm99999915_g1
dehydrogenase
dagla diacylglycerol lipase alpha Mm00813830_m1
dio2 type 2 deiodinase MmO00515664 m1
B2-tanycytes
trhde pyroglutamyl-peptidase Il MmO00455443 ml
glyceraldehyde-3-phosphate
gapdh dehydrogenase Mm99999915 g1

TRH-IRES-tdTomato pups (Experiment 2)

tsh3 thyroid stimulating hormone beta | Mm03990915 g1
Pituitary gapdh glyceraldehyde-3-phosphate Mm99999915_g1
dehydrogenase
diol type 1 deiodinase Mm00839358 m1l
Liver dnmt1 DNA (cytosine-5)- MmO01151054_m1
methyltransferase 1
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DNA (cytosine-5)-

dnmt3a Mm00432881_m1l
methyltransferase 3a

dnmt3b DNA (cytosine-5)- Mm01240113_m1
methyltransferase 3b

gapdh glyceraldehyde-3-phosphate Mm99999915 g1

dehydrogenase

Adult TRH-IRES-tdTomato (Experiment 3)

diol type 1 deiodinase Mm00839358 m1
gapdh glyceraldehyde-3-phosphate Mm99999915_g1
dehydrogenase
thra TH receptor alpha MmO00579691 ml
Liver thrb TH receptor beta Mm00437044 m1l
fasn fatty acid synthase Mm00662319 ml
mel malic enzyme 1 Mm01731412_ml
g6pc glucose-6-phosphatase Mm00839363 m1l
spotl4 TH responsive gene Mm01273967 m1
dio2 type 2 deiodinase MmO00515664 m1l
trhde pyroglutamyl-peptidase Il Mm00455443 ml
glyceraldehyde-3-phosphate
Tanycytes gapdh dehydrogenase Mm99999915_g1
hprt hypoxanthine-guanine Mm01545399 m1
phosphoribosyltransferase
actb actin beta Mm02619580 g1
THAI (Experiment 3)
Liver .
BAT luc luciferase DCPGLUC
MBH
Hippocampus hypoxanthine-guanine
Hypothalamus hprt phosphoribosyltransferase Mm01545399_m1
luc luciferase DCPGLUC
Small intestine gapdh glyceraldehyde-3-phosphate Mm99999915_g1
dehydrogenase

3.8. Body composition analysis and indirect calorimetry

Male TRH-IRES-tdTomato mouse pups were injected with thyroxine or vehicle as
described above and two months later, body composition analysis and indirect

calorimetry measurements were performed. One week after the last tamoxifen treatment,

the same measurements were performed on Rax-CreERT2 and Rax-CreERT2//Dagla

mice. Before the measurements, mice were trained to use the special drinking nipples and
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feeders in training cages similar to the metabolic cages. The training session lasted for 3
days. Before and after the metabolic measurements, the body composition (total and free
water, fat and lean body mass) of the animals was determined by EchoMRI whole body
magnetic resonance analyser (Zinsser Analytic, Germany). The food intake, the
locomotor activity and the calorimetric parameters of the animals were continuously
monitored for 72 hours by TSE PhenoMaster System (TSE Systems GmbH, Bad
Homburg, Germany). The metabolic data was analyzed with the TSE PhenoMaster
software. The energy expenditure and resting energy expenditure of the animals was
normalized to the lean body mass of each mouse. The resting energy expenditure was
calculated from the energy expenditure of the time points when the animal ate less than
0.1 g and moves less than 1% of the maximum ambulatory value in the preceding 30
minutes. The respiratory exchange ratio (RER) was calculated from the volume of the
produced CO2 and the consumed O2 by the animals, which determines the substrate

utilization.

3.9. Statistical analysis

Statistical analysis was performed by GraphPad Prism 8.0.1 Software and outliers were
excluded by using Grubb’s test. All data are represented as mean = SEM. Two-tailed
Student’s t-test was used for comparison of two groups, Welch’s correction was used if the
variances were significantly different. Two-way ANOVA followed by Bonferroni post
hoc test and one-way ANOVA followed by Tukey post hoc test was used in the
examination of more than two groups. p < 0.05 was considered significant (*p < 0.05;
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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4. Results

4.1. Determination of the importance of the endocannabinoid

production of tanycytes in the regulation of the HPT axis

4.1.1. p2-tanycytes express glutamate receptors and glutamate transporters in mice

Glutamate is known to regulate the endocannabinoid synthesis (98) and release and it has
already proved that hypophysiotropic TRH neurons release glutamate (99). Therefore,
gene expression assay of B2-tanycytes from CD1 mice was performed to determine
whether the tanycytes might be sensitive for the glutamate and TRH released from the
hypophysiotopic TRH neurons. The P2-tanycytes were isolated by LCM and gene
expression of DAGLa, Dio2, glutamate receptor subunits, glutamate transporters and
TRH receptors (Table 5) was measured by using TagMan gene expression array cards.
High level of glutamate transporter SLC1A3 expression was detected in f2-tanycytes,
whereas SLC1A1 and SLC1A2 was present in lower levels. However, the SLC1A6 and
SLC1A7 glutamate transporter subunit expression was not observed in B2-tanycytes.
Measurements of AMPA receptor subunit mRNA levels showed expression of GRIA1
and GRIA2, but not GRIA3 and GRIA4 in the B2-tanycytes. Kainite receptor subunits
also expressed in f2-tanycytes. The GRIK3 showed the highest expression, whereas
lower level of GRIK2, GRIK4 and GRIKS5 expression and no expression of GRIK1 was
detected. The NMDA receptor subunit GRIN3A and metabotropic glutamate receptor
GRM4 were also present in B2-tanycytes, but the other subunits of these receptor types
were absent. Both TRH receptor, TRHR1 and TRHR2, were absent in f2-tanycytes.
These results indicating that glutamate can act primarily on the p2-tanycytes via kainite
and AMPA receptors and glutamate transporter SLC1A3.
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Table 5: Expression of glutamate receptors and transporters in f2-tanycytes. Genes
were considered to be expressed if the ACT value was under the ACT value of negative
control GRMS5 and considered to be absent if the ACT value was above the ACT value of
negative control GRM5. N=4.

Expression in p2-Tanycytes Gene Gene name
(CTgene - CTgeomean
housekeeping genes £ SEM)

Genes Expressed in Tanycytes

2:46£0.31 Dagla Diacylglycerol lipase alpha
1.57+0.25 Dio? Deiodinase, iodothyronine,
type 1l
5.52+0.92 SLC1A1 Solute carrier family 1,
member 1
4.50 +0.34 SLC1A2 Solute carrier family 1,
member 2
-0.15+0.26 SLC1A3 Solute carrier family 1,
member 3
Glutamate receptor,
289017 GRIAL ionotropic, AMPAL (alpha 1)
Glutamate receptor,
437051 GRIAZ ionotropic, AMPA2 (alpha 2)
Glutamate receptor,
>97+0.68 CRIK2 ionotropic, kainate 2 (beta 2)
ionotropic, kainate 3
5.81 +£0.27 GRIK4 Glutamate receptor,
ionotropic, kainate 4
Glutamate receptor,
2.57+0.35 GRIK5 ionotropic, kainate 5 (gamma
2)
Glutamate receptor ionotropic,
3.15+0.09 GRIN3A NMDASA
529+0.16 GRM4 Glutamate receptor,

metabotropic 4

Genes Not Expressed in Tanycytes

Solute carrier family 1,

8.07£0.61 SLC1A6
member 6
uD SLC1A7 Solute carrier family 1,
member 7
6.83 +1.68 GRIA3 Glutamate receptor,
' ' ionotropic, AMPAS (alpha 3)
6.85+0.58 GRIA4 Glutamate receptor,

ionotropic, AMPA4 (alpha 4)
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Glutamate receptor,

