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Summary

Summary

Thyroid hormones (THs) are engaged in numerous peripheral and central processes,
including growth, energy metabolism, thermogenesis and cardiovascular control but also
brain function and development. Consequently, TH diseases have manifold and often
devastating effects, if not treated appropriately. Deciphering the interactions of THs on the
different layers of regulation is therefore of particular importance to ensure optimal
treatment of TH disorders and to prevent impairments during development. The present
thesis addresses these areas by investigating the influence of THs and its metabolites on
peripheral processes in the body as well as the importance of THs for brain development.
Consequences of acute TH action can be observed in patients treated with thyroxine after
thyroidectomy, who suffered from an initial period of overtreatment. However, the basic
consequences of such a transient thyrotoxicosis are only partly understood and were
therefore analysed in a mouse model. As expected, a TH induced hyperthermia was
observed in the animals, but interestingly the data excluded the interscapular brown adipose
tissue as primary source of the heat production. Furthermore, the heart showed hypertrophy
and tachycardia upon thyrotoxicosis and surprisingly bradycardia after recovery, indicating
a transient hypothyroid state in the heart, most likely due to the rapid decline of serum
3,3’,5-triiodo-L-thyronine during recovery. For the clinical routine, these findings emphasise
the need of close monitoring of thyrotoxic patients to avoid cardiac events. To test whether
the iodine-free TH derivative ToAM contributes to these effects, the compound was
administered in vivo. The data suggested that ToAM is rather a degradation product than of
biological relevance.

Besides these acute effects in the adult, TH is also fundamental for brain development, which
is best illustrated in congenital hypothyroidism leading to irreversible mental retardation in
affected new-borns. However, potential neuroanatomical targets and the exact actions of TH
during development are still enigmatic. Therefore, parvalbumin neurones in the anterior
hypothalamic area were analysed, which are involved in cardiovascular control and a
potential target of TH during brain development. The data revealed that these GABAergic
interneurones rely on TH receptor al signalling during their post-mitotic phase from
embryonic day 12 until birth, but not postnatally, to ensure proper development. These
findings strengthen the connection between maternal thyroid function and offspring blood
pressure control. They also reveal the first clear neuroanatomical target of maternal TH
signalling, which adds evidence on the impact of maternal thyroid disease on the offspring

and the importance of routinely screening pregnant women.
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Zusammenfassung

Schilddriisenhormone (SDH) sind in zahlreiche peripherere und zentrale Prozesse
eingebunden, einschliefslich Wachstum, Energiehaushalt, Thermoregulation und Kontrolle
des Herzkreislaufsystems, aber auch in die Aufrechterhaltung von Gehirnfunktionen und
Gehirnentwicklung. Folglich haben Schilddriisenerkrankungen vielfdltige und héufig
schwerwiegende Krankheitsbilder, wenn sie nicht entsprechend behandelt werden. Das
Entschliisseln der Interaktionen von SDH auf verschiedenen Ebenen der Regulation ist daher
von besonderer Bedeutung, um eine optimale Behandlungen von Schilddriisen-
erkrankungen sicherzustellen und dem Auftreten von Entwicklungsstérungen vorzubeugen.
Die vorliegende Dissertation befasst sich mit diesen Themengebieten durch die
Untersuchung des Einflusses von SDH und seinen Metaboliten auf periphere Prozesse im
Korper, genauso wie die Bedeutung von SDH fiir die Gehirnentwicklung.

Auswirkungen akuter SDH-Wirkung konnen bei Patienten beobachtet werden, die nach
einer Thyreoidektomie mit Thyroxin behandelt werden wund dabei eine initiale
Uberbehandlung erleiden. Trotzdem sind die grundlegenden Konsequenzen solch einer
transienten Thyreotoxikose nur teilweise verstanden und wurden deshalb in einem
Mausmodel analysiert. Wie erwartet wurde eine SDH-induzierte Hyperthermie in den
Tieren hervorgerufen, aber interessanterweise schlossen die Daten das interskapuldre braune
Fettgewebe als primédre Quelle fiir die Warmeproduktion aus. Aufierdem zeigte das Herz
Hypertrophie und Tachykardie wé&hrend der Thyreotoxikose und eine tiiberraschende
Bradykardie nach der Erholungsphase, was auf einen transienten hypothyreoten Zustand im
Herz hindeutet, sehr wahrscheinlich auf Grund des rapide abfallenden 3,3’',5-Triiodo-L-
thyronin im Serum wahrend der Erholungsphase. Fiir die klinische Routine unterstreichen
diese Ergebnisse die Bedeutung einer engen Uberwachung von thyreotoxischen Patienten,
zur Vermeidung kardialer Vorfille. Um zu testen, ob das iodfreie SDH-Derivat T)AM zu den
beschriebenen Prozessen beitrdgt, wurde die Substanz in vivo injiziert. Die Daten lassen
vermuten, dass ToAM eher ein Abbauprodukt darstellt, anstatt biologische Relevanz zu
besitzen.

Neben diesen akuten Effekten im FErwachsenen, sind SDH auch fundamental fiir die
Gehirnentwicklung, was eindrucksvoll am Beispiel der kongenitalen Hypothyreose
illustriert werden kann, die zu irreversiblen, mentalen Schdden in betroffenen Neugeborenen
fiihrt. Trotzdem sind potentielle neuroanatomische Zielstrukturen und die exakte Wirkweise
von SDH in der Entwicklung noch unbekannt. Daher wurden Parvalbuminneurone im

anterioren Hypothalamus analysiert, die an der Kontrolle des Herzkreislaufsystems beteiligt
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sind und ein potentielles Ziel fiir SDH darstellen. Die Daten zeigten, dass diese GABAergen
Interneurone auf Signale des Schilddriisenhormonrezeptors al wahrend ihrer
postmitotischen Phase von Tag 12 der Embryonalentwicklung bis zur Geburt, jedoch nicht
mehr postnatal, angewiesen sind, um eine vollstindige Entwicklung sicherzustellen. Diese
Ergebnisse stirken die Verbindung zwischen miitterlicher Schilddriisenfunktion und der
Kontrolle des Blutdrucks in den Nachkommen. Sie stellen aufserdem das erste klare
neuroanatomische Ziel fur miitterliche Schilddriisenhormonsignale dar. Dies sind weitere
Beweise fiir die Auswirkungen von miitterlichen Schilddriisenerkrankungen auf den

Nachwuchs und die Wichtigkeit von Routinescreenings in schwangeren Frauen.
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1. Introduction

Symptoms of impairments in the thyroid hormone (TH) system such as goiter, a visible
swelling of the neck due to an increased thyroid gland, were already described in ancient
times, and treatment approaches using seaweed in China or sea salt in Egypt were passed on
through generations (Clements et al, 1961). Today TH diseases are very common
worldwide, although the prevalence in populations is strongly associated with the iodide
status of the respective area. A population-based studies in northeast Germany recently
revealed, that the overall prevalence for diagnosed thyroid disorders is 18.9 % (Khattak et al.,
2016). An earlier study of the same population concluded that 27.4 % of patients under
treatment still display thyroid stimulating hormone (TSH) levels outside of the reference
range and 8.7 % of healthy people showed indications of being undiagnosed for TH
disorders (Hannemann et al., 2010). This shows undoubtedly that although our knowledge
about the multi-layered and exactly orchestrated system underlying TH signalling has
increased, it is still of high relevance to further decipher TH interactions with the overall aim

to improve screening attempts and treatment paradigms.

1.1.  The Endocrine System and the Thyroid Gland

In mammals, a plethora of mechanisms coexist that have to precisely engage with each other
for physiological functionality and the overall survival of the organism. This fragile interplay
is strongly controlled by two main systems, the nervous system and the endocrine system.
The communication of the first is based on electronic decay and synaptic transmission,
whereas the second relies on the production and secretion of signal molecules, called
hormones. The endocrine system is involved in development, growth, reproduction, energy
metabolism, temperature homeostasis and cardiovascular control, all processes known to be
influenced by TH. Production and secretion of THs is regulated by a hierarchic three-layer
principle, involving the hypothalamus, the pituitary and the thyroid gland (Figure 1). In
detail, neurones of the paraventricular nucleus of the hypothalamus secrete thyrotropin-
releasing hormone (TRH) to stimulate thyrotrophs in the anterior lobe of the pituitary, which
in turn secrete TSH to directly act on THs production and release in the thyroid gland. To
control the release of TRH and TSH, TH feeds back on the hypothalamus and the pituitary
and thereby reduces further stimulation of the thyroid gland (Morley, 1981; Yen, 2001).
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Figure 1: Overview on the regulatory principle of the hypothalamic-pituitary-thyroid-axis. Neurones
in the hypothalamus stimulates the pituitary by producing TRH. As reaction, thyrotrophs in the
anterior lobe of the pituitary express TSH to stimulate TH production in the thyroid gland. In turn
THs repress TRH and TSH expression via a negative feed-back loop. TH, thyroid hormone; TRH,

thyrotropin-releasing hormone; TSH, thyroid stimulating hormone.

In humans, the development of the thyroid gland starts three weeks after fertilisation and the
generation of the two specific thyroidal cell types, thyroid follicular cells (thyrocytes) and
parafollicular cells (C-cells), crucially relies on timely expression of Pax§, Titfl and Foxel
(Trueba et al., 2005). In its mature state, the thyroid gland consists of two lobes connected by
an isthmus and lies in front of the trachea. It is organized in follicle shaped units formed by
thyrocytes and filled with colloid, a liquid mainly containing thyroglobulin, synthesised and
secreted by thyrocytes, and iodide (Chambard et al., 1987; Vassart, 1972). In the lumen of
these thyroid follicles, THs are produced and to a large proportion also stored. The high
vascularization of the thyroid tissue assures a simple secretion of THs to the blood stream

and their rapid distribution to the respective target tissues (Maenhaut et al., 2000).
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1.1.1. Biosynthesis of TH

THs are amino acid derivatives of tyrosine and occur in two main forms, the prohormone
3,3’,5,5 -tetraiodo-L-thyronine (T4, thyroxine) and the biological active form 3,3",5-triiodo-L-
thyronine (T5). For their synthesis iodide is actively transported through the thyrocyte into
the follicle lumen (Dai et al., 1996; Royaux et al., 2000). There it is oxidised by the thyroid
peroxidase and transferred to tyrosyl residues of thyroglobulin by iodination, creating
monoiodotyrosine and diiodotyrosine. These precursors are coupled to each other within the
thyroglobulin to form Ts; and T4 (Taurog et al., 1996). In its bound state, as part of
thyroglobulin, Tz and Ts can be stored in the follicle lumen. For their release, a proteolytic
cleavage of thyroglobulin by cathepsins is necessary (Friedrichs et al., 2003). The free T, and
to a much smaller extent also the free T; are then transported across the cell membrane by
TH specific transporters such as the monocarboxylate transport protein 8 (MCT8) and
secreted into the blood (Di Cosmo et al., 2010; Nishimura and Naito, 2008). There, the
majority of Ty is tightly bound to transport proteins such as thyroxine-binding globulin,
transthyretin or albumin, which leads to a very low turnover rate of 11.2 % /day and a half-
life of up to 7 days in humans (Nicoloff et al., 1972; Schussler, 2000). In contrast, the turnover
rate of the more loosely bound Ts is 67.9 % /day leading to a much shorter half-life (Nicoloff
et al., 1972). When finally reaching the target tissue, unbound TH uptake again relies on TH
transporters. Tissue dependent, the monocarboxclate transport protein 10 (MCT10)
(Friesema et al., 2008), the L-type amino acid transporter 1 or 2 (Friesema et al., 2001) and the
group of organic anion transporting peptides 1c1 (OATP1cl) (Pizzagalli et al., 2002) have
been identified in addition to MCT8 (Friesema et al., 2003) in this context.

To provide sufficient Ts concentration, despite the low Ts secretion by the thyroid gland, Ts is
also produced at the level of the target tissues by the conversion of T4 (Braverman et al., 1970;
Pilo et al.,, 1990). The reaction is catalysed by a group of three selenoenzymes called
iodothyronine deiodinases type 1-3 (DIOs 1-3) and each DIO has a preference for inner or
outer ring-deiodination(Leonard and Rosenberg, 1981). The peripheral T, to Ts conversion by
outer ring-deiodination can be performed by DIO1 and DIO2. In addition, also T; and
reverse Ts (rTs) can function as substrates for both enzymes, producing 3,5-diiodo-L-
thyronamine (3,5-T2) or 3,3’-diiodo-L-thyronamine (3,3’-T>) respectively. Deiodination of the
inner ring is mostly performed by DIO3 but can also be done by DIO1 and is considered as

main path of degradation of T4 and Ts to 1Ts or 3,3’-T», respectively (Kohrle, 2000).
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1.1.2. Metabolism and Action of TH

Within the cell T classically executes its function via binding to nuclear TH receptors (TKR)
(Sap et al., 1986), which act as hormone-inducible transcription factors by forming
heterodimers and binding to promotor regions of TH sensitive genes. The binding of a TR
complex to TH response elements on the DNA then either activates or represses the
respective gene expression (Yen, 2001). Two isoforms of TRs exist (alpha and beta), which
are encoded by different genes (THRA on chromosome 17 and THRB on chromosome 3 in
humans, Thra on chromosome 11 and Thrb on chromosome 14 in mice) and are very
conserved among species (Koibuchi and M. Yen, 2016; Lazar, 1993). From each gene,
multiple splice variants are described, of which only TRal, TRP1 and TRPB2 bind to T as well
as to DNA at TH response elements and are therefore considered to be biologically active
TRs (Flamant et al., 2017). Besides developmental differences in TR isoform expression, a
high tissue specificity is observed among the TR, still there is some expressional overlap
between the isoforms (Yen, 2001).

For TRB1 ubiquitous expression was found, but it exerts a predominant role in liver, whereas
TRP2 is mainly involved in the pituitary-thyroid axis and its feed-back control, auditory
function and cone development (Abel et al., 2001; Flores-Morales et al., 2002; Jones et al.,
2007). Mice with inactivated TR (Thrb) develop a goiter, have elevated TH and TSH levels
and impaired auditory functions, but no overt neurological defects (Forrest et al., 1996). In
humans, the resistance to TH (RTHp) syndrome is known since the 60s, and manifests in
reduced responsiveness of specific tissues such as the liver, although TH concentration is
strongly increased in the body. 20 years later a cause of the syndrome was identified as
various mutations in the THRB gene, which mainly lead to the production of an autosomal
dominant protein product with reduced or absent affinity to its ligand Ts. This explains the
moderate response of TSH, affected hearing and vision, which all relies on TRP signalling,
whereas the TRal depending heart shows tachycardia due to the excessive TH concentration
(Refetoff, 1994).