10.24 +0.33 GRIK1 . . .
ionotropic, kainate 1
Glutamate receptor,
6.80+0.75 GRINI ionotropic, NMDAL (zeta 1)
Glutamate receptor,
6.88 £0.30 GRIN2A | ionotropic, NMDAZ2A (epsilon
1)
Glutamate receptor,
6.54 £0.21 GRIN2B | ionotropic, NMDA2B (epsilon
2)
Glutamate receptor,
ubD GRIN2C | ionotropic, NMDA2C (epsilon
3)
Glutamate receptor,
8.26+0.62 GRIN2D | ionotropic, NMDAZ2D (epsilon
4)
Glutamate receptor,
ub GRIN3B ionotropic, NMDA3B
11.77 + 1.98 GRM1 Glutamate receptor,
metabotropic 1
UD GRM?2 Glutamate receptor,
metabotropic 2
6.88 + 121 GRM3 Glutamate receptor,
metabotropic 3
638+ 0.73 GRMS5 Glutamate receptor,
metabotropic 5
UD GRM6 Glutamate receptor,
metabotropic 6
9.20 + 0.27 GRM7 Glutamate receptor,
metabotropic 7
UD GRMS Glutamate receptor,
metabotropic 8
.08+ 0.41 TRHR1 Thyrotropin-releasing
hormone receptor 1
6.86 + 1.59 TRHR? Thyrotropin-releasing

hormone receptor 2

46




4.1.2. Validation of the tanycyte-specific ablation of DAGLa in the Rax-
CreERT2//Dagla

To determine whether the genetic manipulation decreased the DAGLa expression in 32-
tanycytes, first, immunocytochemistry was performed to detect the DAGLa protein in the
ME. While immunocytochemistry demonstrated DAGLa-immunoreactivity in the cell
bodies and basal processes of f2-tanycytes in the ME of Rax-CreERT2 mice (Figure
B6A), it significantly decreased in Rax-CreERT2//Dagla™ mice (Figure 6B). The genetic
manipulation did not influence DAGLa-immunoreactivity in other brain regions, like in
the ARC. To quantify the change of the DAGLa expression specifically in the 2-
tanycytes, the expression of this gene was studied by TagMan gPCR in the cell bodies of
B2-tanycytes isolated by LCM. The expression of DAGLo mRNA (Figure 6C) was
significantly decreased in B2-tanycytes of T-DAGLa KO mice compared to the controls
(Control vs. T-DAGLa KO (RQ): 1.00 + 0.19 vs. 0.44 + 0.09, p=0.02, =2.796, df=13,
N=7-8), supporting the results of the immunohistochemistry study and demonstrating that
the Rax-CreERT2//Dagla™™ mice can be used to study the role of the DAGLa expression

of tanycytes.
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Figure 6: Tamoxifen-induced recombination causes marked decrease of DAGLa

immunoreactivity and mRNA level in the tanycytes of Rax-CreERT2//Dagla™ mice.

DAGLa-immunoreactivity in the ME and ARC of the Rax-CreERT2 (control) mice (A).
The DAGLa-immunoreactivity is markedly decreased in tanycyte-specific DAGLa
ablated (T-DAGLo. KO, B) mice compared to the controls. DAGLa-immunoreactivity was
not influenced by the genetic manipulation in the ARC. Scale bar is 50 um. Significantly
lower mRNA expression of DAGLo. (C, N=7-8) was observed in LCM isolated f2-
tanycytes of T-DAGLa KO mice compared to the controls. Data are presented as mean +
SEM and compared with Student’s t test. Abbreviations: DAGLo. — diacylglycerol lipase
alpha.

4.1.3. Tanycyte-specific ablation of DAGLa influences the HPT axis

Since the endocannabinoid production of tanycytes influences the TRH release of the
hypophysiotropic neurons, we examined how tanycyte-specific ablation of DAGLa
influences the HPT axis. Neurons containing proTRH mRNA were readily visualized by

in situ hybridization histochemistry, symmetrically distributed in the PVN on either side
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of the third ventricle in both genotypes. Expression of proTRH mRNA did not change in
the T-DAGLa KO mice compared to the control group (Figure 7A-F). Densitometric
analysis of autoradiograms revealed no significant differences between the integrated
density unit of proTRH mRNA of T-DAGLa KO mice compared to the control group
(Figure 7G, Control vs. T-DAGLa KO (Int. dens. sum): 43.99+3.40 vs. 29.58+9.54,
p=0.2. t=1.422, df=6.254, N=6).

Control T-DAGLa KO

G PVN - proTRH mRNA

[~
o
1

Integrated Density (sum)
2

Figure 7: Effect of tanycyte-specific DAGLa ablation on the proTRH mRNA

expression in the PVN.

Darkfield images (A-F) illustrate the proTRH mRNA expression in three coronal plans of
the mid-level of PVN in control and in tanycyte-specific DAGLa ablated (T-DAGLa KO)
mice. Densitometric analysis (G) of the selected images showed no significant differences
between the proTRH mRNA hybridization signal of hypophysiotropic TRH neurons of the

PVN between the two groups (N=6). Data are presented as mean = SEM and compared
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with Student’s t test. Scale bar=100um. Abbreviations: PVN - hypothalamic
paraventricular nucleus, proTRH — pro-thyrotropin releasing hormone.

However, the TRH expression of PVN did not change significantly, the TSHf mRNA
level (Figure 8A), showed a two-fold increase in the T-DAGLa KO mice compared to
the controls (Control vs. T-DAGLa KO (RQ): 1.00 + 0.07 vs. 2.05 £+ 0.16, p<0.0001,
t=5.889, df=29.06, N=19-22), indicating that TRH release to the portal circulation of the
pituitary increased as a result of tanycyte-specific ablation of DAGLa in accordance with
our in vitro observation (95).

In accordance with the increased TSH production of the pituitary, the circulating fT4 level
(Figure 8B) showed ~20% increase in the T-DAGLa KO mice compared to the control
animals (Control vs. T-DAGLa KO (ng/dl): 2.02 £ 0.15 vs. 2.44 £ 0.14; p=0.05, t=2.026,
df=35, N=18-19). However, the fT3 level (Figure 8C) was not influenced by the
genotype (Control vs. T-DAGLa KO (ng/dl): 4.15 £ 0.21 vs. 4.23 + 0.22, p=0.8, t=0.255,
df=35, N=18-19).

In accordance with the inhibitory effect of THs on the Dio2 expression (135), gene
expression of Dio2 from isolated p2-tanycytes (Figure 8D) showed significant decrease
in T-DAGLa KO mice (Control vs. T-DAGLa KO (RQ): 1.00 £ 0.06 vs. 0.66 + 0.09,
p=0.009, t=3.053, df=13, N=7-8), indicating that tanycytes reduced the local T3
production as a result of elevated TSHf and T4 levels. However, the expression of TRH
degrading enzyme PPII (Figure 8E) was not changed significantly (Control vs. T-
DAGL0o KO (RQ): 1.00 +0.19 vs. 0.73 £ 0.15, p=0.28, t=1.138, df=13, N=7-8).
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Figure 8: Effect of tanycyte-specific ablation of DAGLa on the HPT axis.

The TSHP mRNA expression in the pituitary (A, N=19-22) and the T4 levels in the sera
(B, N=18-19) were significantly increased in the T-DAGLa KO mice, however, the fT3
levels (C, N=18-19) were not different between the genotypes. Dio2 gene expression (D,
N=7-8) was significantly lower in T-DAGLa KO mice, but PPII expression (E, N=7-8)
did not differ significantly between the groups in isolated p2-tanycytes. Data are

presented as mean + SEM and compared with Student’s t test. *, p < 0.05; **, p < 0.01,
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**** p < 0.0001. Abbreviations: fT4: free thyroxine, fT3: free triiodothyronine, TSHp:
thyroid stimulating hormone beta subunit, Dio2 — type 2 deiodinase, PPII — pyroglutamyl-
peptidase II.

4.1.4. Effect of tanycyte-specific ablation of DAGLa on body composition and

metabolism

THs play critical role in the regulation of development and energy homeostasis, therefore
the effect of genetic manipulation on the body weight was studied by comparing the
weight of the animals before and after the 72-hour-long indirect calorimetry
measurements. Interestingly, during this 3-day-long period, the T-DAGLa KO animals
gained significantly more weight than the controls (Figure 9A, Control vs. T-DAGLa,
KO (g): -0.40 + 0.18 vs. 0.29 + 0.22, p=0.03, t=2.393, df=18, N=9-11). Furthermore, the
fat mass normalized by lean body mass (LBM, Figure 9B) significantly increased in T-
DAGLa KO mice, however, the LBM normalized by the total body weight (TBW, Figure
9C) and the hydration ratio (Figure 9D) of the animals did not show significant changes
(Control vs. T-DAGLa KO (%), N=9-11: Fat/LBM: 9.57 + 0.29 vs. 10.85 + 0.44, p=0.03,
t=2.310, df=18; LBM/TBW: 88.81 + 0.29 vs. 87.83 + 0.48, p=0.13, t=1.586, df=17;
Hydration ratio: 83.55 = 0.22 vs. 83.14 = 0.14, p=0.12, t=1.634, df=18).
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Figure 9: Effect of tanycyte-specific ablation of DAGLa on body composition

The body composition of control and T-DAGLo. KO mice was determined by using
EchoMRI whole body magnetic resonance after 72 hours indirect calorimetry
measurements. Body weight was measured before and after the indirect calorimetry
measurements. The body weight change during this period (A) and the LBM normalized
fat mass ratio (B) was significantly higher in the T-DAGLa KO mice. However, the TBW
normalized LBM (C) and the hydration ratio (D) of the mice did not show significant
changes. Data are compared with Student’s t test and shown as mean £ SEM, N=9-11,
*p < 0.05. Abbreviation: LBM — lean body mass, TBW — total body weight.
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Interestingly, the blood glucose level of the T-DAGLa KO group was significantly lower
compared to the controls (Figure 10A, Control vs. T-DAGLa KO (mmol/1): 9.20 £ 0.23
vs. 8.20 £ 0.21, p=0.005, t=3.255, df=17, N=9-10). In accordance with that higher blood
glucose level inhibits food intake, the T-DAGLa KO showed tendency for increased
LBM normalized food intake compared to control animals (Figure 10B, Control vs. T-
DAGLa KO (g/h/kg Ibm): 6.90 + 0.24 vs. 7.70 + 0.30, p=0.06, t=2.097, df=12, N=7-8).
The horizontal, XY activity (Figure 10C) of the T-DAGLa KO mice (Control vs. T-
DAGLa KO (cnts/h): 4517.00 + 442.20 vs. 5786.00 + 359.40, p=0.04, t=2.249, df=13,
N=7-8) was significantly increased in their home cages.

The energy expenditure (Figure 10D, Control vs. T-DAGLa KO (Kcal/h/kg 1bm): 22.70
+ 0.49 vs. 22.27 + 0.23, p=0.43, t=0.819, df=13, N=7-8), the resting energy expenditure
(Figure 10E, Control vs. T-DAGLa KO (Kcal/h/kg 1bm): 19.77 + 0.50 vs. 19.73 £ 0.22,
p=0.94, t=0.082, df=13, N=7-8) and RER (Figure 10F, Control vs. T-DAGLa KO
(RER/h): 0.85 £ 0.006 vs. 0.85 £+ 0.005, p=0.91, t=0.101, df=13, N=7-8) of the animals

did not show significant changes.
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Figure 10: Effect of tanycyte-specific ablation of DAGLa on metabolic parameters.

The energy homeostasis of control and T-DAGLa KO adult mice was determined by using
TSE PhenoMaster System. T-DAGLo. KO mice had significantly decreased blood glucose
level (A, N=9-10) and showed tendency for increased food intake (B) and significantly
increased XY activity (C). The LBM normalized energy expenditure (D), resting energy
expenditure (E) and the RER (F) did not changed significantly. Data are compared with
Student’s t test and shown as mean = SEM. B-F: N=7-8, *p < 0.05, **p < 0.01.
Abbreviation: RER — Respiratory Exchange Ratio.
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4.2. Development of the HPT axis negative feedback regulation in mice

The set point of the HPT axis develops around birth, but the exact timing is unknown in
mice, therefore, we examined the development of the feedback regulation of the HPT axis
in newborn mouse pups. 200ng/bwg thyroxine was administered to 1-7 and 10 day old
pups and the animals were sacrificed 8h later.

4.2.1. THs already regulate the TRH expression in the PVN and the TSHf

expression in the pituitary in newborn mice

The TSHPB mRNA expression of the pituitary in the T4-treated TRH-IRES-TdTomato
mouse pups decreased significantly in all age groups (Figure 11, p<0.0001, N=4-6)
compared to the respective controls, indicating that the feedback regulation at the pituitary
level is already developed after birth in mice. Therefore, we examined if the feedback
regulation is also developed at the hypothalamic level after birth. We repeated the
treatments in a new cohort of 1, 3, 4 and 7 day old FVB/Ant pups and proTRH mRNA
level was determined by ISH in the mid-level of PVN. Representative images of all age
groups showed that proTRH mRNA level was decreased in the T4-treated pups compared
to the control animals (Figure 12). Densitometric analysis of the selected images revealed
significant decrease of the proTRH mRNA level of P3 (Figure 12D, Control vs. T4 (Int.
dens. sum): 86.68+7.96 vs. 63.98+2.98, p=0.02, t=2.839, df=11, N=6-7), P4 (Figure 12F,
Control vs. T4 (Int. dens. sum): 183.20+39.58 vs. 63.96+8.95, p=0.03, t=2.680, df= 9,
N=5-6) and P7 (Figure 12H, Control vs. T4 (Int. dens. sum): 222.40+24.67 vs.
150.10+13.41, p=0.03, t=2.573, df=10, N=6) T4-treated mouse pups. However, P1 age
group (Figure 12B) showed only a strong tendency (p=0.06) for decrease of proTRH
expression in T4 group compared to the control (Control vs. T4 (Int. dens. sum):
183.00+51.41 vs. 74.41+23.58, t=2.142, df=8, N=4-6) which can be due to the low sample

size.
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Figure 11: Changes of TSHp expression after T4 treatment in P1-10 mouse pups.

TagMan qPCR analysis of TSHS mRNA expression in pituitary 8 hours after injection of
200 ng/bwg T4 or vehicle in P1-7 and 10 day old TRH-IRES-TdTomato mouse pups.
Pituitary TSHP mRNA levels were significantly decreased in all age groups compared to
the controls. Data are compared with Two-way ANOVA followed by Bonferroni post hoc
test. Data are shown as mean + SEM. N=4-6, *p < 0.05; **p < 0.01. Abbreviations:
TSHp - thyroid stimulating hormone beta, P - postnatal day, T4 — thyroxine.
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Figure 12: Response of proTRH expression in the PVN to peripheral T4 treatment in

mouse pups.

1, 3, 4 and 7 day old FVB/Ant mouse pups were treated with 200 ng/bwg T4 or vehicle
and sacrificed 8 hours later to determine TRH expression in PVN. Representative images
of proTRH mRNA ISH autoradiograms in 1 (A), 3 (C), 4 (E), 7 (G) day old FVB/Ant
mouse pups. Densitometric analysis of the selected images of proTRH mRNA
hybridization signal in the PVN showed significant decrease in 3 (D), 4 (F) and 7 (H) day
old (N=5-7) T4-treated groups compared to the controls and tendency for decrease in P1
(B, N=4-6) age group. Data are compared with Student’s t test. Data are shown as mean
+ SEM. *p < 0.05. Abbreviations: P - postnatal day, T4 — thyroxine, ISH — in situ
hybridization, PVN - hypothalamic paraventricular nucleus, proTRH — pro-thyrotropin

releasing hormone.

4.2.2. Effect of early postnatal hyperthyroidism on the expression of Diol in the liver

Liver expression of the highly TH sensitive Diol was examined as a marker of circulating
TH levels in 1-7 and 10 day old TRH-IRES-TdTomato mouse pups. Diol mRNA
expression (Figure 13) was significantly increased in the liver (p<0.0001, N=4-8) in all
T4-treated animals compared to the respective controls, indicating the hyperthyroid state

of the treated animals.
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Figure 13: Expression of Diol in liver of P1-7, 10 mouse pups.

TagMan gPCR analysis of Diol mRNA expression (N=4-8) in liver 8 hours after injection
of 200 ng/bwg T4 or vehicle in P1-7 and P10 mouse pups. Liver Diol mRNA levels were
significantly increased in all age groups compared to the controls by two-way ANOVA
followed by Bonferroni post hoc test and shown as mean + SEM. *p < 0.05; **p < 0.01,
***p < 0.001. Abbreviations: Diol — type 1 deiodinase, P - postnatal day, T4 — thyroxine.

4.3. Characterization of the effects of early postnatal hyperthyroidism

on the HPT axis, metabolism and tissue-specific TH action of adult mice

To determine the effect of early postnatal hyperthyroidism in adult mice, male TRH-
IRES-TdTomato and THAI mouse pups were injected subcutaneously daily with

1ug/bwg T4 between P2-P6 and sacrificed 2 months later.
4.3.1. Early postnatal hyperthyroidism induced lifelong changes of the HPT axis

Early postnatal T4 administration resulted in a marked decrease of the proTRH mRNA
hybridization signal in the PVN of adult TRH-IRES-TdTomato mice compared to the
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control group (Figure 14A-F). By image analysis (Figure 14G), postnatal T4 treatment
induced an approximately 30% reduction in the density values of proTRH mRNA
hybridization signal in the PVN of adult mice (Control vs. T4 (Int. dens.): 296.00+23.91
vs. 212.80+20.27, p=0.02, t=2.654, df=16, N=9).
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Figure 14: Effect of early postnatal hyperthyroidism on the TRH expression in the PVN
of adult mice.