In contrast, TRal is predominantly expressed in the brain, the heart, muscle and bone
(Bookout et al., 2006; Falcone et al., 1992; Schwartz et al., 1992; Wallis et al., 2010; Wikstrom
et al., 1998). Mice without TRal (Thral7) display lower intrinsic heart rate and a reduced
mean body temperature, but normal TH concentration and only slight TSH reduction
(Wikstrom et al., 1998). For a long time, it was assumed that a loss-of-function of TRa1 is not
compatible with life in humans, because no patients with mutations in the THRA gene had

been described. Eventually, in 2012 several such patients were identified, having a
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phenotype of mild hypothyroidism with low heart rate and blood pressure, growth and
developmental retardation and constipation. At the same time, T4 concentration was low-
normal, T; concentration was high-normal and TSH was unchanged, which was interpreted
as a selective TH resistance in tissue mainly relying on TRal signalling. The obvious
phenotypic differences to the Thral model most likely results from the fact that the patients
had a dominant negative THRA mutation and not just a receptor deficit. (Bochukova et al.,
2012; van Mullem et al., 2012). In line with these findings, animal studies have shown that
the lack of TRs is far less devastating than the lack of TH itself, which indicates regulatory
functions of TRs independent of Ts. Mice devoid of all functional nuclear Ts receptors
(Thral7/b’) exhibit poor female fertility, hyperactivity of the pituitary-thyroid axis, growth
retardation and impaired bone development but show normal longevity, implying that TRs
are not crucial for survival (Gothe et al., 1999). In contrast, Pax8 mice, which develop no
functional TH producing follicular cells and are consequently completely athyroid with no
endogenous TH production, showed severe mental and growth retardation. They also died
shortly after weaning, indicating that the exclusive action of unliganded TRs is fatal.
However, the substitution with T, extended the survival beyond weaning (Mansouri et al.,
1998). Based on this, the current TH signalling model assumes that the transcriptional
activity of the TR in its unliganded state (aporeceptor) has the opposite direction as in its
liganded state (holoreceptor), meaning gene expression positively regulated by the

holoreceptor will be repressed by the aporeceptor and vice versa (Bernal and Morte, 2013).

1.1.3. TH Disorders

Regarding the delicately orchestrated system of TH signalling, described above, it is not
surprising that impairments of this system can cause devastating pathologic disorders in the
organisms. The most common TH disorder is the reduction of TH, called hypothyroidism,
which is defined by increased TSH and reduced free T4 concentrations for the overt and
increased TSH and unchanged free T3 and free Ty concentrations for the subclinical form
(Allolio and Schulte, 2011). The most common cause to develop hypothyroidism, besides
iodine deficiency, is the autoimmune disease Hashimoto thyroiditis, characterised by
antithyroid peroxidase or antithyroglobulin antibodies (Allolio and Schulte, 2011; Taylor et
al., 2018). Also, some drugs used to treat cardiac arrhythmia, mood disorders and cancer, are
associated with an increased risk of hypothyroidism (Cukier et al., 2017; Martino et al., 1984;
Shine et al., 2015). Due to the multisystemic influence of TH, multiple symptoms can be

cause by overt hypothyroidism such as bradycardia, mild hypertension and narrowed pulse
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pressure, weight gain, muscle weakness, tiredness, lethargy, poorer memory and depression,
constipation, dry skin and cold intolerance (Allolio and Schulte, 2011). These symptoms are
largely reversible by treatment with oral T4, while in contrast the impairments caused by
reduced TH during development are usually irreversible in the offspring. The symptoms of
subclinical hypothyroidism are often less pronounced or non-existent; however, it is still
under debate whether subclinical hypothyroidism increases cardiovascular risk and
mortality and which treatment regime is most beneficial in this context (Pearce et al., 2013).

On the other hand, an abnormally increased action of TH in the body is called thyrotoxicosis,
although this term gives no information about the source of TH (De Leo et al., 2016). In the
case of elevated synthesis and secretion of TH, the term hyperthyroidism is used, which is
defined as undetectable TSH and high T; and free Ty in the overt form, and very low TSH
and normal T3 and free T, in the subclinical form (Ross et al., 2016). The most frequent cause
for hyperthyroidism is Graves’ disease, in which autoreactive TSH receptor antibodies
stimulate the TSH receptor of thyroid follicular cells leading to increased TH production,
hypertrophy and hyperplasia. Common symptoms of the condition are tachycardia, cardiac
insufficiency and elevated blood pressure, tremor, weight loss and impaired glucose
tolerance, restlessness and insomnia, diarrhoea, hair loss, heat intolerance and sweating
(Allolio and Schulte, 2011). In the case of thyrotoxicosis without hyperthyroidism,
comparable symptoms can be evoked by the destruction of thyrocytes or the intentional or
unintentional intake of high amounts of TH (De Leo et al.,, 2016). The majority of these
symptoms are reversible by treatment with antithyroid drugs, radioactive iodine ablation or

thyroidectomy (Allolio and Schulte, 2011).

1.2.  Biosynthesis, Metabolism and Action of Thyronamines
(TAM)

In addition to the conversion of T4 to Ts, which was already described, up to seven other
downstream metabolites of T4 can be produced by deiodination and only differ concerning
number and position of their iodine atoms (Figure 2). The physiological role of some of these,
so called L-thyronines, is still under discussion. The number of possible downstream
metabolites from T, gets even bigger considering that in addition to deiodination mutable
other modified at the side chains can occur e.g. sulfation, glucuronidation, oxidative
deamination or decarboxylation (Wu et al., 2005). Of particular interested in this context are
the biological active class of TAMs, which are produced by oxidative decarboxylation and

therefore lack the amino acid carboxy group compared to L-thyronines. TAMs have been
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known since the 50s, but did not attract much attention until their rediscovery in 2004
(Scanlan et al., 2004). As for L-thyronines, nine different TAMs are possible, based on various
numbers and placement of iodine atoms. Among them, the most prominent members are
3-iodothyronamine (3-T1AM) and the iodine-free TAM (ToAM), since both were detected in
serum and multiple organs of C57BL/6] mice and several other species, so far (Braulke et al.,
2008; Scanlan et al.,, 2004). However, these results are very controversial; while some
laboratories were able to detect 3-T1AM in blood, thyroid, skeletal muscle, adipose tissue and
prostate samples of humans (Geraci et al., 2008; Saba et al., 2010), others could not detect

endogenous 3-T1AM and ToAM in neither mice nor men (Ackermans et al., 2010).
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Figure 2: Sequential deiodination of L-thyronines. Nine different L-thyronines can be produced by
sequential deiodination. The reaction is catalysed by the group of DIOs, of which DIO2 prefers outer
ring deiodination and DIO3 prefers the inner ring deiodination. The DIO1 is able to perform
deiodination on both rings. DIO 1-3, iodothyronine deiodinases type 1-3 (modified from (Kohrle, 2002;
Piehl et al., 2008; Sakurada et al., 1978)).
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Although mechanism and location of endogenous TAM synthesis are still under
investigation, based on their structure three possible synthesis pathways are considered:
de novo synthesis either by oxidative iodination and ether-bond coupling from tyrosine or by
iodination from ToAM, both reactions only observed in the thyroid so far, or decarboxylation
and deiodination of T, (Hoefig et al., 2016b). At the moment an extrathyroidal synthesis
pathway is the most favoured one, because 3-T1AM is detectable in patients with non-
functional thyroid tissue (Hoefig et al., 2011). Therefore, the most likely scenario is proposed
by Hoefig et al. who demonstrated that murine intestine is able to synthesise 3-T1AM from T,
via the intermediates 3,5-T> and 3,5-T>AM, involving DIO and ornithine decarboxylase
(ODCQ) activity (Figure 3). Interestingly other TAMs such as ToAM were not detected,
indicating a rather fast turnover to other downstream metabolites (Hoefig et al., 2015b; Piehl

etal., 2008).
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Figure 3: Proposed synthesis pathway for 3-T1AM and its degradation products ToAM and TA;. The
preferred pathway for 3-T1AM production from T3 is deiodination and decarboxylation to 3,5-diiodo-
L-thyronamine, followed by further deiodination or oxidation. DIO 1-3, iodothyronine deiodinases
type 1-3; ODC, ornithine decarboxylase; MAO, monoamine oxidase (modified from (Hoefig et al.,
2016b)).

Pharmacological effects of 3-T1AM administration are a rapid dose dependent drop in rectal
temperature, heart rate and cardiac output in mice, which lasts six to eight hours.
Comparable but weaker reactions were reported upon ToAM treatment (Scanlan et al., 2004).
The very fast onset of effects after TAM administration suggest that they signal is not
transmitted via TRs and protein biosynthesis. This is in line with the observation that

3-T1:AM and ToAM show no affinity to TRal or TRB (Scanlan et al., 2004). Originally the G
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protein-coupled receptor trace amine-associated receptor 1 (TAAR1) was believed to be a
target of 3-T1AM; however, Taarl knockout (ko) mice showed identical thermoregulatory
reactions to 3-T1AM treatment as controls, which excludes the possibility that these 3-T1AM
effects are mediated by TAARI (Panas et al., 2010). Other potential target for TAMs could be
the adrenergic receptor a2A or the cold-sensitive transient receptor potential channel

melastatin 8, still these need further investigation (Hoefig et al., 2016b).

1.3.  TH and Brain Development

TH and its metabolites are not only strongly involved in direct manipulation of body’s
physiology but already essential during brain development. There, THs were found to be
involved in myelination by influencing the expression of myelin proteins; in differentiation
of neurones and glia by regulating cell cycle regulators, extracellular matrix proteins,
neurotrophins and proteins of the cytoskeleton and in neuronal migration in the cerebral
cortex and the hippocampus as well as neurite outgrowth and axonal guidance (Aniello et
al., 1991; Balazs et al., 1969; Bernal, 2015). However, even in the adult brain, there are strong
indications that neurogenesis relies on TH signalling. In humans, the development of the
brain starts during the third week of gestation and extends at least until late adolescence.
Within this frame, the time until midgestation and the neonatal phase seems to be crucially
relying on TH signalling, given that both are strongly associated with irreversible neuronal
deficits in the case of TH deficiency (Bernal, 2015).

Ts is present in the brain already in week 10, which is early compared to other tissues
(Ferreiro et al., 1988). Still, in the first trimester, TH is solely provided by the mother and
reaches the foetus via transplacental passage. In detail, an ultrafiltrate of the maternal serum,
the coelomic fluid, is reabsorbed by the yolk sac, which is directly connected to the foetal
digestive tract and circulation (Contempre et al., 1993). T4 concentration in the coelomic fluid
increases in the course of pregnancy and is positively correlated with maternal serum Ti.
Interestingly this correlation was not seen for Ts, indicating that Ts is mainly metabolised
from the maternal Ty during this time. While total T4 level in the foetal blood was much
lower than in maternal blood, free T in foetal compartments, which is the fraction available
for TR stimulation in the target tissue, was comparable to maternal levels. This can be
explained by the very low amounts of foetal TH-binding proteins during the first trimester
(Calvo et al., 2002). The foetal thyroid gland starts trapping iodine around week 12, at the
same time when direct transfer of TH via the placenta into the foetal circulation becomes

possible (Calvo et al., 2002; Glinoer, 2001). However, endogenous T; is not detectable before
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week 18 - 20, which compares to embryonic day 15 (E15) in mice (Glinoer, 2001; Nilsson and
Fagman, 2017; Richard and Flamant, 2018). At the end of human pregnancy, when foetal TH
production is functional, 30 - 60 % of the circulating TH are still provided by the mother (de
Escobar et al., 2008).

Also foetal expression of TRs and DIOs is detectable in the first trimester (Chan et al., 2002).
The predominantly expressed DIOs in the foetal brain, 2 and 3, show spatial as well as
temporal specificity. Until midgestation, DIO2, catalysing T4 to T3 conversion, is highly
expressed in the cortex whereas DIO3, catalysing Ts degradation, is highly expressed in the
cerebellum, midbrain, basal ganglia, brain stem, spinal cord and hippocampus. Already
around gestational week 18, DIO2 activity leads to a Ts level comparable to the adult
situation in some brain areas, despite the low T4 circulating level. Meanwhile, other brain
areas are protected by DIO3 from excessive T3 (de Escobar et al., 2008). Animal studies in rats
demonstrated in this context, that the locally generated T3 is mainly produced by astrocytes
and tanycytes, surrounding the third ventricle in the hypothalamus, indicating that glia cells
not only transfer nutrients but also Ts to neurones (Guadano-Ferraz et al., 1997).

The transcriptional regulation by Ts in the developing brain is mainly executed by the
ubiquitously expressed TRal, however, animal studies demonstrated that, with the
exception of tanycytes, TRal is only expressed in neurones not in glia cells. The first
expression of TR in mice was detected on E13.5, which indicates that TRal is expressed in
immature and post-mitotic, but not proliferating cells (Wallis et al., 2010). In contrast, TRf
expression starts later in development and is more restricted to specific regions e.g. TRB2 in
the retina, cochlea and hypothalamus and TRP1 in premature oligodendrocytes, as

demonstrated in rats (Jones et al., 2007; Sarlieve et al., 2004).

1.3.1. Developmental TH Disorders

Considering the multilayer functions of THs in the developing brain, impaired TH signalling
can have devastating effects during development, when it massively interferes with
embryonic and postnatal progression. The most common example of insufficient TH
signalling in neonates is congenital hypothyroidism (CH), occurring in one of 3500 neonates
worldwide (De Felice and Di Lauro, 2004; Kopp, 2002). Repeated reports about an increasing
prevalence were explained by changes in ethnicity and lowering of the TSH cut-off (Taylor et
al., 2018). Affected neonates have insufficient amounts of TH after birth, which in 85 % of the
cases is due to disturbed organogenesis leading to thyroid dysgenesis. The remaining cases

result from inborn errors in TH synthesis. Common symptoms of CH are prolonged
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jaundice, feeding difficulties, lethargy, constipation, macroglossia, hypothermia, edema,
umbilical hernia and a “hypothyroid facial appearance’. If untreated, CH leads to cretinism,
displaying growth retardation, delayed motor development and severe mental impairments.
This can largely be avoided by T4 substitution (> 10 ng/kg body weight/day), starting before
the age of three month, hence new-borns in developed countries are routinely screened for
increased TSH levels directly after birth (Griiters and Krude, 2011). Alarmingly, more than
70 % of new-borns worldwide are not included in such screening programs and are thereby
exposed to the risk of irreversible neurodevelopmental impairments due to undetected
hypothyroidism (Ford and LaFranchi, 2014). A well-established animal model for CH is the
athyroid Pax8+ mouse, based on the observation that mutations in the thyroid transcription
factor PAXS are involved in human cases of CH (Mansouri et al., 1998).

Another specific case of postnatal thyroid disorder is the Allen-Herndon-Dudley syndrome
(AHDS). Patients suffer from severe psychomotor retardation and show abnormal TH levels
(high plasma Ts, low Ti, borderline-high TSH), due to a mutation in the TH transporter
MCTS8 (Friesema et al., 2004). The MCT8 deficiency prohibits the transport of TH across cell
membranes and tissue barriers such as the blood brain barrier (Friesema et al., 2008).
Thereby the secretion of TH from the thyroid and the uptake of TH in the brain and in the
neurones are disturbed, explaining partly the phenotype of AHDS patients (Di Cosmo et al.,
2010). Classical symptoms are hypotonia, decreased muscle mass, hyperreflexia, no or
limited speech and spastic paraplegia within the progression of the disease (Schwartz et al.,
2005). Interestingly, mice with a Mct8 ko show the same abnormal TH concentration in
serum as patients but do not have deranged neuronal development in the brain (Trajkovic et
al., 2007). A possible explanation is that only T3 transport is diminished in Mct§ ko mice
because T4 transport can be compensated by other transporters, mainly OATP1C1. Thus,
only Mct8/Oatplcl double ko (dko) mice represent a valid mouse model for AHDS research
(Mayerl et al., 2014).