TRH-IRES-TdTomato male mouse pups were treated with 1ug/bwg T4 or vehicle between
P2-6 days and sacrificed at adulthood to determine the TRH expression in PVN by ISH.
Darkfield images (A-F) and densitometric analysis (G, N=9) of proTRH mRNA
expression of the PVN showed that the early postnatal T4 treatment resulted in marked
decrease of TRH synthesis in adult mice. Data are compared with Student’s ¢ test and
shown as mean £ SEM. *, p < 0.05. Abbreviations: T4: thyroxine, PVN — hypothalamic

paravnetricular nucleus, proTRH — pro-thyrotropin releasing hormone.
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However, the TSHB mRNA expression of the pituitary (Figure 15A) did not change
significantly despite of the reduced hypothalamic TRH expression (Control vs. T4 (RQ):
1.00+0.07 vs. 0.92+0.09, p=0.46, t=0.759, df=19, N=10-11), but the circulating fT4 level
(Figure 15B) decreased significantly in the group treated with T4 in the postnatal period
compared to the control group (Control vs. T4 (ng/dl): (0.82+0.03 vs. 0.68+0.04, p=0.02,
t=2.527, df=26, N=14). The presence of decreased TRH expression and decreased fT4
level supports the existence of central hypothyroidism in this mouse model. The fT3 level,
however, (Figure 15C) was not altered by the treatment (Control vs. T4 (ng/dl):
3.10+0.39 vs. 2.78+0.30; p=0.52, t=0.656, df=25, N=13-14), suggesting that changes of
peripheral TH metabolism can normalize the fT3 level despite of the lower T4 level.
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Figure 15: Effect of early postnatal hyperthyroidism on the TSHf expression and TH
levels in adult mice.

TRH-IRES-tdTomato male mouse pups were treated with 1ug/bwg T4 or vehicle between
P2-6 days and sacrificed at adulthood to measure TSHf expression in the pituitary by
TagMan gPCR analysis and TH levels from sera. The pituitary TSHfS mRNA (A, N=10-
11) level was not change significantly in the groups. Serum fT4 (B, N=14) level was
significantly lower in the adult, postnatally T4-treated mice. However, the serum fT3 (C,
N=13-14) was not influenced by the treatment. Data are compared with Student’s t test
and shown as mean + SEM. *, p < 0.05. Abbreviations: T4: thyroxine, TSHJ - thyroid

stimulating hormone beta subunit, fT4 — free thyroxine, fT3 — free triiodothyronine.
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4.3.2. Tanycytes are not involved in the regulation of the HPT axis set point by

postnatal hyperthyroidism

The TH activating capability of tanycytes can influence the feedback regulation of the
TRH neurons (78). Therefore, the expression of Dio2 gene coding the TH activating
enzyme D2 was studied in the MBH of adult, postnatally T4-treated THAI mice to
investigate whether the central hypothyroidism resulted by the postnatal T4 treatment is
due to altered TH activating capacity of tanycytes. Since the Dio2 in the MBH is only
expressed by the tanycytes, we isolated a- and B-tanycyte subgroups separately by LCM
of postnatally treated TRH-IRES-TdTomato adult mice. The Dio2 mRNA expression did
not change significantly neither in a- (Figure 16A, Control vs. T4 (RQ): 1.00+0.10 vs.
0.96+0.20, p=0.88, t=0.159, df=10, N=6), nor in B-tanycytes (Figure 16B, Control vs. T4
(RQ): 1.00+0.29 vs. 0.85+0.26, p=0.71, t=0.385, df=7, N=4-5).

Tanycytes can also influence the activity of the HPT axis by degrading TRH in the ME
by PPII enzyme. Neither a- (Figure 16C, Control vs. T4 (RQ): 1.00+0.06 vs. 1.01+0.10,
p=0.93, t=0.932, df=10, N=6), nor B-tanycytes (Figure 16D, Control vs. T4 (RQ):
1.00+0.23 vs. 0.50+0.13, p=0.09, t=1.965, df=7, N=4-5) showed significant change in the
expression of PPII between the control and postnatally T4-treated, adult TRH-IRES-
tdTomato mice,

As D2 activity is highly regulated posttranslationally, we also studied whether the TH
action is influenced by the postnatal T4 treatment in the MBH of adult mice. For this
experiment, we used THAI mice in which the expression of luc is highly regulated by
THs (133). In the MBH of postnatally T4-treated adult THAI mice, luc expression - the
indicator of TH action - was not influenced by the early postnatal treatment (Figure 16E,
Control vs. T4 (RQ): 1.00+0.13 vs. 0.81£0.11, p=0.31, t=1.056, df=11, N=6-7) excluding
the possibility that in this model, the effect of postnatal T4 treatment on the HPT axis of
adult mice is mediated by tanycyte induced alteration of the feedback regulation of TRH
neurons.

These results demonstrate that the tanycytes are not involved in the regulation of the HPT

axis set point by postnatal hyperthyroidism.
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Figure 16: Early postnatal hyperthyroidism did not influence the TH activating and
TRH degrading capacity of tanycytes.

Male THAI and TRH-IRES-TdTomato mouse pups were treated with 1ug/bwg T4 or
vehicle between P2-6 days and sacrificed at adulthood. The Dio2 expression in a- (A)
and [-tanycytes (B) did not change significantly between control and T4-treated mice.
The treatment also did not influence the PPII mRNA level in a- (C) or p-tanycytes (D)
and luc expression of MBH of THAI mice (E). Data are compared with Student’s t test
and shown as mean + SEM. Abbreviations: THAI — thyroid hormone action indicator
mouse, MBH — mediobasal hypothalamus, Dio2 — type 2 deioidinase, luc — luciferase,

PPII — pyroglutamyl-peptidase II.
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4.3.3. Early postnatal hyperthyroidism influences the body composition of adult

mice

THs play critical role in the regulation of development and energy homeostasis, therefore
the effect of early postnatal hyperthyroidism was studied on the body composition and
energy homeostasis of adult TRH-IRES-tdTomato mice.

The adult, postnatally T4-treated animals showed significantly decreased body weight
compared to the controls (Figure 17A, Control vs. T4 (g): 22.84+0.63 vs. 19.18+0.50,
p=0.001, t=4.637, df=22, N=11-13). Furthermore, the body length of the T4 group was
significantly decreased compared to the control animals (Figure 17B, Control vs. T4
(cm):  9.54+0.19 vs. 8.79+0.16, p<0.0001, t=9.657, df=19, N=10-11). The body
composition of mice was mesaured by EchoMRI whole body magnetic resonance
analyser. Neither the fat mass / LBM ratio (Figure 17C, Control vs. T4 (%): 14.09+1.08
vs. 13.63+0.74, p=0.72, t=0.357, df=22, N=11-13), nor the LBM / body weight ratio
(Figure 17D, Control vs. T4 (%): 84.05+0.79 vs. 84.44+0.62, p=0.7, t=0.397, df=22,
N=11-13) were different between the control and T4-treated groups. The LBM
normalized food intake was not different between the groups (Figure 17E, Control vs. T4
(g/h/kg 1bw): 7.68+0.72 vs. 8.13+0.35, p=0.55, t=0.616, df=10, N=5-7). Thus, the marked
decrease of body weight is not due to altered body composition, but rather gross

retardation, since the thyroid status influences the bone growing.
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Figure 17: The effect of early postnatal T4 treatment on body weight and body
composition.