In addition to the role of THs in postnatal development, the hormones are also very
important in prenatal development. During the maturation of the human foetal thyroid
gland (first half of pregnancy), TH is solely provided by the mother; however, substantial
placental transfer of TH from the mother to the foetus was demonstrated until term (Chan et
al., 2009; Vulsma et al., 1989). An excessive amount of TH in the mother is associated with
mental impairments for the child later in life for example attention deficit hyperactivity
disorder (Andersen et al., 2014). Overt hyperthyroidism in pregnant women, mainly induced
by Graves’ disease (Carle et al., 2011) is comparatively rare. Much more frequent is

gestational hyperthyroidism, which can occur due to high concentrations of human
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chorionic gonadotropin, a weak agonist of the TSH receptor, in the body during the first
trimester (Korevaar et al., 2017). In 2016, it was for the first time demonstrated that high
maternal free T4 concentrations are also associated with a lower intelligence quotient (IQ) in
combination with reduced total grey matter and cortex volume in the offspring (Korevaar et
al., 2016). On the other hand, the major risk factor for reduced levels of TH in the mother
worldwide is iodine deficiency (250 ng/day recommended intake during pregnancy), which
is very problematic because the maternal TH production needs to rises nearly 50 % during
the first trimester and iodine deficiency not only impairs the maternal but also the foetal TH
production during the second half of pregnancy (Alexander et al., 2017). In iodine sufficient
areas of the world, maternal hypothyroidism or hypothyroxinaemia (normal TSH and
reduced T4) is mostly elicited by chronic autoimmune thyroid disorder (e.g. Hashimoto’s
thyroiditis), which is often asymptotic but progressively worsen in the course of pregnancy
(Glinoer and Delange, 2000). In this situation, the placenta lacks the ability to compensate the
declining maternal TH concentration to ensure an optimal maternal-foetal transfer (Chan
2009).

Untreated maternal hypothyroidism is associated with an increased risk for miscarriage and
placental abruption (van den Boogaard et al., 2011), whereas hypothyroid pregnant women
receiving Ty substitution show no association with abortions or premature deliveries
compared to controls (Hirsch et al., 2013). Furthermore, children (age 7-9) of untreated
hypothyroid mothers show reduced IQ and attention as well as delayed language and motor
skill development, indicating impaired brain development (Haddow et al., 1999; Man et al.,
1991). Therefore, immediate treatment with levothyroxine is recommended by the American
Thyroid Association to keep the TSH concentration in the population- and trimester-specific
reference range to minimize adverse effects (Alexander et al., 2017). Accordingly, the
question arises whether the same impairments were seen in mothers with subclinical or
asymptotic thyroid diseases and their children. A Greek study demonstrated that women
with thyroid autoantibodies, independent of symptoms, are at a higher risk for spontaneous
preterm delivery and the combination with high TSH was associated with gestational
diabetes and low birth weight (Karakosta et al., 2012). Also, an inverse association between
maternal free T, and birth weight z-scores, estimated foetal growth and head and abdominal
circumferences at 10, 18 and 26 weeks of gestation was found, indicating interference of TH
with soft tissue accretion and bone growth (Johns et al., 2017). Again, by treating women
with subclinical hypothyroidism from the first trimester of pregnancy onwards with Ty, a
decreased risk of adverse obstetric events was achieved (Zhao et al., 2018). More

controversially discussed are the effect of maternal subclinical hypothyroidism and
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hypothyroxinaemia on brain development and IQ. Korevaar and colleagues examined
children from mothers with low free T4 levels, showing a reduced IQ at the age of six as well
as lower grey matter and cortex volume compared to offspring from healthy mothers
(Korevaar et al., 2016). Maternal hypothyroxinaemia during early pregnancy lead to delayed
mental and motor function in the offspring (Pop et al., 2003). In contrast, Casey et al.
analysed differences in IQ of children at the age of five, from treated and untreated mother
with subclinical hypothyroidism or hypothyroxinaemia and found no significant
improvements in offspring from mother with treatment onset between 8 - 20 weeks after
gestation (Casey et al., 2017). Although the analysis of IQ in children at a young age is a
common approach, this allows no predictions about long-term consequences or other TH
target tissues besides the brain (Lazarus 2012, Casey 2017). Overall, new clear cut off markers
are needed to predict effects of impaired TH signalling on children and ensure optimal

treatment of mother and child during pregnancy (Brabant et al., 2015).

1.3.2. Parvalbumin (PV) Neurones and the Hypothalamus

Although the importance of TH for brain development is established for over a century,
surprisingly little is known on the precise neuroanatomical and molecular targets of the
hormone in the developing brain. Recently, PV neurones emerged as a possible target of TH
signalling in mice, which was in line with earlier findings that pre- and postnatal
hypothyroidism in rats leads to reduced PV immunoreactivity in the cortex (Berbel et al.,
1996; Wallis et al., 2008).

PV is a soluble Ca?* buffer involved in the control of the intracellular concentration of Ca2*
and is found in skeletal muscles and the brain. There it is primarily expressed in neurones
and homogeneously distributed in soma, dendrites and axons but not nuclei (Celio and
Heizmann, 1981; Heizmann, 1984). Most likely the Ca2* binding capacity of PV is involved in
shortening of the refractory period in the neurones, which facilitates rapid fire repetition and
a quicker recovery from presynaptic excitatory potentials (Celio, 1986). PV was found in a
subset of interneurones, classified by their expression of the neurotransmitter gamma-
aminobutyric acid (GABA). These interneurones form a very heterogeneous group, however
they have in common that they modulate information in local circuits by inhibition. Best
studied are GABAergic interneurones in the cortex, which can be categorized in three
subpopulations by their expression of PV, somatostatin (SST) or the serotonin receptor 3a
(bHT3.) (Rudy et al., 2011). During development, the six characteristic layers of the cortex are

build up by the migration of neuronal precursor cells from zones of neurogenesis into the
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cortex. Early generated excitatory pyramidal neurones accumulate in deeper layers, whereas
later ones migrate further to the surface. Within this structure, neuronal precursor cells of
GABA interneurones migrate tangentially from the basal forebrain towards the surface of the
brain and integrate in their cortical layer of destination (Watson, 2010). The majority of these
PV- and SST-interneurones emerge from the medial ganglionic eminence (MGE, ~ 50 - 60 %),
whereas the 5HT3, interneurones mainly arise from the caudal ganglionic eminence (CGE,
~30-40 %) (Kelsom and Lu, 2013). The remaining interneurones are attributed to the
preoptic area (Gelman et al., 2009). Their role is to control the excitatory action in the cortex
to avoid over-excitement accompanied by seizures. Cortical PV interneurones are also
involved in gamma oscillation cycles and malformation in this circuit is associated with
schizophrenia (Gonzalez-Burgos et al., 2015). Besides the cortex, co-expression of PV and
GABA was also detected in other brain regions such as reticular nucleus, thalamus, pars
reticulate of the substantia nigra, hippocampus, cerebellum and spinal cord (Celio, 1986).

To be able to manipulate TH mediated TRal signalling in the brain, the TRalR384C
(Thral*/=) mutant mouse was established. These mice display a 10-fold reduced ligand
affinity of the TRal, leading to aporeceptor activity at physiological Ts concentrations,
whereas an elevated T; concentration facilitates the formation of the holoreceptor (Tinnikov
et al., 2002). Using this model, reduced numbers of PV neurones in the hippocampus were
associated with anxiety and memory deficiencies and a delayed maturation of PV neurones
in the motor cortex with locomotor deficiencies. The hippocampal malformations could be
corrected by reactivating the TRa1 at the adult stage, whereas populations of PV neurones in
the motor cortex were irreversibly changed by the insufficient TRal mediated signalling
during development (Venero et al., 2005; Wallis et al., 2008). Interestingly, also a previously
unknown population of PV neurones in the anterior hypothalamic area (AHA) was
identified (Mittag et al., 2013). The hypothalamus is a particularly important area of the brain
because of its significance for neuroendocrine function. The AHA lies in the supraoptic zone
together with the paraventricular nucleus (PVN), the suprachiasmatic nucleus and the lateral
hypothalamic area. There are direct afferent connections to the hypothalamus from various
areas such as the cerebral cortex, the hippocampus and the medial, dorsal and anterior nuclei
of the thalamus. Well known efferent connections from the hypothalamus project to the
median eminence, the posterior pituitary, the thalamus, the brain stem and the spinal cord.
Via the posterior pituitary the hypothalamus controls hormone signalling in several
regulatory circuits such as vasopressin to regulate water secretion and thereby modulating
blood pressure. In addition, the AHA is associated with parasympathetic activation and

homeostatic functions (Felten et al., 2016). In line with that, the population of PV neurones in
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the AHA was associated with the cardiovascular system. A diminished population size due
to insufficient TH signalling via TRal led to increased blood pressure and heart rate and
remained unchanged by the reactivation of TRal signalling in the adult, indicating a

prenatal problem in development (Mittag et al., 2013).

1.4. Aim of the Thesis

TH acts via nuclear receptors on almost all tissues in the body, thus exerting a plethora of
direct and secondary effects. Moreover, it can be converted to downstream derivatives such
as TAMs, which can have additional consequences. In addition to these acute effects in the
adult, the hormone is also relevant during development, especially for the brain. The aim of
this thesis was to elucidate the role of TH and its metabolites in the control of metabolism,
thermoregulation and cardiovascular functions by dissecting central from peripheral and
acute from developmental actions, using the mouse as a model system. Specifically, I

addressed the questions:

e How does a transient thyrotoxicosis effect metabolism, thermoregulation

and cardiovascular function in adult mice?
e Are two weeks sufficient for the body to normalize metabolism,
thermoregulation and cardiovascular function after a thyrotoxicosis in

adult mice?

e What is the contribution of TH metabolite e.g. ToAM for metabolism,

thermoregulation and cardiovascular function in adult mice?

¢ How and when does TH influence the development of PV neurones in the

AHA of mice?
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2.  Materials and Methods

2.1. Materials

Materials and Methods

Standard chemicals were obtained from Sigma-Aldrich (USA) or Carl Roth (Germany) if not

stated otherwise. Suppliers of reagents, kits and drugs are listed in Table 1 and recipes for

buffers in Table 2. Antibodies for western blot analysis and immunohistochemistry can be

found in Table 3 and Table 4 respectively. Non-standard laboratory equipment and

consumables are listed in Table 5 and software can be found in Table 6.

Table 1: Reagents, kits and drugs used in this project.

Substance

Supplier

3-iodothyroacetic acid (TA1)

Alinda Chemical Limited, Russia (Wood et al.,
2009)

3,3",5-triiodo-L-thyronine (T3, T6397-MG)

Sigma, Germany

3,3",5,5 -tetraiodo-L-thyronine (T4, thyroxine,
T2376)

Sigma-Aldrich, USA

ABC-Kit

Vector Laboratories, USA

Absolute qPCR SYBR Green Fluorescein Mix

Thermo Fisher Scientific, USA

Aurum Total RNA Kit (Mini, Fatty and Fibrous

Tissue)

Bio-Rad Laboratories, Germany

Avidin/Biotin Blocking Kit

Vector Laboratories, USA

Bepanthen Eye Ointment

Bayer, Germany

Breeding Diet (1314)

Altromin, Germany

Bromodeoxyuridine (BrdU)

Sigma, Germany

CL-Xposure X-Ray Films

Thermo Fisher Scientific, USA

Clarity Western ECL Substrate

BioRad, USA

Clozapine-N-oxid (CNO)

Enzo Life Sciences, Germany

Hard Set Antifade Mountain Medium with Dapi

Vector Laboratories, USA

High-Purity Thyronamine (ToAM)

Chemical synthesis performed by
Dr. R. Smits, ABX Advanced Biochemical
Compounds, Germany (Rathmann et al., 2015)

Hydrogen Peroxide (H20»)

Fluka, Schwitzerland

iScript cDNA Synthesis Kit

Bio-Rad Laboratories, Germany

Isoflurane Zoetis, USA

Normal Goat Serum (NGS) Abcam, UK

Normal Doneky Serum (NDS) Sigma, Germany

Pertex Medite GmbH, Germany
ProLong Diamond Antifade Mounting Medium  Life Technologies, USA

with Dapi

Restore PLUS Western Blot Stripping Buffer

Thermo Fisher Scientific, USA
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Materials and Methods

Supplier

Rimadyl (50 mg/mL, 462986)

Pfizer, USA

RNeasy Kits (Mini, Micro, Lipid Tissue Mini)

Qiagen, Germany

Saline Solution (0.9 %)

Berlin-Chemie AG, Germany

Serum Total T5 ELISA Kit, DNOVO53

NovaTec Immundiagnostic GmbH, Germany

Serum Total T4 ELISA Kit, EIA 1781

DRG Instruments GmbH, Germany

Standard Diet (1324)

Altromin, Germany

SYBR Green PCR Master Mix

Roche, Switzerland

Transcriptor First-Strand cDNA Synthesis Kit

Roche, Switzerland

Xylocain (10 mg/mL) AstraZeneca, UK
Table 2: Recipes of buffers used in this project.
Buffer Composition
4 % Formaldehyde Solution 12¢g PFA
(PEA, for 300 mL) 30 mL 10x PBS
Cryo-Protection Solution 75 mL Ethylene Glycol
(CPS, pH =74, for 250 mL) 75 mL Glycerol (Gerbu, Germany)
19 mL NaHPOs (0.1 M)
81 mL NaHPO; (0.1 M)
Genotyping Buffer (for 100 mL) 1mL EDTA (0.5 M)
4 mL NacCl (5 M)
1mL 20 % v/v SDS
10 mL Tris (1 M, pH 8.5)
Lugol Reaction Mix 500 pL Lugol Reagent (Fluka, Schwitzerland)
30 mL KCI (25 % w/v)
200 pL HCl
Phosphate Buffered Saline 2¢g KcCl
(10x PBS, 0.1 M, pH =74, for1L) 24¢ KH,PO4
268 g NaHPO,
80g NaCl
Radioimmunoprecipitation Assay 20 uL EDTA (500 mM)
Buffer (RIPA-Buffer, pH = 7.4, for 90 mg NaCl
10 mL) with Phenylmethylsulfonyl 0.25 mL 10 % v/v Na-Deoxycholate in H,O
Fluoride (PMSF) 20 pL NaF (500 mM)
1mL 10 % v/v NP-40 (Tergitol) in HO
100 puL PMSF (100 mM)
1 tablet cOmplete ULTRA, Roche
50 uL activated Sodium Orthovanadate (200 mM)
79 mg Tris Base
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Buffer Composition
Resolving Gel 12% in H>O (for 10 mL) 4.04 mL Acrylamid (Serva, Germany)
40 pL APS
0.21 mL SDS
20 pL TEMED
2.53 mL Tris Base (1.5 M)
Stacking Gel in H>O (for 10 mL) 1.66 mL Acrylamid
40 pL APS
0.08 mL SDS
20 pL TEMED
248 mL Tris Base (0.5 M)
Tris Buffered Saline with Tween 20 877 g NaCl
(IxTBS-T, pH=74,1L) 121g Tris Base
1mL Tween 20

Table 3: Primary (a) and secondary (b) antibodies for western blot analysis.

Antibody Species  Dilution Catalog# Supplier

a)
anti-Akt rabbit 1/1000 #9272 Cell Signaling Technology, USA
anti-GAPDH rabbit 1/10000 #5174 Cell Signaling Technology, USA
anti-Phospho-Akt mouse 1/1000 #4051 Cell Signaling Technology, USA
(Serd73)
anti-UCP1 rabbit 1/20000 Previously used in (Jastroch et al.,

2012)

b)
anti-mouse IgG goat 1/10000  A16072 Invitrogen, Novex, Germany
anti-rabbit IgG goat 1/5000 P0448 Dako, Denmark
anti-rabbit IgG goat 1/10000 A16104 Invitrogen, Novex, Germany

Table 4: Primary (a) and secondary (b) antibodies for immunohistochemistry/immunofluorescence.

Antibody Species  Dilution Catalog # Supplier
a)

anti-BrdU rat 1/500 NB500-169 Covance, Austria

anti-GAD67 mouse  1/200 MAB5406 Merck Millipore,
Germany

anti-mCherry goat 1/1000 AB0040-500  Sicgen Antibodies,
Portugal

anti-PV rabbit 1/2000 PVv-27 Swant, Switzerland

anti-PV goat 1/2000 PVG-213 Swant, Switzerland

anti-VGLUT2 rabbit 1/1000 135403 Synaptic Systems,
Germany
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Antibody Species  Dilution Catalog # Supplier
b)
anti-goat donkey  1/800 (VGLUT2) 705-165-147  Jackson
(Cy3-conjugated) 1/400 (GABA) ImmunoReasearch, USA
1/400 (mCherry)
anti-mouse donkey  1/800 A-21202 Invitrogen, USA
Alexa Fluor 488
anti-rabbit goat 1/250 BA-1000 Vector Labs Bionordica,
(biotinylated) Sweden
anti-rabbit goat 1/800 111-165-144  Jackson
(Cy3-conjugated) ImmunoReasearch, USA
anti-rabbit donkey  1/800 (VGLUT2) A-21206 Invitrogen, USA
Alexa Fluor 488 1/400 (GABA)
1/400 (mCherry)
anti-rabbit goat 1/500 A-11008 Invitrogen, USA
Alexa Fluor 488
anti-rabbit goat 1/1000 ab175471 Abcam, UK
Alexa Fluor 568
anti-rat donkey  1/1500 A-21209 Invitrogen, USA
Alexa Fluor 594
Table 5: Laboratory equipment and consumables used in this project.
Device Supplier
7300 real-time PCR System Applied Biosystems  Thermo Fisher Scientific, USA
96 Well UV Microplate Corning, USA

Absorbable Suture: V396H Coated Vicryl (5-0)

Ethicon, Germany

Blaubrand Disposable Micropipettes

Brand, Germany

Blood Pressure Device SC1000

Hatteras Instruments, USA

Clipper (Exacta)

Aesculap, Germany

Cryostat

Leica Biosystems, Germany

DM1I6000B Fluorescence Microscope

Leica Biosystems, Germany

Eclipse Ci-E Upright Microscope

Nikon, Germany

Infrared Camera T335

FLIR Systems Termisk Systemteknik, Sweden

Micropipette Puller Model P-2000

Sutter Instrument, USA

Model 900 Small Animal Stereotaxic Instrument

Kopf Instruments, USA

Permanent Suture: 681H Perma-Hand Seide
(6-0) or EH7823H Ethilon II (5-0)

Ethicon, Germany

Polyvinyidene Fluorid Membrane

Millipore, Germany

CFX Connect Real-Time PCR Detection System

Bio-Rad Laboratories, Germany

Radio Transmitters (G2-HR) and Receiver Plates

Mini Mitter Respironics, USA

Rectal Thermometer Probe (STI 52-1591)

Harvard Apparatus, USA

SM33 Stereomicroscope

Hund Wetzlar, Germany
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Supplier

SpectraMax 340PC384 Microplate Reader

Molecular Device, USA

Suture Clips Michel (7.5 mm x 1.75 mm)

allgaier instrumente GmbH, Germany

TCS SP5 Confocal Microscope

Table 6: Software used in this project.

Leica Biosystems, Germany

Software Supplier

Flir Tools 5.3.15268.1001 FLIR Systems Termisk Systemteknik, Sweden
GraphPad Prism 5 and 7 GraphPad Software Inc, USA

Image] Open Source (Schneider et al., 2012)

Inkscape 0.92 Open Source

Microsoft Office 2013 Microsoft, USA

VitalView Data Acquisition System

Mini Mitter Respironics, USA

2.2.  Animal Husbandry and Experimental Set Ups

The following mouse lines were used for breeding: wild-type (wt) C57BL/6] (The Jackson
Laboratory, USA), wt C57BL/6NCr (Charles River Laboratory, USA), B6.129P2-
Pvalbtml(ee)artr /T (Parv-Cre, The Jackson Laboratory, USA) as well as Thral*" mice
heterozygous for the dominant-negative R384C mutation in Thral (Tinnikov et al., 2002) and
the combination with Thrb ko (Forrest et al., 1996), both on a C57B1/6NCr background. Mice
were housed at 21 + 1°C on a 12-h light /12-h dark cycle in breeding pairs or groups of up to
five animals and single-housed prior to the experiment. All animals had ad libitum access to
standard or breeding diet and tap water, if not stated otherwise. If necessary, genotyping
was performed (see 2.4.5 Genotyping). Animal care procedures were in accordance with the
guidelines set by the European Community Council Directives (86/609/EEC) and approved
by Stockholm’s Norra Djurforsoksetiska Namnd, Sweden, or the MELUR Schleswig-

Holstein, Germany.

2.21. Study 1: Mouse Model of a Transient Thyrotoxicosis

To investigate the effects of a transient thyrotoxicosis, wt C57BL/6] male mice (3 - 4 month)
were randomly assigned to the following three groups: control, T4 and T4 recovery (N = 8 per
group). T4 and T4 recovery animals were treated with T, containing drinking water (1 mg/L
in 0.01 % bovine serum albumin (BSA) containing tap water) for 14 days, as depicted in the
experimental design (Figure 4). Weekly measurements of body weight, food and water

intake as well as inner ear (= auditory canal), interscapular brown adipose tissue (iBAT) and
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tail base temperature (see 2.3.2 Infrared Thermography) were performed by infrared
thermography in the T4 recovery group. Finally, rectal temperature was determined under
anaesthesia, heart weight was measured and organ samples from all three treatment groups
were collected and stored at -80°C.

For continuous measurements of heart rate, core body temperature and activity, a separate
group (N =7) was treated identically to the T4 recovery group and received implantable
radio transmitters (see 2.3.1 Radio Transmitter Implantation). Data were recorded on day 0,
14 and 28 for 24 h in 30 sec intervals. The average was calculated for every hour and the area
under the curve (AUC) was determined. For statistical analysis, a paired two-tailed Student’s

t test was used.

T, treatment period T, recovery period
day: 0 7 14 21 28
1] control: noT, -
[ | T,: oral T, (1 mg/L) R
[ T,recovery: oral T, (1 mg/L) R R

metabolism
& IR pictures:

radio telemetry: oral Ty (I mg/L)

A 4
A 4

Figure 4: Experimental design of study 1: a wt C57BL/6] mouse model of transient thyrotoxicosis. T4
treated animal (1 mg/mL, N =8, black) were compared with untreated controls (N = 8, white) and T,
recovered animals (two weeks after treatment, N =8, gray). Metabolic and thermoregulatory
parameters were accessed weekly and radio telemetry measurements were performed under each

condition in a separate group (modified from (Hoefig et al., 2016a)).

2.2.2. Study 2: Mouse Model for Acute and Chronic T)AM
Effects

Wt C57BL/ 6] male mice (3 - 4 month) were randomly assigned either to an acute treatment
group receiving implantable radio transmitters (N =9, see 23.1 Radio Transmitter
Implantation) or to a control and a ToAM group (N = 6 per group) for chronic treatment. For
acute treatment, animals received a single i.p. injection of 50 mg/kg ToAM (5 pL/g body
weight, in 60 % DMSO/40 % 1x PBS), which was compared to an i.p. injection of vehicle
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(Figure 5). Parameters were recorded for 24 h every 30 sec and analysed by calculating the
average for every 5 min. Furthermore, the AUC of the first 3 h after injection was analysed
and heart rate measurement was normalised to a 30 min baseline, prior to the injection.
Statistical analysis was performed using a 2-way ANOVA with Bonferroni post-test for
temperature and activity and paired, nonparametric two-tailed Student’s t test for comparing
the AUC of the first 3 h after injection.

For the chronic treatment, the experimental setup involved seven days of baseline
measurements followed by seven days of daily i.p. injections with 5 mg/kg ToAM (5pL/g
body weight in 60 % DMSO/40 % 1x PBS or an equal amount of vehicle) as depicted in the
experimental design (Figure 5). Body weight, food and water intake of study animals were
measured daily, in parallel to cardiac parameters, which were collected using a tail-cuff
system (see 2.3.3 Blood Pressure Determination). Surface temperature of the inner ear, iBAT
and tail base was determined using infrared thermography (see 2.3.2 Infrared
Thermography). 24 h after the last injection, rectal temperature was taken under anaesthesia,
the heart weight was measured and tissue samples were collected from both groups and

stored at -80°C.

ACUTE:
recovery telemetry measurement
day: 0 7 8 9
radio telemetry:  OP [__vehicleip. | [ T,AM (50 mg/kg) |
—————————————————
CHRONIC:
baseline treatment
day: 0 7 14
] control: . vehicle i.p. R
[ T,AM: R T,AM (5 mg/kg/day) i.p.
metabolism,

blood pressure
& IR pictures:

Figure 5: Experimental design of study 2: a wt mouse model for acute and chronic ToAM effects. Acute
ToAM effects were accessed by radio telemetry measurement after a single i.p. injection of 50 mg/kg
(N =9, gray) compared to a vehicle injection (N =9, white). Chronic ToAM treatment (5 mg/kg/day
i.p., N = 6, black) was monitored by metabolic, thermoregulatory and cardiovascular parameters und

compared with a vehicle treated control group (N = 6, white) (modified from (Harder et al., 2018b)).

25



Materials and Methods

2.2.3. Study 3: Characterization of PV Neurones in the AHA

The maturation of PV neurones was addressed by mating wt C57BL/6] mice and separating
the females after a positive plug check. Counting from the day of birth (postnatal day 0, PP0),
male offspring were sacrificed by decapitation at different days ranging from P8 until P14
and brains were processed and stained with 3,3’-diaminobenzidine (DAB, see 2.5
Histological Examination).

To determine the appearance of PV neurones in the embryonic brain, a bromodeoxyuridine
(BrdU) birth dating experiment was performed. Wt C57BL/6] mice were mated and females
were separated after a positive plug (defined as E0.5). Weight gain was monitored and
pregnant females were i.p. injected once with 50 mg/kg BrdU in 0.1 M PBS on different days
after conception ranging from E9.5 to E13.5. At 6 weeks of age, brains of male offspring were
removed and processed (see 2.5 Histological Examination). Pictures of immunofluorescent
sections from the AHA and the motor cortex (M1 and M2 area) of 3 - 6 animals per injection
time point were obtained and the total numbers of PV labelled cells as well as the number of
BrdU/PV double-labelled cells were counted in the respective areas.

In order to investigate the physiological consequences of PV neuronal activity in the AHA a
designer receptor exclusively activated by designer drugs (DREADD) system was used for
specific activation of PV neurones in the AHA. Parv-Cre mice (N =12, 3-6 month)
underwent stereotaxic surgery, receiving a bilateral intracerebral injection of a Cre-
dependent recombinant adeno-associated virus (rAAV) rAAV-CAG-flex(hM3Dg-mCherry)
vector in the AHA (see 2.3.4 Stereotaxic Injections). The expression of the encoded fusion
protein hM3Dg-mCherry is under the control of the Cre-recombinase which is expressed
under the control of the PV promoter in the Parv-Cre mouse model. A stimulation of hM3Dq
in PV neurones is possible by i.p. administration of the pharmacological inert compound
clozapine-N-oxide (CNO), which in turn leads to an activation of the Gag/u1 signalling
pathway in the neurones (Armbruster et al., 2007). Within the same surgery, mice were
implanted with radio transmitters (see 2.3.1 Radio Transmitter Implantation) to detect
potential changes in temperature, heart rate or activity evoked by CNO injection. After
recovery, a 24 h untreated baseline was measured (1 min recording, average calculated per
hour, Figure 6). Next, mice received a control i.p. injection of vehicle (0.9 % saline solution,
5uL/g body weight) and 24 h later an i.p. injection of 0.5 mg/kg CNO (5puL/g body
weight). Mice were measured continuously during this time (10s recording, average
calculated per minute, Figure 6). Animals, which had successfully completed the experiment

(N =11), were controlled for the position of the stereotaxic injection by labelling the
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membrane-bound fusion protein hM3Dg-mCherry (see 2.5 Histological Examination).
Additionally, animals with an unusual low baseline heart rate (more than 5 % </= 250 bpm)
due to suboptimal lead placement were excluded from the analysis (3 out of 11). Statistical
analyses were performed by multiple t tests comparing each time point of the measurement
(40 min bevor until 200 min after the injection) for temperature, heart rate and activity. For
detailed heart rate analysis, AUC of 40 min bins from 40 min bevor until 600 min after
injection were calculated and analysed by a 2way ANOVA with repeated measures by both

factors and controlled for multiple comparisons by Sidak test.

recovery telemetry measurement
day: 0 7 8 9 10
(0) | baseline | 0.9 % salinei.p. RONOR(URE YT

.
r g

Figure 6: Experimental design for the chemogenetic activation of PV neurones in the AHA by a
‘designer receptors exclusively activated by designer drugs’ system. Parv-Cre mice (N =12) received
in one operation an intracerebral injection (75 nL) of AAV-CAG-flex(hM3Dg-mCherry) in the AHA
and a radio transmitter in the abdominal cavity. After seven days of recovery mice were recorded for
24 h untreated (baseline, 1 min interval, white), for 24 h after 0.9 % saline injection (10 sec interval,
gray) and for 24 h after CNO injection (0.5 mg/kg, 10 sec intervals, black). CNO, Clozapine-N-oxid.

To modulate maternal TH levels during pregnancy, two strategies were implemented. On
the one hand Thrb ko dams with endogenously elevated TH levels (Forrest et al., 1996) were
breed with male Thral*" or male Thral*m/Thrb ko mice to achieve high maternal TH levels
throughout the entire pregnancy. On the other hand, wt dams were mated with male Thral*m
mice and pregnant females were treated orally with Ts-containing drinking water (0.5 mg/L
Tz and 0.01 % BSA) from E12.5 until birth. Brains of male wt, Thral*m, Thrb ko and
Thral*n/Thrb ko offspring were collected at 3-6 weeks of age and DAB staining was

performed to determine the number of cells (see 2.5 Histological Examination).