Early postnatal T4 treatment resulted in significantly decreased body weight (A, N=11-
13) and body length (B, N=10-11) at adulthood. Body composition analysis did not show
significant differences in fat and LBM (C, N=11-13) and in LBM and body weight (D,
N=11-13) ratios between the groups. The LBM normalized food intake was not
significantly different between the groups (E, N=5-7). Data are compared with Student’s

t test and shown as mean = SEM. ***p < 0.001. Abbreviation: LBM — lean body mass.
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4.3.4. Early postnatal hyperthyroidism influences the activity and energy

homeostasis of adult mice

The locomotor activity and energy homeostasis of adult TRH-IRES-TdTomato mice was
determined by using TSE PhenoMaster System. Despite the decreased fT4 levels, the
postnatally T4-treated mice showed significantly increased locomotor activity in the
metabolic cages, including XY activity (Figure 18A, Control vs. T4 (cnts/h):
3433+392.60 vs. 4691+349.40, p=0.04, t=2.371, df=10, N=5-7), travelled distance
(Figure 18B, Control vs. T4 (cm/h): 11383+554.10 vs. 22240+3648.00, p=0.03, t=2.466,
df=10, N=5-7) and speed (Figure 18C, Control vs. T4 (cm/sec): 3.14£0.16 vs. 6.17+1.02,
p=0.03, t=2.471, df=10, N=5-7). The higher activity was accompanied by significantly
higher energy expenditure (Figure 18D, Control vs. T4 (Kcal/h/kg Ibw): 24.64+0.73 vs.
27.39+0.54, p=0.01, t=3.098, df=10, N=5-7). Furthermore, the resting energy expenditure
of the postnatally T4-treated mice was also significantly higher (Figure 18E, Control vs.
T4 (Kcal/h/kg lbw): 22.61+0.67 vs. 24.91+0.60, p=0.03, t=2.516, df=10, N=5-7),
suggesting that the central hypothyroidism is compensated at the level of tissues. The
RER was not different between the two groups (Figure 18F, Control vs. T4 (RER/h):
0.84+0.02 vs. 0.84+0.01, p=0.98, t=0.026, df=10, N=5-7).
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Figure 18: The effect of early postnatal hyperthyroidism on the activity and metabolism
of adult TRH-IRES-TdTomato mice.

The postnatally T4-treated group showed significant increase in the XY activity (A),
travelled distance (B) and speed (C) parameters compared to the control group. The LBM
normalized energy expenditure (D) and resting energy expenditure was significantly
increased in T4-treated mice compared to the controls. The RER (F) was not significantly
different between the groups. Data are compared with Student’s t test and shown as mean
+ SEM. N=5-7; *p < 0.05. Abbreviation: RER — respiratory exchange ratio.

69



4.3.5. Effects of early postnatal hyperthyroidism on the TH action in tissues of adult

mice

THAI mice were treated with 1ug/bwg T4 or vehicle between P2-6 and were sacrificed
at adulthood. To determine the tissue-specific TH action, luc expression (marker of TH
action in the THAI mice) was studied in different tissues. Neither the hypothalamus
(Figure 19A), nor the hippocampus (Figure 19B) showed significant changes in the luc
expression in T4-treated mice compared to the controls (Control vs. T4 (RQ):
hypothalamus: 1.00+0.21 vs. 0.85+0.19, p=0.6, t=0.533, df=13, N=7-8; hippocampus:
1.00+0.13 vs. 0.76+0.28, p=0.42, t=0.853, df=8, N4-6). We also examined the luc
expression in TH sensitive peripheral tissues. The luc expression decreased only in the
small intestine (Figure 19C) in the postnatally T4-treated adult mice, but in BAT (Figure
19D), the luc mRNA level was unchanged (Control vs. T4 (RQ): small intestine:
1.00+0.12 vs. 0.72+0.05, p=0.04, t=2.202, df=14, N=8; BAT: 1.00+0.31 vs. 0.62+0.16,
p=0.28, t=1.129, df=13, N=7-8).
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Figure 19: Tissue-specific TH action.

THAI mice were treated with 1ug/bwg T4 or vehicle between P2-6 and were sacrificed at
adulthood and tissues were collected to determine tissue-specific TH action. TagMan
gPCR analysis revealed no significant differences in luc expression of hypothalamus (A),
hippocampus (B) and BAT (D), but in the small intestine (C), the early postnatal T4
treatment resulted in decreased luc expression. Data are compared with Student’s t test
and shown as mean £ SEM. N=6-8; *p < 0.05.. Abbreviation: THAI — thyroid hormone

action indicator mouse, luc — luciferase, BAT — brown adipose tissue.
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4.3.6. Early postnatal hyperthyroidism induced changes in TH-releated genes of

adult mouse liver

Since the liver is one of the main target tissues of THs, expression of TH-related genes
was examined by TagMan qPCR analysis in the liver of postnatally T4-treated adult TRH-
IRES-TdTomato mice. First, we determined the Diol expression of liver that is
considered to be the most sensitive marker of TH action in this tissue (4.2.2., Figure 13).
Early postnatal T4 treatment resulted in marked, approximately 90% decrease of Diol
expression in the liver (Figure 20A, Control vs. T4 (RQ): 1.00+0.16 vs. 0.09+0.02,
p=0.0007, t=4.340, df=14, N=6-10). To determine the tissue-specific TH action, luc
expression was also studied in the liver of postnatally T4-treated THAI mice. However,
the luc expression as a marker of thyroid hormone action did not change significantly in
the liver (Figure 20B, 1.00+0.16 vs. 1.14+0.15, p=0.55, t=0.619, df=11, N=6-7)
indicating euthyroid status in this tissue. To better understand the thyroid status of liver
in this animal model, the expression of other TH sensitive genes was also determined.
The TH receptor o and B (THRA, THRB) expression did not change significantly in this
tissue (Figure 20C,D, Control vs. T4 (RQ): THRA: 1.00+0.10 vs. 0.98+0.09, p=0.90,
t=0.131, df=18, N=10; THRB: 1.00+0.13 vs. 0.84+0.06, p=0.27, t=1.136, df=18, N=10).
The TH responsive (Spot14) gene is known to respond rapidly to TH and is responsible
for the tissue-specific regulation of lipid metabolism as a lipogenic gene in the liver (136).
Interestingly, the lower fT4 level of the animals did not change the gene expression of
Spotl4 in the postnatally T4-treated mice (Figure 20E, Control vs. T4 (RQ): 1.00+0.13
vs. 0.85+0.23, p=0.59, t=0.555, df=17, N=9-10). The expression of other genes involved
in the fatty acid metabolism and regulated positively by TH (137, 138) were also studied.
Both the malic enzyme 1 (MEL, Figure 20F) and fatty acid synthase (FASN, Figure
20G) showed significant decrease in the T4-treated group compared to the control
animals (Control vs. T4: ME1 (RQ): 1.00+0.10 vs. 0.58+0.07, p=0.003, t=3.441, df=16,
N=9; FASN: 1.00+0.15 vs. 0.54+0.03, p=0.01, t=2.898, df=15, N=8-9). The expression
of the catalytic subunit of glucose-6-phosphatase (G6PC) - which is essential for
endogenous glucose production (139) - did not change significantly (Figure 20H, Control
vs. T4 (RQ): 1.00+0.11 vs. 0.92+0.10, p=0.62, t=0.511, df=18, N=10).
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Figure 20: Effect of early postnatal hyperthyroidism on TH-releated genes of adult

mouse liver

TagMan gPCR analysis in liver of adult TRH-IRES-TdTomato male mice treated with
1ug/bwg T4 or vehicle between P2-6 days. Liver Diol expression (A, N=6-10) decreased
significantly in T4-treated group. The liver luc expression of THAI mice did not change
significantly (B, N=6-8). The gene expression of TH receptors THRA (C), THRB (D) and
Spot14 (E) did not change significantly in this group. The postnatal T4 treatment resulted
in decreased mRNA level of ME1 (F) and FASN (G) compared to the control. The
expression of G6PC (H) did not change significantly. C-H: N=8-10. Data are compared
with Student’s t test and shown as mean + SEM. *p < 0.05; **p < 0.01. Abbreviations:
Diol — type 1 deiodinase, THAI — thyroid hormone action indicator mouse, luc —
luciferase, THRA - TH receptor a, THRB - TH receptor 5, Spot14 - TH responsive, ME1
—malic enzyme 1, FASN - fatty acid synthase, G6PC - glucose-6-phosphatase.

4.3.7. Effect of early postnatal hyperthyroidism on the expression of DNA

methyltransferase enzymes in the liver

To determine whether the changes in the expression profile of certain TH-dependent
genes in the liver could be due to epigenetic regulation, the expression of genes involved
in DNA methylation were measured in liver of T4-treated and control 2 and 6 day old
mouse pups. Dnmtl level (Figure 21A, Control vs. T4 (RQ): 1.00+0.06 vs. 1.28+0.14,
p=0.13, t=1.667, df=9, N=5-6) showed a tendency to increase in the T4 group, but the
change was not significant, while Dnmt3a (Figure 21B, Control vs. T4 (RQ): 1.00+0.05
vs. 1.37+0.10, p=0.009, t=3.337, df=9, N=5-6) and Dnmt3b (Figure 21C, Control vs. T4
(RQ): 1.00+0.03 vs. 1.37+0.08, p=0.004, t=3.855, df=9, N=5-6) expression was
significantly increased in the T4 group compared to the controls at P2. The level of these
genes did not show significant changes at P6 (Figure 21D-F, Control vs. T4 (RQ):
Dnmtl: 1.00+0.05 vs. 1.04+0.10, p=0.76, t=0.316, df=10, N=6); Dnmt3a: 1.00+0.05 vs.
1.10+0.08, p=0.35, t=0.984, df=10, N=6; Dnmt3b: 1.00+0.04 vs. 1.02+0.14, p=0.1,
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t=0.207, df=10, N=6), indicating that the P2 but not the P6 mice are in the sensitive
period, when the thyroid status may influence the set point of TH dependent genes in the

liver and induce epigenetic changes by DNA methylation.
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Figure 21: Expression of DNA methylation-related genes in the liver of T4-treated P2

and P6 mouse pups.