2.3. In vivo Methods

2.3.1. Radio Transmitter Implantation

To record core body temperature, heart rate, and activity in conscious and freely moving
mice, implantable radio transmitters and receiver plates were used. To implant the
transmitter device, mice were anaesthetized with 4 % isoflurane, then placed on a heating

pad and kept at approx. 2 % isoflurane at 300 ml/min flow-rate during the surgery. Animals
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were i.p. injected with pain medication (5 mg/kg Rimadyl in sterile 1x PBS), eye ointment
was applied to prevent eye drying, and the abdomen was shaved to minimize the risk of
contamination. Depth of anaesthesia was controlling by toe-pinch reflex and repeatedly
tested throughout the surgery, body temperature was monitored using a rectal probe. A
vertical incision of 1.5 cm was made in the skin and the abdominal wall and the sterilised
transmitter was implanted into the peritoneal cavity, then the abdominal wall was closed
with absorbable suture. Next the wires were placed below the skin and the electrodes
sutured to the right shoulder and the lower left chest wall using permanent suture (681H
Perma-Hand Seide). Finally, the lesion was closed using permanent suture (EH7823H
Ethilon II), if needed Michel clips were used to additionally secure the suture and the
animals returned to a pre-warmed single cage. At the first day of recovery, animals received

another i.p. injection of pain medication and recordings started after seven days.

2.3.2. Infrared Thermography

To measure temperature of inner ear, iBAT and tail base (light phase, room temperature
(RT)) non-invasively, in conscious and freely moving animals an infrared camera (+ 0.05°C
sensitivity) was used. Three images of each region were taken from the same animal per
session, and the maximum temperature in the selected area across all images per time point
and animal was determined using the infrared analysis software Flir Tools. Statistical
analysis was performed using a paired two-tailed Student’s t test (study 1) or an unpaired

nonparametric two-tailed Mann-Whitney t test (study 2).

2.3.3. Blood Pressure Determination

To access blood pressure parameters in study 2 a tail-cuff system was used which recorded
systolic, diastolic and mean arterial pressure and pulse rate. For the measurement, the mouse
was restrained on top of a 37°C warm platform, its tail was threaded through the tail-cuff
and fixed in the v-notch under the top half of the sensor. Animals ran through two
consecutive sessions (15 attempts of measurement each), of which the first was only for
adaptation. If no pulse was detected within 30 sec the next attempt started. Mean values of
all successful attempts in the second session were analysed, using an unpaired

nonparametric two-tailed Mann-Whitney t test.
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2.3.4. Stereotaxic Injections of rAAV

To chemogenically activate PV neurones in the AHA, Parv-Cre mice were bilateral,
intracerebral injected with the Cre-dependent rA AV-CAG-flex(hM3Dg-mCherry). The vector
rAAV-CAG-flex(hM3Dg-mCherry) was kindly provided by Dr. Helge Miiller-Fielitz
(Miiller-Fielitz et al., 2017). The rAAV consists of a rAAV2-based expression vector with
inverted terminal repeats of serotype 2 (Musatov et al, 2002), a woodchuck
posttranscriptional regulatory element (WPRE) and a bovine growth hormone
polyadenylation site (bGHpA). The plasmid pAAV-CAG-flex(hM3Dg-mCherry) consists of
the CMV enhancer chicken p-actin (CAG) promoter from the pAAV-CAG-BMP2-2A-Tomato
(Heinonen et al., 2014), inserted in the Mlul/Sall site of the pAAV-Syn-flex(hM3Dg-
mCherry) plasmid (Krashes et al., 2011). Stereotaxic coordinates for the AHA relative to
bregma: mediolateral + 0.3 mm, anteriorposterior -0.6 mm, dorsoventral -5 mm (from the
dura mater) were determined from a mouse brain atlas (Paxinos and Franklin, 2004).

Mice were anaesthetized with 4 % isoflurane and placed on a heating pad in a stereotaxic
frame. By fixing spout piece and ear bars the skull was positioned horizontally and
symmetrically and lateral movement was prevented. Pain medication (5 mg/kg Rimadyl in
sterile 1x PBS) was i.p. injected and eye ointment was applied. Depth of anaesthesia was
checked by absence of the toe-pinch reflex before and frequently during the surgery,
anaesthesia was lowered to 2 % and 300 ml/min during the surgery. The skin of the head
was wiped with 70 % EtOH, a 1 cm lesion was cut vertically in the skin and the skull was
cleaned and treated with xylocain. Bregma and lambda positions were identified on the skull
using a SM33 stereomicroscope and the position of the skull was further adjusted until
bregma and lamda were horizontally aligned. AHA coordinates were marked with
methylene blue on the skull and holes were drilled using a 23G cannula. Injection was
performed using a 5 pL. micropipette, pulled apart and cropped to create a long narrow tip
and marked with a 1 mm scale (Cetin et al., 2006). 75 nL of vector solution per injection site
were delivered at an injection rate of 75 nL/min and the micropipettes were kept in place for
5 min before retraction to minimize backflow. After the injection, the skull was treated with
xylocain to loosen the wound margin and prevent scratching of the lesion by the animal and
the skin was sutured using permanent suture (681H Perma-Hand Seide). Animals received
pain medication again 24 h after surgery and were allowed to recover for at least seven days

bevor experiments started, to allow for sufficient hM3Dg-mCherry expression.
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24.  Molecular Methods
2.41. RNA Isolation, cDNA Synthesis and Quantitative Real-
Time PCR (qPCR)

RNA was isolated from snap-frozen tissues using RNeasy Kits or the Aurum Total RNA Kits
according to the manufacturer’s protocols. Subsequent cDNA synthesis was performed
using anchored-oligo(dT)18 primers and the Transcriptor First-Strand cDNA Synthesis Kit or
the iScript cDNA Synthesis Kit. qPCR was performed with the 7300 real-time PCR system or
the CFX Connect Real-Time PCR detection system and SYBR Green PCR master mix or
Absolute qPCR SYBR Green Fluorescein Mix. A 2-step PCR protocol with 40 cycles and a
temperature of 60°C for annealing and extension was used (Table 7). A melting curve was
recorded to confirm the specificity of the reaction and standard curves were calculated to
correct for PCR efficiency. All primer sequences utilized are listed in Table 8. In Study 1 gene
expression was normalised to hypoxanthine guanine phosphoribosyl transferase (Hprt) as a
housekeeping gene. In study 2 four housekeeper genes (18S ribosomal protein (Rps18), actin
beta (Actb), Hprt, peptidylprolyl isomerase a (Ppia)) were measured and the geometric mean was
calculated tissue-dependently of a set of non-regulated genes (iBAT: Actb, Hprt, Ppia; heart:
Actb, Rps18, Hprt; kidney: Hprt; liver: Actb, Rpsl8, Ppia; lung: Actb, Rps1lS, Hprt, Ppia;
pituitary: Actb, Rpsl8, Hprt; thyroid: Actb, Rpsl8, Hprt) and used for target-gene

normalisation.

Table 7: 2-step PCR protocol for qPCR measurement.

Temperature (°C) Time (min) Replications

50 2.00 1

95 10.00 1

95 0.15

60 1.00 40

95 0.15 1

60 0.30 1

95 0:15 1

melting curve program
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Gene Abbreviation Primer Sequence 5°-3" (fw/rev)
3-hydroxy-3-methylglutaryl-CoA lyase Hmgcl CAGGTGAAGATCGGTGAAGTC
GGAGCCCTGCTTCGGAAAC
3-hydroxy-3-methylglutaryl-CoA Hmgcr TGTTCACCGGCAACAACAAGA
reductase CCGCGITATCGTCAGGATGA
3-hydroxy-3-methylglutaryl-CoA Hmgcs2 GAAGAGAGCGATGCAGGAAAC
synthase 2 GTCCACATATTGGGCTGGAAA
3-hydroxybutyrate dehydrogenase type1  Bdhl TTCCCCTTCTCCGAAGAGC
CCCAGAGGGTGCATCTCATAG
3-oxoacid CoA transferase 1 Oxctl CATAAGGGGTGTGTCTGCTACT
GCAAGGTTGCACCATTAGGAAT
acetyl-CoA carboxylase 1 Acaca GTCCCCAGGGATGAACCAATA
GCCATGCTCAACCAAAGTAGC
acetyl-CoA carboxylase 2 Acacb GAATCTCACGCGCCTACTATC
ACGGTGAAATCTCTGTGCAGG
acetyl-Coenzyme A acyltransferase 2 Acaa? CTGCTACGAGGTGTGTTCATC
(mitochondrial 3-oxoacyl-Coenzyme A AGCTCTGCATGACATTGCCC
thiolase)
actin, beta Actb GGCTGTATTCCCCTCCATCG
CCAGTTGGTAACAATGCCATGT
adrenergic receptor beta 1 Adrbl AGCGCTGATCTGGTCATGG
CCAGAGCTCGCAGAAGAAGG
adrenergic receptor beta 2 Adrb2 GGGAACGACAGCGACTTCIT
GCCAGGACGATAACCGACAT
adrenergic receptor beta 3 Adrb3 AGAAACGGCTCTCTGGCTTTG
TGGTTATGGTCTGTAGTCTCGG
aldolase b Aldob GAAACCGCCTGCAAAGGATAA
GAGGGTCTCGTGGAAAAGGAT
angiotensin I converting enzyme Acel TCCAAGCAGGAAGCTAATCC
CAGCCTACCTGCTTCCTTCC
angiotensinogen Agt TTCCAAGGAACGATGAGAGG
ACTCCAGTGCTGGAAGTTGC
ATPase, Ca++ transporting, cardiac Atp2a2 TCCGCTACCTCATCTCATCC
muscle, slow twitch 2 (SERCA2a) CAGGTCTGGAGGATTGAACC
calsequestrin 2 Casq?2 TGCTCATGGTGGGGG TITATC
AGGTTCGTGGTAATAGAGACAGA
cell death-inducing DNA fragmentation Cidea TGACATTCATGGGATTGCAGAC
factor alpha subunit-like effector A GGCCAGTTGTGATGACTAAGAC
cholinergic receptor muscarinic 2 Chrm2 CAAGATCCAGAATGGCAAGG

GACAGACGTGGAGTCATTGG

citrate synthase

Cs

GGACAATTTTCCAACCAATCTGC
TCGGITCATTCCCTCTGCATA
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Gene Abbreviation Primer Sequence 5°-3" (fw/rev)
cytochrome P450 family 11 subfamily b Cyp11b1 AACCCAAATGTTCTGTCACCAA
polypeptide 1 CAAAGTCCCTTGCTATCCCATC
cytochrome P450 family 11 subfamily b Cyp11b2 TGGCTGAAGATGATACAGATCCT
polypeptide 2 CACTGTGCCTGAAAATGGGC
iodothyronine deiodinase type I Dio1l GCTGAAGCGGCTTGTGATATT
GTTGTCAGGGGCGAATCGG
iodothyronine deiodinase type II Dio2 GATGCTCCCAATTCCAGTGT
AGTGAAAGGTGGTCAGGTGG
iodothyronine deiodinase type II1 Dio3 CTACGTCATCCAGAGTGGCA
CTGTTCATCATAGCGCTCCA
dopa decarboxylase Ddc GACTACAGGCACTGGCAGAT
CTGGCGTACCAGTGACTCAA
dopamine beta hydroxylase Dbh TGGACCCCGAAGGGATTTITAG
CCATCTCTCCTCGATCTGACA
fatty acid synthase Fasn GGAGGTGGTGATAGCCGGTAT
TGGGTAATCCATAGAGCCCAG
fibroblast growth factor 21 Fgf21 CTGCTGGGGGTCTACCAAG
CTGCGCCTACCACTGTTCC
glucokinase Gck TGAGCCGGATGCAGAAGGA
GCAACATCTTTACACTGGCCT
glucose-6-phosphatase Goépc TCAACCTCGTCTTCAAGTGGATT
TGTAGTAGTCGGTGTCCAGGACC
hyperpolarization-activated cyclic Hcn2 CGAGCTGACACCTACTGTCG
nucleotide-gated K+ 2 CTTGCCTATGCGATCTAGCC
hyperpolarization-activated cyclic Hcn4 GGAGAGGGTTAAGTCAGCAGG
nucleotide-gated K+ 4 AGGGTGTGGTGTTCTCATCCT
hypoxanthine guanine phosphoribosyl Hprt GCAGTACAGCCCCAAAATGG
transferase AACAAAGTCTGGCCTGTATCCAA
lactate dehydrogenase A Ldha CATTGTCAAGTACAGTCCACACT
TTCCAATTACTCGGTTTTTGGGA
lipase, hormone sensitive Lipe CACCCATAGTCAAGAACCCCTTC
TCTACCACTTTCAGCGTCACCG
malic enzyme 1, NADP(+)-dependent, Mel GAAAGAGGTGTTTGCCCATGA
cytosolic AATTGCAGCAACTCCTATGAGG
malonyl-CoA decarboxylase Mlycd CTGTCGCCTATCCCTGGATTC
CCGGTAACCGCTGAGATTTCT
myosin, heavy polypeptide 6, cardiac Myhé GCCCAGTACCTCCGAAAGTC
muscle, alpha GCCTTAACATACTCCTCCTTGTC
myosin, heavy polypeptide 7, cardiac Myh7 GGAATCCTTTGGAAATGCGAAGA
muscle, beta GCCCCAACAATATAGCCAGTTAC
natriuretic peptide type B Nppb GAGGTCACTCCTATCCTCTGG

GCCATTTCCTCCGACTTTTCTC
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Gene Abbreviation Primer Sequence 5°-3" (fw/rev)
peptidylprolyl isomerase A Ppia CATCCTAAAGCATACAGGTCCTG
TCCATGGCTTCCACAATGTT
peroxisome proliferative activated Ppargcla TTGTCAGGCTGGAGTGTACC
receptor, gamma coactivator 1 alpha CACCATGGTCGTATCAGAGG
phenylethanolamine-N- Prmt CAGACCTGAAGCACGCTACAG
methyltransferase TAGTTGTTGCGGAGATAGGCG
phosphoenolpyruvate carboxykinase 1, Pck1 ATCTTTGGTGGCCGTAGACCT
cytosolic GCCAGTGGGCCAGGTATTT
phospholamban Pln ACTGTGACGATCACCGAAGC
TTCCATTATGCCAGGAAGG
PR domain containing 16 Prdm16 CCCCACATTCCGCTGTGAT
CTCGCAATCCTTGCACTCA
pyruvate kinase liver and red blood cell Pklr CCGCATCTACATTGACGACG
CAAGTTCACACCCTTCCTGIT
regulator of G-protein signaling 4 Rgs4 GAGTGCAAAGGACATGAAACATC
TTTTCCAACGATTCAGCCCAT
renin 1 Ren1 ACGGGTCCGACTTCACCAT
TGCCTAGAACACCGTCAAACT
ribosomal protein S18 Rps18 TTGACGGAAGGGCACCACCAG
GCACCACCACCCACGGAATCG
ryanodine receptor 2 Ryr2 ACGGCGACCATCCACAAAG
CGGGGGAACATTCTTGGAATTG
sema domain, immunoglobulin domain Sema3a GAGCAGCAACAAGTGGAAGC
(Ig), short basic domain, secreted, CGCAGCTCAGACACTTCTIGG
(semaphoring) 3A
thyroid hormone responsive (Spot14) Thrsp AAGGTGGCTGGCAACGAAA
GGGTCAGGTGGGTAAGGATG
thyroid stimulating hormone beta Tshb CCG CACCATGIT ACT CCTTA
GTT CTG ACA GCCTCG TGT AT
transmembrane protein 26 Tmem 26 TTCCTGTTGCATTCCCTGGTC
GCCGGAGAAAGCCATTTGT
tumour necrosis factor receptor Tnfrsf9 CCTTGCAGGTCCTTACCTTGT
superfamily, member 9 GTTGCTTGAATATGTGGGGGA
tyrosine hydroxylase Th GCTGGAGGATGTGTCTCACT
GACGAGGCATGACGGATGTA
uncoupling protein 1 Ucepl ACTCAGGATTGGCCTCTACG

CCACACCTCCAGTCATTAAGC

2.4.2. Total Tsand Ts ELISA for Mouse Serum Analysis

Serum total T, (EIA 1781) and total Ts (DNOVO53) were determined by commercial ELISA

kits according to the manufacturer’s protocols.
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2.4.3. Glycogen Determination in Liver Tissue

Hepatic glycogen content was determined as described previously (Van Der Vies, 1954) with
some modifications. Samples (10 - 20 mg) were homogenized in 1 mL 5 % trichloroacetic
acid and incubated for 30 min (RT) before centrifugation (10 min, 20000 g, RT). The
supernatant was incubated overnight (4°C) and all subsequent steps were performed in
triplicates. A mixture of 50 pL supernatant and 100 uL ethanol (EtOH, 99.5 %) was incubated
(30 min, RT) and centrifuged (30 min, 20000 g, RT). The supernatant was discarded and the
dry pellet was re-suspended in 75 uL Lugol reaction mix. After incubation (10 min, RT) optic
density (OD) was measured at 600 nm. Measurements were normalised against the blank
(Lugol reaction mix) and the mean OD of triplicates was calculated and normalised to tissue

weight.

2.4.4. Western Blot Analysis

Protein isolation was performed from samples of snap frozen iBAT in 100 uL RIPA-buffer
with PMSF and protein concentration was determined by a bicinchoninic acid assay. For
immunological detection, 15 pg protein were separated on a 12 % SDS polyacrylamide gel
and transferred onto a polyvinyidene fluorid membrane using standard procedures. Blots
were blocked in 5 % w/v BSA or 5 % w/v non-fat dry milk (in 1x TBS-T) and probed with
primary antibodies for UCP1, GAPDH, Phospho-Akt (Ser473) or Akt (Table 3) overnight
(4°C). Subsequently blots were incubated (1h, RT) with the corresponding peroxidase-
conjugated secondary antibody (Table 3) and visualized using Clarity Western ECL
Substrate and CL-Xposure x-ray films. After each detection, the blots were stripped with
Restore PLUS Western Blot Stripping Buffer for 15 min. Quantification of band intensity was
performed by Image]. Statistical analysis was performed using an unpaired two-tailed

Student’s t test.

2.4.5. Genotyping

Tail or ear snips were incubated overnight in genotyping buffer with proteinase K
(10 mg/mL) at 55°C. Samples were centrifuged (5 min, 18000 g) and the supernatant was
transferred in a new tube. DNA was precipitated by adding 500 pL isopropanol and
pelletised (30 min, 18000 g). The supernatant was discarded and the pellet was washed with
80 % EtOH and centrifuged again (30 min, 18000 g). Afterwards, the pellet was dried,
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resolved in 100 uL 1/10 TE buffer and used together with the relevant primer pairs (Table 9)
for PCR analysis as indicated in Table 10.

Table 9: Primer sequences for genotyping.

Strain Primer Sequence 5°-3" (fw) Primer Sequence 5°-3 (rev)

Parv-Cre GCGGTCTGGCAGTAAAAACTATC GTGAAACAGCATTGCTGTCACIT

Thral+m GGACAAGATCGAGAAGAGTCAGGA CACTGCATTCTAGTTGTGGTTTGTCC

Thrb wt GCACAGGGAGGAAGTAGGCTGTCT CCCTGGAGGCCAAAGGTCAATG

Thrb ko GCACAGGGAGGAAGTAGGCTGTCT GTGCCAGCGGGGCTGCTAAAG

Table 10: PCR cycles for genotyping.

Parv-Cre Thral Thrb
Temp. (°C) Time (min) Temp. (°C) Time (min) Temp. (°C) Time (min)

94 3.00 95 5.00 94 3.00

94 0.50 95 0.70 ™ 94 0.50

55 1.00 33x 67 1.33 55 1.00

72 1.00 74 10.00 72 1.00 32x
72 2.00 4 0 72 2.00

4 o 4 o0

2.5.  Histological Examination

Tissue from the following mouse lines were used to perform immunohistochemistry as
described below: C57BL/6], C57BL/6NCr, Parv-Cre, Pax8 (Pax8 and Pax8+-) (Mansouri et
al., 1998), Mct8 (Mct8+) (Trajkovic et al., 2007), Mct8/Oatplcl (M/O dko; Mct8+ /Oatplcl+)
(Mayerl et al., 2014), Mct10 (Mct10- and Mct10*) (Mariotta et al., 2012; Miiller et al., 2014),
Thral*m (Tinnikov et al., 2002) as well as the combination with Thrb (Thrb + ) (Forrest et al.,
1996), Nkx2-1-Cre:RFP (Luche et al., 2007) crossed to 5HT3,R-BACECFP (Munoz-Manchado et
al., 2016) and ObRb.Zsgreen mice (Madisen et al., 2010).

2.5.1. Brain Tissue Processing

Removed brains were directly fixed in 4 % PFA overnight (4°C), followed by incubation in
30 % w/v sucrose in 1x PBS for at least three days. Subsequently, brains were snap-frozen
and cut in 20 pm coronal sections using a cryostat and stored in CPS. For
immunofluorescence staining protocols, consecutive sections were sampled in 10 tubes per

brain, with the sections in one tube covering intervals of 200 pm. For cell counting in the
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AHA, consecutive sections were sampled in 5 tubes, covering intervals of 100 um per section.
Up to two tubes per brain of several animals per genotype were analysed by counting PV
positive cells bilaterally in the AHA under the microscope and calculating the average per
animal and genotype. Throughout, the raw cell count is given, to calculate the true cell

number, results need to be multiplied by 2.85 (Guillery and Herrup, 1997; Mittag et al., 2013).

2.5.2. Immunohistochemistry

DAB staining was performed on 4 % PFA fixed, free floating 20 um cryostat coronal sections
and all solutions were prepared with 1x PBS. First, sections were blocked with 1 % H>O: (1 h)
followed by 5 % NGS, avidin (avidin/biotin blocking kit) and 0.3 % Triton-X 100 (1 h). Next,
sections were incubated in 5 % NGS, biotin (avidin/biotin blocking kit), 0.3 % Triton-X 100
and rabbit anti-PV primary antibody (Table 4) overnight (4°C). The following day, sections
were treated with a biotinylated secondary antibody (Table 4, 1h) in 0.3 % Triton-X 100
followed by ABC-Solution (ABC-Kit, 1h) and stained in DAB-solution (0.5 mg/mL with
0.15 % H»O», 2 min). Subsequently, sections were mounted and dried overnight at RT,

dehydrated and cleared in xylene, and coverslipped using pertex.

2.5.3. Immunofluorescence

Immunofluorescence staining was performed on 4 % PFA fixed, free floating 20 um cryostat
coronal sections and all solutions were prepared with 1x PBS.

Sections from BrdU treated mice offspring were blocked with 5 % NGS and 0.3 % Triton-
X100 (1 h), followed by incubation in rabbit anti-PV primary antibody (Table 4) in blocking
solution overnight (RT). Next, sections were incubated in Alexa Fluor 488 labelled secondary
antibody (Table 4, 1 h) followed by antigen retrieval (10 min in 1 M HCl on ice, 10 min in 2 M
HCI at RT, 20 min in 2 M HCI at 37°C, 10 min in 0.1 M borate buffer at RT). Subsequently
sections were incubated in rat anti-BrdU primary antibody (Table 4) in blocking solution
overnight (RT) which was followed by an incubation with Alexa Fluor 594 secondary
antibody (Table 4, 1 h).

Wt samples were treated with 10 mM Na-Citrate at 80°C for 10 min for antigen retrieval and
blocked with 5 % NDS and 0.3 % Triton-X 100. Next, sections were incubated in goat anti-PV
primary antibody in combination with rabbit anti-vesicular glutamate transporter 2
(VGLUT2) or rabbit anti-PV primary antibody in combination with mouse anti-glutamate
decarboxylase 67 (GAD67, Table 4) in blocking solution overnight (4°C). Subsequently,

sections were incubated using the respective secondary antibodies (Table 4, 1 h).
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For Parv-Cre mouse samples no additional antigen retrieval step was necessary and the
protocol was performed as described above using NDS, rabbit anti-PV and goat anti-
mCherry primary antibody (Table 4) and the respective secondary antibodies (Table 4).

All slices were mounted on object slides using ProLong Diamond Antifade Mounting
Medium with Dapi or Hard Set Antifade Mountain Medium with DAPI. Samples from Nkx2-
1-Cre:RFP x 5HT3,-EGFP double reporter mice were processed using a rabbit anti-PV primary
antibody (Table 4) and an Alexa Fluor 568 labelled secondary antibody (Table 4) as described
(in collaboration with Susi Dudazy-Gralla and Jens Hjerling Leffler) (Luche et al., 2007;
Munoz-Manchado et al., 2016).

2.6.  Statistical Analysis

GraphPad Prism 5 and 7 software was used to analyse the data and all statistic tests are
indicated in the figure legends. All data are represented as mean + standard error of the

mean (S.E.M.) and statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001.
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3. Results

In order to dissect the interplay of peripheral TH with body thermogenesis and
cardiovascular function, this thesis investigated the effects of a transient thyrotoxicosis by
systemic T4 treatments (study 1) and the role of the TH metabolite To)AM in this context
(study 2) as well as the central aspects of TH for brain development and the influence of TH-
dependent neurones on thermoregulation and cardiovascular control (study 3). The results

will be presented in the following section.

3.1.  Study 1: Peripheral Effects of Two Weeks Oral T,
Treatment Followed by Two Weeks of T4 Withdrawal in
Adult Male Mice

In the first part of the thesis, the focus was on the consequences of a strong short-term
increase in TH concentration in the body, called transient thyrotoxicosis. Such an event could
be the result of an overproduction of endogenous TH or an excessive intake of exogenous
TH. Furthermore, also the ability of the body to recover within two weeks from the
thyrotoxicosis was of interest. Therefore, a mouse model for a transient thyrotoxicosis was
developed, using male wt C57BL/6] mice, which received T4 containing drinking water
(1 mg/L) for two weeks. The treatment led to a 3-fold increase in serum total T4 and a 2.5-
fold increase in serum total Ts concentration in the T, group compared to the controls (Figure
7A), which indicated a hyperthyroid state in these animals. After two weeks of T4 recovery,
during which animals received untreated drinking water, total T4 concentration normalised
again, whereas total Ts concentration even went below the baseline (Figure 7A). This was
concurrent with a strong reduction of pituitary Tsh mRNA expression during T, treatment
(Figure 7B) and an increase of the TH sensitive Diol in liver and kidney (Figure 7C). Two
weeks after T4 withdrawal, pituitary Tsh and hepatic Diol mRNA expression normalised,

whereas renal Diol was still increased compared to controls (Figure 7B, C).
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Figure 7: Two weeks of oral T4 treatment successfully induces a transient thyrotoxicosis in male wt
C57BL/6] mice. (A) Total T4 and total Ts concentrations in serum of untreated (white), T4 treated
(black) and T4 recovery (grey) animals. Relative mRNA expression of (B) pituitary Tsh as well as (C)
thyroid hormone sensitive genes in liver and kidney, normalised to Hprt, in untreated (white), Ty
treated (black) and T4 recovery (grey) animals. All values are mean + S.E.M. and statistic testing was
performed using an unpaired two-tailed student’s t test with *p < 0.05, **p < 0.01 or **p < 0.001. AU,
arbitrary unit; Diol, iodothyronine deiodinase type I, Hprt, hypoxanthine guanine phosphoribosyl transferase;
Thrsp, thyroid hormone responsive (Spotl4); Tsh, thyroid stimulating hormone; Ts, 3,3’,5-triiod-L-thyronine;
T4, thyroxine (modified from (Hoefig et al., 2016a)).

3.1.1. Metabolic Switch in Liver and Adipose Tissue Due to a
Transient Thyrotoxicosis and Subsequent Recovery

To evaluate the metabolic consequences of a transient thyrotoxicosis, body weight, food and
water intake were monitored in the T, recovery group (n = 8) over the experimental course of
four weeks (Figure 8A-C). Mice showed an increased body weight gain upon T, treatment;
however, after recovery all animals were back to a weight appropriate for their age (Figure
8A). Absolut and relative food intake did not change significantly during the rather short T,
treatment period, but both were significantly diminished after T4 recovery (Figure 8B). In
contrast, absolute water intake increased upon T; treatment, but was unaltered when
normalised to body weight, whereas absolute and relative water intake were reduced after T,
recovery (Figure 8C). Examination of liver gene expression revealed a hyperthyroid state of
the tissue during thyrotoxicosis, demonstrated by a significant increased mRNA expression
of the T sensitive gene malic enzyme 1 (Mel; Figure 9A) as published before for rats and mice
(Song et al., 1988; Takeuchi et al., 2002). A significant reduction of the glycogen content in the
liver was identified during T, treatment (Figure 8D) together with significantly reduced
relative mRNA expression of the glycolytic enzyme aldolase b (Aldob). Other genes, involved
in gluconeogenesis e.g. lactate dehydrogenase a (Ldha), phosphoenolpyruvate carboxykinase (Pck1)

and glucose-6-phosphatase (G6pc) were unaltered (Figure 9A).
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Figure 8: Analysis of metabolic parameters in male wt C57BL/6] mice during two weeks of Ty
treatment and two subsequent weeks of recovery. (A) Body weight, (B) absolute food intake and food
intake normalised to body weight and (C) absolute water intake and water intake normalised to body
weight of T4 recovery animals (n = 8) in the course of the experiment. (D) Liver glycogen normalised
to tissue weight in control (white), Ty treated (black) and T4 recovery (grey) animals (n = 8 per group).
All values are mean = S.E.M. and statistic testing was performed using a paired, two-tailed student’s
t test (A-C) with *p <0.05, **p <0.01 versus day 7, #p < 0.05, ###p <0.001 versus day 14, &&p <0.01
&&&p < 0.001 versus day 21, Sp < 0.05, $5p < 0.01, 85p < 0.001 versus day 28 or an unpaired two-tailed
student’s t test (D) with ***p <0.001. AU, arbitrary units; T4, thyroxine (modified from (Hoefig et al.,
2016a)).