TagMan gPCR analysis of Dnmtl, Dnmt3a and Dnmt3b mRNA expression in liver 8
hours after injection of 200 ng/bwg T4 or vehicle in P2 (A-C, N=5-6) and P6 (D-F, N=6)
pups. Liver Dnmt1 (A) expression was not changed significantly in P2, while Dnmt3a (B)
and Dnmt3b (C) expression was significantly increased in P2 animals. The Dnmtl (D),
Dnmt3a (E) and Dnmt3b (F) levels of P6 animals did not change signifcantly. Data are
compared with Student’s ¢ test and shown as mean = SEM. *p < 0.05; **p < 0.01, ***p

< 0.001. Abbreviations: P - postnatal day, T4 — thyroxine, dnmtl - DNA (cytosine-5)-
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methyltransferase 1, dnmt3a - DNA (cytosine-5)-methyltransferase 3a, dnmt3b - DNA
(cytosine-5)-methyltransferase 3b.
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5. Discussion

5.1. The effect of the tanycytic endocannabinoid system on the HPT axis

and metabolism

The HPT axis regulates the relatively steady level of circulating THs (122) and this
mechanism is tightly controlled by the interaction of tanycytes and the axons of the
hypophysiotropic TRH neurons in the external zone of the ME (76). In this brain region,
the endfeet processes of tanycytes are in contact with the axon terminals of the
hypophysiotropic TRH neurons in the vicinity of the fenestrated capillaries of the
hypophysial portal capillary circulation (31). This close anatomical relationship allows
that the tanycytes can control the access of TRH axons to the capillaries. Therefore, the
tanycytes can regulate the amount of TRH released into the portal capillaries by
mechanically separating the TRH axons from the capillaries (76). In addition, the
tanycytes can modulate the T3 availability of TRH neurons by D2 catalyzed conversion
of T4 toT3, thus these cells can influence the feedback regulation of TRH neurons (48).
Furthermore, tanycytes synthetize the TRH-degrading enzyme PPII (86). Therefore,
tanycytes can regulate the amount of TRH that can enter to the portal circulation.
Recently, we have described a novel regulatory microcircuit between TRH neurons and
tanycytes (95). The majority of TRH axons in the PVN contain CB1 receptor, and our
study using ME explants revealed that inhibition of CB1 receptor results in marked
increase of TRH release (95). We showed that the source of the endocannabinoids that
act on the CB1 of TRH axons is the tanycytes (95). Tanycytes express DAGLa and
DAGLa-immunoreactive tanycytes are in contact with CB1-containing TRH axons (95).
Glutamate is an important neurotransmitter in the regulation of endocannabinoid
production in neuronal systems (91), it stimulates DAGLa activity (98) and TRH neurons
known to release glutamate in the external zone of ME (99). To understand whether the
endocannabinoid production of tanycytes may be regulated by the glutamate or TRH
release of TRH axons, we studied the glutamate and TRH receptor and the glutamate
transporter expression of p2-tanycytes isolated by LCM. Our study revealed that B2-
tanycytes express glutamate transporters and receptors, but TRHR1 and TRHR2 receptor

were absent, indicating that TRH neurons influence the tanycytes primarily via glutamate
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release. The most abundant glutamate receptor subunits of the tanycytes are the GRIA1
and GRIA2 AMPA receptors and the GRIKS3 kainate receptor, whereas GRIK2, GRIK4,
and GRIKS5 kainate receptor subunits are expressed in lower levels. The NMDA and the
other metabotropic glutamate receptor subunits were almost absent, only GRIN3A and
GRM4 subunits were detectable in B2-tanycytes, indicating that the glutamate released
by TRH neurons primarily act on kainite and AMPA receptors. Indeed,
electrophysiological studies of our laboratory proved that glutamate depolarize the -
tanycytes and this effect can be blocked by the simultaneous inhibition of the AMPA and
kainite receptors and the TBOA sensitive glutamate transporters. In contrast, TRH
administration did not influence the electrophysological properties and the intracellular
Ca?* level of tanycytes. Furthermore, it was shown that simultaneous inhibition of the
AMPA and kainite receptors and the glutamate transporters decreases the
endocannabinoid content of ME explants further demonstrating the functional role of the
AMPA and Kkainite receptors and glutamate transporters in the regulation of the
endocannabinoid synthesis of tanycytes (95).

As our previous studies demonstrated, that the endocannabinoids produced by the
tanycytes serve as the ligand of the CB1 of hypophysiotropic TRH axons and induce tonic
inhibition of TRH release (95), we hypothesized that tanycytes regulate the activity of the
HPT axis by endocannabinoids. To test this hypothesis, we generated a tanycyte-specific
DAGLa ablated (T-DAGLa KO) mouse line by crossing DAGLo™ mice with RAX-
CreERT2 mice. This later mouse line provides tanycyte-specific Cre recombinase
expression in adult mice (129). The Cre mediated recombination was induced by
tamoxifen treatment. The characterization of the DAGLa expression in these animals
showed that the genetic manipulation decreased the amount of DAGLa protein only in
the ME. The DAGLa content of other brain regions was not influenced. Analysis of the
DAGLo mRNA content of the cell bodies of p2-tanycytes further demonstrated the
marked decrease of DAGLa expression in the tanycytes of T-DAGLo KO mice. To avoid
the potential effect of tamoxifen on the studied parameters, the RAX-CreERT2 that were
used as control, were also treated with tamoxifen.

Our group has previously showed that TRH release is tonically inhibited by the
endocannabinoids in EM explants (95). In this experiment, CB1 antagonist or inhibition
of DAGLa stimulated, while CB1 agonist had no effect on the TRH release (95). Despite
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of the unchanged TRH expression in the PVN, the TSHP expression was markedly
increased in the pituitary of T-DAGLa KO mice that was accompanied by increased fT4
level in the circulation. These data together indicate that the marked decrease of
endocannabinoid production of tanycytes in the T-DAGLo KO caused disinhibition of
TRH release resulting in increased TSH production in the pituitary and concomitant
increase of T4 level in the blood of these animals. Interestingly, the fT3 level of the T-
DAGLa KO group was similar than that of the control group indicating that alteration of
the peripheral TH metabolism can compensate the elevated fT4 level.

Tanycytes are located outside of the BBB (70), therefore, circulating signals can easily
access these cells and may regulate their endocannabinoid production. Thus, the
regulation of the TRH release provides a mechanism that allows very fast regulation of
the HPT axis activity by peripheral signals.

We also studied whether other regulatory mechanisms of tanycytes were also influenced
by the decreased endocannabinoid producing capacity of these cells. We observed that
the genetic manipulation did not influence the PPII production of the tanycytes. However,
the Dio2 expression of B2-tanycytes markedly decreased in the T-DAGLa KO. We
hypothesize that the change of Dio2 expression is a compensatory mechanism to decrease
the effect of the elevated circulating T4 level.