After Ty recovery, glycogen content (Figure 8D) as well as mRNA expression of Aldob
returned back to normal and other genes, crucial for glycolysis such as glucokinase (Gck) and
pyruvate kinase (Pklr) showed significant increased mRNA expression (Figure 9A). The same
was observed for genes involved in fatty acid synthesis such as acetyl-CoA carboxylase 1
(Acaca) and fatty acid synthase (Fasn; Figure 9A). Together with the results of the Pck1/Pklr
ratio (Figure 9B), these findings indicated a switch from hepatic gluconeogenesis due to
limited hepatic glucose availability during thyrotoxicosis to glycolysis and high glucose

consumption and fatty acid production upon recovery. At the same time, there was no clear

indication for true starvation because relative mRNA expression of genes important for
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Figure 9: Metabolic switch due to oral T4 treatment and -recovery in male wt C57BL/6] mice. (A)
Relative expression of genes involved in glycolysis, gluconeogenesis and ketogenesis in the liver. (B)
Evaluation of the hepatic metabolic state by determining the Pck1/Pklr ratio in all three groups. (C)
Relative expression of genes involved in metabolism and ketone body oxidation in iBAT. Relative
gene expression was measured by qPCR and normalised against Hprt in control (white), T, treated
(black) and T, recovery (grey) animals (n =8 per group). All values are mean + S.E.M. and statistic
testing was performed using an unpaired two-tailed student’s ttest with *p <0.05, **p <0.01 or
***p <0.001. AU, arbitrary units; Acaa2, acetyl-CoA acetyltransferase 2; Acaca, acetyl-CoA carboxylase 1;
Acacb, acetyl-CoA carboxylase 2; Aldob, aldolase b; Bdh1, 3-hydroxybutyrate dehydrogenase type 1; Cs, citrate
synthase; Fasn, fatty acid synthase; Gépc, glucose-6-phosphatase; Gek, glucokinase; Hmgcl, 3-hydroxymethyl-3-
methylglutaryl-CoA lyase; Hmgcr, 3-hydroxy-3-methylglutaryl-CoA reductase; Hmgcs2, 3-hydroxy-3-
methylglutaryl-CoA synthase 2; Hprt, hypoxanthine guanine phosphoribosyl transferase; iBAT, interscapular
brown adipose tissue; Ldha, lactate dehydrogenase; Mlycd, malonyl-CoA decarboxylase; Mel, malic enzyme
1; Oxctl, 3-oxoacid CoA transferase; Pckl, phosphoenolpyruvate carboxykinase; Pklr, pyruvate kinase; Ts,
thyroxine (modified from (Hoefig et al., 2016a)).

ketogenesis including acetyl-CoA acyltransferase 2 (Acaa2), 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (Hmgcs2), 3-hydroxy-3-methylglutaryl-CoA lyase (Hmgcl), 3-hydroxybutyrate
dehydrogenase type 1 (Bdhl) and 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr) showed no
alteration during T, treatment or after recovery (Figure 9A). Likewise, there was no
alteration in relative mRNA expression of genes necessary for ketone body degradation in
iBAT between control and thyrotoxicosis (Figure 9C). Nevertheless, Acaa2, citrate synthase
(Cs) and malonyl-CoA decarboxylase (Mlycd) displayed significant increases in mRNA

expression after T4 recovery (Figure 9C), indicating a somewhat elevated metabolic activity

of the tissue.

41



Results

3.1.2. The Role of iBAT in Thermoregulatory Response to a
Transient Thyrotoxicosis and Subsequent Recovery

To evaluate the thermoregulatory consequences of a transient thyrotoxicosis, 24 h radio
telemetry profile of body temperature before treatment (day 0), after two weeks T, treatment
(day 14) and after T4 recovery (day 28; n =7) were recorded and analysed (Figure 10A). A
significant increase in mean daily body temperature in the light and dark phase due to T4
treatment was revealed, which normalised after T recovery (Figure 10B). Independent
measurements of rectal temperature under anaesthesia in all three treatment groups (n = 8)
were in accordance with these findings (Figure 10C). A detailed analysis of iBAT, the
primary thermogenic tissue in mice, indicated no changes in thermogenesis upon T,
treatment, accessed by infrared thermography images (Figure 11 and Figure 12, middle
column). Furthermore, relative mRNA expression of uncoupling protein 1 (Ucpl), cell death-
inducing DNA fragmentation factor alpha subunit-like effector A (Cidea) and fibroblast growth factor
21 (Fgf21) was decreased (Figure 10D) and mUCP1 protein level (Figure 10E) as well as
phosphorylation of murine thymoma viral proto-oncogene 1 (mAKT1, Figure 10F; unpaired
two-tailed student’s ttest: p =0.054) remained unchanged during T; treatment. After T4
recovery iBAT temperature was significantly reduced (Figure 12, middle column) and
mRNA expression of Ucpl and Fgf21 normalised, whereas Cidea even exceeded the initial
transcript level (Figure 10D). This is most likely owed to the normalisation of the body
temperature (Figure 10A). To test whether the increase in core body temperature is caused
by a reduced heat loss, surface temperature of the tail base, which provides information
about vasoconstriction or vasodilation of the tail vein, was analysed but showed no changes
(Figure 12, right column). Analysis of mRNA gene expression in epididymal white adipose
tissue (eWAT) showed a strong increase in Ucpl mRNA expression and modest increase of
Cidea and tumor necrosis factor receptor superfamily member 9 (Tnfrsf9) (Figure 10G), all known
as markers for browning (Obregon, 2014). However, on protein level no mUCP1 was

detectable in eWAT using western blot analysis.
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Figure 10: No elevated iBAT activity during oral T4 treatment in male wt C57BL/6] mice. (A) 24 h
profile of body temperature under control (day 0, white), thyrotoxicosis (day 14, black) and Ta
recovery (day 28, grey, n =7), by radio telemetry. (B) Mean body temperature at each time point and
for light and dark phase. (C) Rectal temperature under anaesthesia for control (white), Ty treated
(black) and Ts recovery (grey) animals (n=8 per group). (D) Relative mRNA expression of
thermoregulatory genes in iBAT. Quantification of (E) mUCP1 protein level normalised to mGAPDH
and (F) mAKT1/Phos:3 to AKT1 protein ratio in iBAT by western blot analysis in the three groups
(n=5-6). (G) Relative mRNA expression of thermoregulatory genes in eWAT. Relative gene
expression (D, G) was measured by qPCR and normalised against Hprt for the three groups (n =8 per
group). All values are mean = S.E.M. and statistical testing was performed using a paired two-tailed
student’s t test (B) or an unpaired two-tailed student’s t test (C, D, E, F, G) with *p < 0.05, **p < 0.01 or
***p <0.001. Adrb3, adrenergic receptor beta 3; mAKT1, murin thymoma viral proto-oncogene 1;
mAKT1/Phos:3, murine phospho-AKT1 (Ser473); AU, arbitrary units; Cidea, cell death-inducing DNA
fragmentation factor alpha subunit-like effector A; Dio2, deiodinase iodothyronine type 1I; eWAT, epididymal
white adipose tissue; Fgf21, fibroblast growth factor 21, mGAPDH, glyceraldehyde-3-phosphate
dehydrogenase; Hprt, hypoxanthine guanine phosphoribosyl transferase; iBAT, interscapular brown
adipose tissue; Lipe, lipase hormone sensitive; Ppargcla, peroxisome proliferative activated receptor gamma
coactivator 1 alpha; Prdm16, PR domain containing 16; T,, thyroxine; Tmem26, transmembrane protein 26;
Ucpl, uncoupling protein 1 Tnfrsf9, tumor necrosis factor receptor superfamily member 9; (modified from
(Hoefig et al., 2016a)).

43



Results

day inner ear iBAT tail

14

21

28

Figure 11: Evaluation of surface temperature changes by infrared thermography in a transient model
of thyrotoxicosis using male wt C57BL/6] mice. Representative images of the inner ear (left column),
the iBAT (middle column) and the tail base (right column) on day 0 (control), 7 and 14 (T, treatment),
21 and 28 (T4 recovery) of the thyrotoxicosis treatment regime. iBAT, interscapular brown adipose
tissue (modified from (Hoefig et al., 2016a)).

44



Results

0639 — "36 — Azg
38 s 27
P — 34 = T
5 37 < =26
=] M
= o
8 2

36 0 7 142128 0 7 14 2128 25 0 7 142128

days days days
I T4 LI no T4 1 I T4 i nO T4 1 I T4 L | no T4 1

Figure 12: Quantification of surface temperature changes of inner ear (left), iBAT (middle) and tail
base (right) temperature on day 0 (control), 7 and 14 (T4 treatment), 21 and 28 (T4 recovery) of the
thyrotoxicosis treatment regime. All values are mean + S.E.M. and statistical testing was performed
using a paired two-tailed student’s t test with *p < 0.05, **p < 0.01 or ***p < 0.001. iBAT, interscapular
brown adipose tissue; T4 thyroxine (modified from (Hoefig et al., 2016a)).

3.1.3. Tachycardia as Response to Oral T4 Treatment Followed
by Surprising Bradycardia after the Subsequent
Recovery

The effects on cardiovascular function by a transient thyrotoxicosis were assessed by
implantable radio transmitter measurements of the heart rate (Figure 13A). The mean heart
rate increased after T, treatment (day 14) compared to baseline (day 0) in the light phase as
well as the dark phase (Figure 13B).

A
5007 '
I
= LR I
e * IR ek, W
= £400 L
) g
e = |
& g
= B I [] untreated control
5 =
g =
~ 5 300 | I 1, treated 14 days
=
| [ T, treated 14 days and
recovered 14 days
T T T T T 1 2 =
0 4 8 12 16 20 24 0 1428 01428
time of the day light dark

Figure 13: Tachycardia followed by strong bradycardia due to T4 treatment and -recovery in male wt
C57BL/6] mice. (A) 24 h profile of heart rate under control conditions (day 0, white), after 14 days of
oral T4 treatment (day 14, black) and after 14 subsequent days of T4 recovery (day 28, grey, n=7),
measured by radio telemetry. (B) Analysis of mean heart rate for each time point during the light and
the dark phase of the day. All values are mean + S.E.M. and statistical testing was performed using a
paired two-tailed student’s t test with *p < 0.05, **p <0.01 or ***p < 0.001; bpm, beats per minute; Ty,
thyroxine (modified from (Hoefig et al., 2016a)).
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Comparing the heart weight of all three groups, T4 treated animals displayed an increase
(Figure 14B), which was still true after normalisation to body weight (Figure 14C).
Concurringly, the mRNA expression of the cardiac hypertrophy marker natriuretic peptide
type b (Nppb) was increased due to T, treatment (Figure 14D). Further analysis of mRNA
expression displayed no alteration of genes involved in blood pressure regulation between
control and T, treated animals, except for a small decrease of angiotensinogen (Agt; Figure
14A), and a clear elevation of adrenergic receptor beta 2 (Adrb2) and hyperpolarization-activated
cyclic nucleotide-gated K+ 2 (Hcn2), genes involved in heartbeat regulation and contractility
(Figure 14D). Otherwise phospholamban (Pln) mRNA expression, regulating the cardiac Ca2*
pump, was reduced (Figure 14D) and adrenal genes involved in catecholamine synthesis
remained unchanged with the exception of suppressed tyrosine hydroxylase (Th) and a
tendancy of suppressed dopamine beta hydroxylase (Dbh; unpaired two-tailed student’s t test:
p = 0.09; Figure 14E) by high Ts and T4 levels.

Surprisingly, T4 recovery elicited a strong bradycardia with a mean heart rate even below the
initial measurements in the light and in the dark phase (Figure 13B). Furthermore, blood
pressure regulating genes such as angiotensin I converting enzyme (Acel), cytochrome P450
family 11 subfamily b polypeptide 1 and 2 (Cyp11bl and 2) were significantly increased
compared to control as well as Ty treated animals (Figure 14A), presumably constituting a
compensation to keep blood pressure stable. Relative mRNA expression of cardiac genes
disclosed continuously high levels of Adrb2 and Hcn2. Pln and ATPase Ca?t transporting
cardiac muscle slow twitch 2 (Atp2a2) even increased significantly, indicative of an altered
reuptake of Ca?* into the cardiac sarcoplasmic reticulum. Furthermore, myosin heavy
polypeptide 6 cardiac muscle alpha (Myh6), myosin heavy polypeptide 7 cardiac muscle beta (Myh?),
ryanodine receptor 2 (Ryr2) and regulator of G-protein signalling 4 (Rgs4) all decreased
significantly below baseline (Figure 14D).

The examination of a 24 h activity profile (Figure 15A) and mean activity during light and
dark phase demonstrated no activity changes due to T, treatment or T4 recovery (Figure

15B), clarifying that activity patterns did not evoke the observed changes in the heart rate.
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Figure 14: Cardiovascular analysis of male wt C57BL/6] mice under T4 treatment and -recovery. (A)
Relative mRNA expression of genes involved in blood pressure regulation. (B) Heart weight and (C)
heart weight normalised to body weight for the three groups. Relative mRNA expression of (D)
cardiac and (E) adrenal genes. Relative mRNA expression (A, D, E) was measured by qPCR and
normalised against Hprt for control (white), T, treated (black) and T4 recovery (grey) animals (n = 8).
All values are mean + S.E.M. and statistical testing was performed using an unpaired two-tailed
student’s t test with *p <0.05, **p <0.01 or ***p <0.001. Acel, angiotensin I converting enzyme; Adrb2,
adrenergic receptor beta 2; Agt, angiotensinogen; Atp2a2, ATPase C** transporting cardiac muscle slow twitch
2; AU, arbitrary units; Nppb, natriuretic peptide type b; Casq2, calsequestrin 2; Chrm2, cholinergic receptor
muscarinic 2; Cyp11b1/2, cytochrome P450 family 11 subfamily b polypeptide 1/2; Dbh, dopamine beta
hydroxylase; Ddc, DOPA decarboxylase; Hen2, hyperpolarization-activated cyclic nucleotide-gated K+ 2; Hprt,
hypoxanthine guanine phosphoribosyl transferase; Myh6, myosin heavy polypeptide 6 cardiac muscle alpha;
Myh7, myosin heavy polypeptide 7 cardiac muscle beta; Pln, phospholamban; Pnmt, phenylethanolamine-N-
methyltransferase; Renl, renin 1; Rgs4, requlator of G-protein signalling 4; Ryr2, ryanodine receptor 2;
Sema3a, semaphoring 3A , thyroxine; Th, tyrosine hydroxylase (modified from (Hoefig et al., 2016a)).
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Figure 15: No abnormalities in the activity profiles throughout the experimental thyrotoxicosis
treatment regime. (A) 24 h profile of activity under control conditions (day 0, white), after 14 days of
oral T4 treatment (day 14, black) and after 14 subsequent days of T4 recovery (day 28, grey, n=7),
measured by radio telemetry. (B) Analysis of mean activity for each time point over 24 h as well as
divided in the light and the dark phase of the day. All values are mean * S.E.M. and statistical testing
was performed using a paired two-tailed student’s t test. cnts, counts; Ty, thyroxine (modified from
(Hoefig et al., 2016a)).