As both THs and the endocannabinoid system are critical in regulation of food intake and
metabolism (3, 140), we studied the body composition, energy homeostasis and blood
glucose level to understand the consequences of the tanycyte-specific decrease of DAGLa
expression. The T-DAGLo KO mice had significantly lower blood glucose level and
increased fat mass ratio with increased body weight gain compared to the controls. The
increased fat accumulation and the decreased blood glucose level suggest that the insulin
action is increased in the tissues of these animals. Further studies are needed to understand
whether this is due to increased insulin production or due to increased insulin sensitivity
of tissues and how the tanycytes can influence these parameters of glucose homeostasis.
However, the energy expenditure of the animals was not influenced by the genetic
manipulation. In hyperthyroid state, increased energy expenditure, body weight loss (19,
20) and elevated blood glucose level (141) are typical. Therefore, we suggest that the
effect of the tanycyte-specific ablation of the DAGLa on the body composition and blood

glucose level are independent from the effect of the genetic manipulation on HPT axis.
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5.2. Development of the HPT axis feedback regulation in mice

The negative feedback mechanism of the HPT axis is essential to maintain stable TH
concentrations (39, 142). The set point of the feedback system of the HPT axis is set for
lifetime during the development indicating that the set point is a fixed entity (122).
However, during a critical developmental period, genetic and environmental factors or
alterations of maternal thyroid status may induce lifelong changes of the set point of HPT
axis feedback regulation (117, 118, 122). Studies in humans revealed that infants born
from hyperthyroid mothers show hyperthyroidism, but later this state turns to central
hypothyroidism due to the changes of set point (117, 118). Environmental factors like
endocrine disruptors can influence the development of the offspring’s HPT axis in the
sensitive period (123). Twin studies revealed that, however, the fT4 and TSH have a very
stable log negative relationship during the life (102), heritability accounts for only 60%
of the interindividual HPT axis variability suggesting that internal and environmental
factors like hormonal status, feeding status and acute or chronic inflammations have also
large impact on the development of set point (122). The feedback regulation of the HPT
axis of different species develops in distinct periods around birth: in the third trimester in
humans (29), between embryonic day 19 and posthatching day 2 in chickens (103) and
during the first postnatal week in rats (104). In perinatal or newborn rats, perturbation of
TH levels by pharmacologic manipulation or changes in maternal thyroid status induced
long lasting alteration in circulating TH levels (101, 119). To better understand the
development of the negative feedback regulation of the hypophysiotropic TRH neurons,
we examined the timing of this development in mice. P1-10 day old mice were
administered of T4 and sacrificed 8 hours later to study the response of pituitary TSHf3
expression and the PVN TRH expression. The Diol mRNA expression of the liver was
used as a marker of the thyroid status of the animals as the very small blood volume of
the mouse pus did not allow the measurement of blood TH levels.

Administration of T4-induced a marked decrease in TSHB mRNA expression in all age
groups of mouse pups, indicating that the TSH response for elevated TH level is already
functional from birth in mice. TRH expression in the PVVN of 1, 3, 4 and 7 day old mice
also decreased after T4 administration, suggesting that the HPT axis negative feedback

regulation is already developed in newborn mice. In mammals, the critical period of the
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evaluation of HPT axis set point is around birth and disturbances in this sensitive period
can result in lifelong changes in the individual (101, 143).

5.3. Early disturbance in TH status induces lifelong changes in the HPT

axis and metabolism

Based on the results that disturbance of thyroid status in perinatal mice may induce
epigenetic changes, we treated mice with T4 between P2-P6 and examined the activity of
HPT axis, metabolism and expression of TH sensitive genes in tissues. The early postnatal
hyperthyroidism resulted in central hypothyroidism at adulthood. TRH expression in the
PVN and serum fT4 level decreased in the postnatally hyperthyroid adult mice without
significant changes of serum fT3 and TSHf expression of the pituitary. The lower fT4
and normal TSH level is typical in central hypothyroidism (144, 145). Due to the high
impact of the glycosylation of TSH on its biological activity, the effect of TSH on the
thyroid gland can not be always assumed based on the rate of TSH production or the
amount of circulating TSH (146, 147). TRH regulates the TSH synthesis, but it also has
critical role in the regulation of TSH glycosylation (147). Thus, it is likely that the lower
TRH release results in decreased TSH bioactivity despite of the similar rate of TSH
transcription. Despite of the lower fT4 level, the early postnatal T4 treatment had no effect
on the fT3 level of the adult animals. It is likely that this discrepancy is due to adaptation
of peripheral TH metabolism that can compensate the decreased fT4 levels. This could
include increased peripheral TH activation or decreased T3 degradation that can help to
maintain the normal concentration of the active form of TH, the T3. The normal
regulatory mechanism of HPT axis is that in response to the decline of T3 or T4 levels,
the TRH expression of hypophysiotropic neurons in the PVN is increased (40), however
in our study, the animals have decreased TRH expression despite of the lower fT4 level,
indicating that the short postnatal hyperthyroidism induced long term changes of the set
point of the TH negative feedback regulation.

In addition to the hypophysiotropic TRH neurons, the tanycytes of the ME are also
involved in the regulation of negative feedback mechanism of the HPT axis via regulating

the T3 availability for the TRH neurons (31). For instance, the inhibitory effect of
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infections on the hypophysiotropic TRH neurons is induced by the local hyperthyroidism
in the MBH, which is mediated by the D2 activity of tanycytes (84). The other regulatory
mechanism of tanycytes in hyperthyroid state is the increased PPII activity to reduce the
released amount of TRH (86). Thus, we hypothesized that the early disturbance in thyroid
status may induce changes in the HPT axis by acting on the tanycytes. The early postnatal
hyperthyroidism did not change the D2 and PPII expressions in neither the a-, nor in the
B-tanycytes. As D2 activity has very complex posttranslational regulation, we also
determined whether the tanycytes may inhibit the hypophysiotropic TRH neurons in this
model by increased TH activation, but the TH action, determined by the examination of
the luc expression in the THAI mice, was not increased in the MBH. These results indicate
that the tanycytes are not involved in the early postnatal hyperthyroidism induced changes
of the HPT axis development.

As THs has critical role in the regulation of food intake, metabolism and development (1,
3), we studied the changes of body composition and energy homeostasis to understand
the consequences of the central hypothyroidism of the postnatally T4-treated mice. The
early postnatal hyperthyroidism resulted in decreased body weight at adulthood without
changes in LBM/body weight and fat mass/LBM ratios compared to the control animals.
Moreover, the food intake did not differ between the groups. The unchanged body
compositions and the shorter length of the postnatally T4-treated adult mice indicates that
the lower bodyweight of these animals is due to growth retardation and not due to altered
energy homeostasis. The growth retardation is probably a direct consequence of the early
hyperthyroidism and was not caused by the central hypothyroidism at adulthood, as
thyrotoxicosis in childhood is known to induce premature closure of growth plates in long
bones resulting in growth retardation (148).

Interestingly, in our experiment, both the energy homeostasis and activity of the early
postnatal T4-treated mice increased significantly. Studies in rats revealed that
hypothyroidism decreases (149), whereas hyperthyroidism increases (150) the resting
metabolic rate, however the T4-treated mice showed elevated energy- and resting energy
expenditure despite of the central hypothyroidism. These changes in the energy
homeostasis suggest that the peripheral tissues of adult mice may compensate the effect
of the central hypothyroidism caused by the early postnatal hyperthyroidism and the

tissues are euthyroid despite of the lower circulating fT4 level. Therefore, we examined
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the tissue-specific TH action by measuring luc expression of tissues in early postnatal
hyperthyroid THAI mice. The lower circulating fT4 level indicates lower TH action in
tissues, however, most of the examined tissues did not show decreased TH action.
Interestingly, the luc expression decreased significantly only in the small intestine,
suggesting lower TH action of this tissue. The intestines are among the most TH sensitive
tissues (151). Altered TH levels result in intestinal diseases and abnormal morphology
(152). Either hypo- or hyperthyroidism results in gastrointestinal abnormalities, such as
altered motility, autoimmune gastritis, or esophageal compression (153). While
hyperthyroidism induces frequent bowel movements, diarrhea, nausea, and vomiting,
hypothyroidism causes overall decreased metabolic functions accompanied by slow
intestinal motility and constipation (154).

BAT is known to be an important target tissue of TH with high D2 activity to regulate the
adaptive thermogenesis (18). The postnatally T4-treated mice did not show significant
changes in luc expression of BAT, indicating the euthyroid state of this tissue.

Based on the luc expression in THAI mice, the TH action was also unchanged in the liver
of postnatally T4-treated mice. However, the expression of the highly TH sensitive Diol
gene was markedly decreased in the liver of postnatally T4-treated adult mice. This large
fall of Diol level could indicate a serious tissue hypothyroidism as Diol expression of
liver is considered a good marker of the TH status (14), but in contrast to the luc
expression of THAI mice, the liver Diol expression is regulated by many other factors
beside the TH (155, 156). As our results in T4-treated mouse pups showed that epigenetic
changes occur in the liver at the first postnatal days, it is possible that the early postnatal
hyperthyroidism in the liver induces a long term compensatory inhibition of Diol
expression. Because of the highly different regulation of the TH action marker luc and
the highly TH sensitive Diol in the liver of our animal model, we also studied a set of TH
sensitive liver genes involved in the lipid and glucose homeostasis and the expression of
TH receptors. The expression of ME1 and FASN genes decreased significantly, however,
the change of the expression of these genes was far less profound than the decrease of
Diol expression. In contrast to the genes involved in fatty acid metabolism, the
expressions of the glucose producing G6PC, the TH sensitive SPOT14 and the two TH
receptor genes were not altered in the postnatally T4-treated adult mice. The highly

different regulation of TH sensitive genes together with the unchanged luc expression in
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the perinatally T4-treated adult THAI mice suggests that the liver of these animals is
euthyroid and the expression of Diol, ME1 and FASN are either regulated epigenetically
or by factors other than TH. This observation also highlights the point that even the highly
TH sensitive endogenous genes are regulated by many other factors and therefore, the
examination of the expression of these genes may give misleading information about the
TH status of the animals.

It has been demonstrated that perinatal effect of environmental factors or perturbation of
the humoral system in the critical period can cause lifelong epigenetic regulation of
certain genes (157). One of the most common epigenetic modifications is DNA
methylation catalyzed by DNA methyltransferase enzymes (158). DNA methylation of
promoters can modify the transcriptional initiation, alternative splicing and modulates the
activity of regulatory elements, which is essential for adaptation for environmental
changes (125). Previous data revealed that prenatal stress or glucocorticoid treatment
changes the methylation status of genes, including the glucocorticoid receptor and induce
lifelong changes in the activity of hypothalamic-pituitary-adrenal axis (159, 160). Thus,
we examined the gene expression of DNA methyltransferase genes in liver of
hyperthyroid P2 and P6 mice. However, the negative feedback regulation of the HPT axis
is already developed in these life stages, the expression of DNA methyltransferases was
increased in hyperthyroid P2 mice, but did not change in P6 age group. These results
suggest that there is an early, sensitive period when the expression of DNMT genes is TH
sensitive in the liver and therefore TH can cause life-long changes of liver gene
expression. The epigenetic modifications could ensure the adaptation to environmental
changes. For instance, the markedly decreased Diol levels in the postnatally T4-treated
adult mice may help to preserve the organism from the high T4 levels. These results are
in agreement with a study demonstrated that D2 is expressed only transiently in the liver
of mice before P5, but transgenic ablation of D2 from hepatocytes highly influences the
methylation and the expression of numerous genes involved in the lipid metabolism of
liver (128).

These results indicate that the early postnatal hyperthyroidism may induces epigenetic

changes in certain genes of the liver involved in the metabolism.
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6. Conclusions

The present study provides a better understanding of the central regulation of the HPT
axis by endocannabinoids and how disturbances in thyroid status induce lifelong changes

in this sensitive system.

It has known that tanycytes can influence the HPT axis via several mechanisms. Recently,
our group revealed a novel regulatory microcircuit, which involves the tanycytic
endocannabinoid production. In the current study, we showed that the tanycyte-specific
genetic ablation of DAGLa results in increased TSH synthesis and elevated fT4 level,
supporting the view that the TRH release is tonically inhibited by the endocannabinoid
production of tanycytes. Despite of the elevated fT4 level, the energy expenditure of the
T- DAGLa KO mice was not increased suggesting that the increased TH level is
compensated by TH metabolism in tissues. Interestingly, T- DAGLa KO mice had
decreased blood glucose level indicating that the 2-AG production of tanycytes is also
involved in the regulation of glucose homeostasis, but the mechanism of this effect needs

further examination.

Our experiments revealed that the thyroid status has critical effect on the development of
the feedback regulation of the HPT axis in the early postnatal period. Hyperthyroidism in
this critical period induces lifelong changes of the set point of this regulation, suggesting
that epigenetic modifications occur in certain TH-dependent genes of the HPT axis. This

hypothesis is supported by the TH regulation of DNMT enzymes in P2 mouse pups.

Despite of the hypothyroidism of adult mice induced by the early postnatal
hyperthyroidism, most tissues of these animals are euthyroid and they have normal energy
expenditure suggesting that the peripheral tissues can compensate the lower fT4 level of
this model. However, tanycytes play critical role in the regulation of the HPT axis, our
data indicate that these cells are not involved in the mediation of the effects of early

postnatal hyperthyroidism on the HPT axis.

These results support that not only hypothyroidism, but also hyperthyroidism in the
developmental period has major lifelong effect.
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/. Summary

Thyroid hormones (TH) play critical role in the regulation of most organs and
physiological processes. The level of TH is regulated by the negative feedback regulation
of the hypothalamic-pituitary-thyroid (HPT) axis to ensure stable circulating TH levels.
The set point of the axis determines the individual optimum of TRH-TSH-TH
relationship. Perinatal events can have lifelong effect on the set point of the feedback
mechanism of the HPT axis, but the development of this process is poorly understood.
The tanycytes, a special glial cell type of the hypothalamus are known to influence the
activity of HPT axis, but the role of the tanycytic endocannabinoid system in this

regulatory mechanism in vivo is unknown.

Therefore, we examined how tanycyte-specific ablation of the endocannabinoid system

influences the HPT axis and metabolism of mice.

Our data demonstrated that the genetic inhibition of tanycyte-specific endocannabinoid
production disinhibits the TRH release and therefore, increases the TSH synthesis and the
circulating fT4 level. The major effect of this genetic manipulation on the activity of the
HPT axis demonstrates the key role of tanycytes in the regulation of this neuroendocrine
axis. The tanycyte-specific ablation of DAGLa also resulted in decrease of blood glucose
level suggesting that the endocannabinoid production of tanycytes is involved in the

regulation of glucose homeostasis.

Our studies focusing on the development of the feedback regulation of the HPT axis
demonstrated, that the feedback regulation of this axis is already functional in newborn
mice. We also showed that early postnatal T4 treatment of mice induces central
hypothyroidism in adult mice indicating, that early disturbance of thyroid status induces
lifelong changes of the HPT axis. Furthermore, the increased energy expenditure in this
animal model suggests that despite of the reduced HPT axis activity, the TH action is
normalized at the level of tissues. The lifelong effect of the postnatal treatment suggests
that the effect of postnatal hyperthyroidism is mediated by epigenetic regulation of gene
expression. This hypothesis is supported by the TH regulation of DNMT genes in P2

pups.
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8. Osszefoglalas

A pajzsmirigyhormonok (PMH) fontos szerepet jatszanak a szerveink és fiziologiai
folyamataink szabalyozasaban. A PMH szint szabalyozasa a hipotalamusz-hipofizis-
pajzsmirigy (HHP) tengely negativ feedback regulacidja altal valosul meg, ami el6segiti
az allando keringé PMH szint fenntartasat. A tengely set point-ja hatarozza meg a TRH-
TSH-PMH egyéni optimumat. A perinatalis idészak eseményeinek élethosszig tarto
hatasa lehet a HHP tengely feedback szabalyozasanak set point-jara, de e hatas

mechanizmusa jelenleg még kevéssé ismert.

A tanicitak - a hipotalamusz specialis glia sejtjei - befolyasoljak a HHP tengely
miikodését, de in vivo a tanicitak altal termelt endokannabinoidok Szerepe ebben a

szabalyozé mechanizmusban még nem ismert.

Ezért vizsgaltuk, hogy az endokannabinoid termelés tanicita specifikus hianya hogyan

befolyasolja a HHP tengely miikodését és a metabolizmust egerekben.

Az eredményeink alatamasztjak, hogy az endokannabinoid termelés tanicita specifikus
genetikai gatlasa feloldja a TRH felszabadulas gatlasat, ezért novekszik a TSH termelés
¢és a keringd T4 szint. E genetikai manipuldcionak a hatdsa a HHP tengely aktivitasara
igazolja, hogy a tanicitak fontos szerepet jatszanak e neuroendokrin tengely
szabalyozasaban. A DAGLa tanicita specifikus hianya csokkent vércukor szintet is
eredményezett, ami felveti, hogy a tanicitak endokannabinoid termelése szerepet jatszik

a gliikkdz homeosztazis szabalyozasaban is.

crer

mutatjak, hogy a tengely feedback szabalyozasa mar muiikodik ujsziilott egerekben is.
Tovabba kimutattuk, hogy a korai posztnatdlis T4 kezelés eredményeként centralis
hipotiroidizmus jon létre felndtt egerekben igazolva, hogy a PMH statusz 0jsziilottkori
megvaltozasa €lethosszig tartd valtozasokat eredményezhet a HHP tengely miikdésében.
Ezen allatok megndvekedett energiafelhasznalasa azt mutatja, hogy a csokkent HHP
tengely aktivitas ellenére a PMH hatds nem csokken a szovetekben. A posztnatalis PMH
kezelés altal kivaltott élethosszig tartd valtozasok felvetik, hogy korai hipertiroidizmus a
gének expressziojanak epigenetikai valtozasat indukaljak. E feltételezést alatamasztja az

eredményiink, mely szerint a PMH szabalyozza a DNMT géneket P2 koru egerekben.
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