3.2.  Study 2: Peripheral Effects of TH Downstream
Metabolites

In the following part of the thesis the focus shifts from THs to a group of metabolites derived
from TH by deiodination and/or decarboxylation, called TAMs. Their most prominent
representative, the 3-T1AM, shows opposite properties compared to THs, namely inducing
hypothermia and bradycardia (Scanlan et al., 2004). However, 3-T1AM is rapidly converted
to downstream metabolites in vivo, and it remains unknown whether these compounds also
contribute to observed effects after 3-T1AM administration. Therefore, the acute and chronic
effects of TA,, the major degradation product of 3-T1AM, on metabolism, thermogenesis and
cardiovascular function have been investigated in a previous study (Hoefig et al., 2015a). The
data revealed no effect of an acute pharmacological dose of TA; (50 mg/kg, i.p.) on body
temperature, heart rate and activity assessed by radio telemetry measurement. In line with
these results, also a chronic TA; treatment (5 mg/kg/day) for 7 days failed to affect
metabolic parameters, thermoregulation or heart rate, blood pressure and cardiac gene
expression in male wt C57BL/6] mice. This suggests, that the degradation of 3-T1AM by
oxidative deamination to TA; might be an important inactivation path for 3-T1AM functions
(Hoefig et al., 2015a). Notably, 3-T1AM is also converted to ToAM by deiodination (Piehl et
al., 2008); thus an analysis of the acute and chronic effects of T)AM in vivo in male wt
C57BL/6] mice was performed (Harder et al.,, 2018b), using in the same experimental
paradigm as in the TA; study (Hoefig et al., 2015a).

48



Results

3.2.1. No Acute Effects of T)oAM Addressed by Radio
Telemetry Measurements

To investigate the consequences of a single dose of ToAM (50 mg/kg, i.p.) in male wt
C57BL/6] mice, animals were implanted with radio telemetry transmitters and body
temperature, heart rate and activity were determined in conscious and freely moving mice.
The body temperature data set displayed no ToAM effects (Figure 16A; repeated
measurement 2-way ANOVA for ToAM effect; p = 0.3225; Figure 16B, paired, nonparametric,
two-tailed Wilcoxon t test; p = 0.195). Likewise, the analysis of the heart rate change revealed
no significant differences between sham and ToAM treatment neither during the first three
hours after injection (Figure 16C), nor for the mean change of heart rate during the first
60 min (Figure 16D; paired, nonparametric, two-tailed Wilcoxon ttest; p =0.844). In
addition, there was no alteration in locomotor activity during the first three hours after
injection (Figure 16E) and for the AUC during the first 60 min (Figure 16F; paired,
nonparametric, two-tailed Wilcoxon t test; p = 0.9453).
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Figure 16: Acute treatment with 50 mg/kg ToAM had no effect on temperature, heart rate or activity in
male wt C57BL/6] mice. Three hours radio telemetry profile of (A) body temperature (p = 0.3225 for
ToAM effect), (C) heart rate change (normalised to 30 min baseline measurement prior to the injection)
and (E) locomotor activity in control (white) and ToAM treated (grey, 50 mg/kg, i.p.) animals
(n=8-9). (B) Calculated mean AUC of body temperature (p = 0.195) over 60 min post injection. (D)
Calculated mean change of heart rate over 60 min post injection in both groups (p =0.844). (F)
Calculated mean AUC of locomotor activity (p = 0.9453) in the control (white) and the ToAM (grey)
treatment group. All values are mean + S.E.M. and statistical testing was performed using a repeated
measurement 2-way ANOVA (A) or a paired, nonparametric, two-tailed Wilcoxon t test (B, D, F).
AUC, area under the curve; bpm, beats per minute; cnts, counts; ToAM, thyronamine (modified from
(Harder et al., 2018b)).

50



Results

3.2.2. No Metabolic, Thermoregulatory or Cardiovascular
Effects of a Chronic Treatment with ToAM

To analyse the effects of a chronic treatment with ToAM in male wt C57BL/6] mice, animals
were injected for seven consecutive days with To)AM (5 mg/kg) and compared with a sham
injected (60 % DMSO/40 % 1x PBS) control group. No significant changes in body weight
(control: 28.5 £0.99 g vs. To)AM: 27.83 £ 0.89 g), mean daily food (control: 4.45 £0.18 g vs.
ToAM: 4.20 £ 0.10 g) and water intake (control: 7.58 + 0.42 mL vs. ToAM: 7.35 £+ 0.35 mL) were
observed between the groups after 7 days of treatment (Harder et al., 2018b). To monitor
changes in the peripheral TH metabolism, serum total Ts (control: 0.99 *0.03 ng/mL vs.
ToAM: 0.99 +0.04 ng/mL) and total T4 concentrations (control: 4.43 + 0.16 ng/dL vs. ToAM:
4.32 +0.29 ng/dL) were determined 24 h after the last injection, revealing no changes upon
treatment (Harder et al., 2018b). This was also true for the hepatic concentration of total T3
(control: 8.32 £0.65 pmol/mg vs. ToAM: 7.13 £0.85 pmol/mg) and total T4 (control:
52.92 +10.94 pmol/mg vs. 59.59 *14.29 pmol/mg), assessed by LC-MS/MS measurements
(in collaboration with Carolin S. Hoefig, Charité Berlin; (Harder et al., 2018b)).
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Figure 17: Chronic ToAM treatment (5 mg/kg/day for seven days) did not change hepatic
metabolism. Hepatic (A) glycogen in control (white) and ToAM treated animals (black, n =6 per
group) and (B) relative mRNA expression of Pck1 and Pklr measured by qPCR and normalised against
a set of unregulated housekeeping genes (Rps18, Actb, Hprt) in control (white, n = 6) and ToAM treated
animals (black, n =5). (C) Evaluation of the hepatic metabolic state assessed by the ratio of Pckl and
Pklr gene expression. All values are mean + S.E.M. and statistical testing was performed using an
unpaired, nonparametric, two-tailed Mann-Whitney t test (A, C) or a multiple t test controlled with
the Sidak-Bonferroni correction for multiple comparisons (B). Actb, actin beta; AU, arbitrary units;
Hprt, Hypoxanthine guanine phosphoribosyl transferase; Pck1, phosphoenolpyruvate carboxykinase; Pklr,
pyruvate kinase (modified from (Harder et al., 2018b)).
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Taking together these findings indicate that both groups are euthyroid. Likewise, hepatic
glycogen (Figure 17A) as well as relative mRNA expression of hepatic Pklr and Pckl
remained constant between control and ToAM-treated animals (Figure 17B).

To address the glucose utilization of the liver, the ratio between Pckl, the rate-limiting
enzyme for gluconeogenesis, and Pklr, the rate-limiting enzyme for glycolysis, was
calculated; however, no differences were detected between the two groups (Figure 17C).
Nevertheless, the To)AM treatment was methodologically successful as demonstrated by the
high amount of hepatic ToAM (19.29+9.66 pmol/mg) detectable by LC-MS/MS
measurements, 24 h after the last injection, whereas endogenous ToAM was too low to be
detected in the control group (in collaboration with Carolin S. Hoefig, Charité Berlin;
(Harder et al., 2018b)).

To confirm that thermoregulatory functions were also unaffected by chronic ToAM
treatment, infrared pictures of the inner ear (Figure 18A), the iBAT (Figure 18B) and the tail
base (Figure 18C) were taken and quantified, demonstrating similar temperatures in both
groups (Figure 18D - F). This was also true for the rectal temperature measurement on the
last day of experiment (Figure 18G). Additionally, relative mRNA expression of genes
important for thermoregulation in iBAT were checked but were unaltered as well (Figure
18H).

Next, cardiovascular effects of chronic To)AM administration were addressed by determining
relative mRNA expression of several genes involved in the regulation of cardiovascular
function and the renin-angiotensin system. Only pulmonary Acel was significantly regulated
between control and ToAM-treated animals (unpaired, nonparametric, two-tailed Mann-
Whitney ttest; p=0.0173), all other genes were unaltered (Figure 19A). However, the
increased relative mRNA level of pulmonary Acel did not result in altered cardiac output,
given that no difference in pulse rate (Figure 19B) or systolic, diastolic and mean arterial

blood pressure (Figure 19C) were detected.
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Figure 18: Chronic ToAM treatment (5 mg/kg, daily for seven days) of wt C57BL/6] male mice had no

influence on their thermoregulation. Representative infrared pictures and quantification of (A, D)
inner ear, (B, E) iBAT and (C, F) tail base of control (white) and ToAM treated mice (black, n =6 per
group). (G) Rectal temperature, 24 h after the last injection (n = 6 per group, under anaesthesia). (H)
mRNA expression of thermoregulatory genes in iBAT, assessed by qPCR normalised against a set of
unregulated housekeeper genes (Actb, Hprt, Ppia) in both groups (n=6 per group). All values are
mean * S.E.M. and statistical testing was performed using an unpaired, nonparametric, two-tailed
Mann-Whitney t test (D - G), or a multiple t test controlled with the Sidak-Bonferroni correction for
multiple comparisons (H). Acaca, acetyl-CoA carboxylase 1; Acacb, acetyl-CoA carboxylase 2; Actb, actin
beta; Adrb3, adrenergic receptor beta 3; Dio2, iodothyronine deiodinase type II; Hprt, hypoxanthine guanine
phosphoribosyl transferase; iBAT, interscapular brown adipose tissue; Mlycd, malonyl-CoA decarboxylase;
Ppia, peptidylprolyl isomerase a; ToAM, thyronamine; Ucpl, uncoupling protein 1 (modified from (Harder
et al., 2018b)).
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Figure 19: Increases in relative mRNA expression of pulmonary angiotensin 1 converting enzyme due
to chronic ToAM treatment (5 mg/kg/day for seven days) did not result in altered cardiac output. (A)
Analysis of mRNA expression of genes involved in cardiovascular function and the renin-angiotensin
system using qPCR normalised to a set of unregulated housekeeping genes (heart: Rps18, Actb, Hprt;
kidney: Hprt; lung: Rps18, Actb, Hprt, Ppia; liver: Rps18, Actb, Ppia) comparing control (white, =5 - 6)
and ToAM treated (black, n = 5 - 6) mice. (B) Pulse rate and (C) systolic, diastolic and mean arterial
blood pressure of both groups (dashed lines indicate the baseline measurements before treatment). All
values are mean * S.E.M. and statistical testing was performed using an unpaired, nonparametric,
two-tailed Mann-Whitney t test (A (lung Acel; p = 0.0173), B, C) or a multiple t test controlled with the
Sidak-Bonferroni correction for multiple comparisons for each tissue (A). Acel, angiotensin I converting
enzyme; Actb, actin beta; Adrb2, adrenergic receptor beta 2; Agt, angiotensinogen; bpm, beats per minute;
Chrm?2, cholinergic receptor muscarinic 2; Dio2, iodothyronine deiodinase type 1I; Hcen2, hyperpolarization-
activated cyclic nucleotide-gated K* 2; Hprt, hypoxanthine guanine phosphoribosyl transferase; MAP, mean
arterial blood pressure; Ppia, peptidylprolyl isomerase a (modified from (Harder et al., 2018b)).

3.3.  Study 3: Central Effects of TH on PV Neurones in the
AHA of Male Mice

In addition to the classical view of TH and their metabolites, which concentrates on the
direct action in target tissues, the central control of peripheral tissues by TH via the brain has
moved into focus recently (Lopez et al., 2013; Mittag et al., 2013). In this regard, not only the
influence of acute TH signalling on neuronal activity is of interest but also the role of TH
signalling for proper neuronal development. The third part of this thesis therefore deals with
the characterization of a recently described population of PV expressing neurones in the

AHA of mice (Mittag et al., 2013).

3.3.1. Basic Characteristics of PV Neurones in the AHA

PV neurones in the AHA of male wt C57BL/6] mice are not detectable on P7 but were all
present on P14 (Mittag et al., 2013). To pinpoint the precise date when they appear, brain
slices from P8 until P14 were analysed using immunohistochemistry. PV immunoreactivity

was first detectable at P8 (Figure 20A), and the population size gradually increased until P13,
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at which the number of PV neurones was equivalent to the number of PV neurones found in
the AHA of adult wt mice (Figure 20B). In order to determine the neurotransmitter repertoire
of PV neurones, immunofluorescent labelling was performed, confirming that PV neurones
in the AHA were positive for GAD67 (Figure 21A), the essential enzyme for GABA
synthesis. The neurones were also positive for GABA itself (Figure 21B), which was observed
in PV neurones in the cortex as well (Figure 21A, B). Both populations of PV neurones did
neither express VGLUT2 (Figure 22A) nor tyrosine hydroxylase (Figure 23A), the rate-
limiting enzyme for dopamine synthesis. Although PV neurones in the AHA were not
VGLUT?2 positive, several VGLUT?2 positive bouts were detected on the cell surface of them
(Figure 22B).
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Figure 20: PV neurones arise in the anterior hypothalamic area between P8 and 13. (A) Representative
picture of the anterior hypothalamic area on P8, 10, 12 and 14 (Scale bar = 50 pm) in wt C57BL/6] male
mice. (B) Quantification of PV neurones in the anterior hypothalamic area between day 8 and 14 of
postnatal development (n=4 per time point), horizontal lines indicate the mean number of PV
neurones * S.E.M. in the anterior hypothalamic area of adult wt C57BL/6] male mice. All values are
mean + S.EM.; AHA, anterior hypothalamic area; P, postnatal day; PV, parvalbumin (modified from
(Harder et al., 2018a)).

PV neurones in the AHA are associated with the control of blood pressure (Mittag et al.,
2013), which raised the question whether this neuronal population is also involved in obesity
associated hypertension. Recent investigations in mouse models suggested leptin as a
possible link between hypertension and obesity, because obesity is connected to high leptin
levels (Simonds et al., 2014). Therefore, AHA sections of ObRb.Zsgreen mice (Madisen et al.,
2010), which express the fluorescent protein Zsgreen in leptin receptor (ObRb) positive cells,
were examined. Immunohistochemistry revealed no expression of ObRb in PV neurones
(Figure 24; in collaboration with Jana-Thabea Kiehn and Henrik Oster), indicating no direct

regulation of PV neurones via leptin.
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Figure 21: Parvalbumin neurones in the anterior hypothalamic area express the same set of
neurotransmitters as cortical parvalbumin neurones. Representative pictures of (A) GAD67 (red) and
parvalbumin (green) and (B) GABA (green) and parvalbumin (red) positive neurones in the anterior
hypothalamic area (left panels) and the cortex (right panels) of wt C57BL/6] male mice. Scale bars =
50 pm; GABA, gamma-aminobutyric acid; GAD67, glutamate decarboxylase 67 (modified from
(Harder et al., 2018a)).
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Figure 22: Parvalbumin neurones in the anterior hypothalamic area and the cortex show no expression
of the VGLUT2. (A) VGLUT 2 (green) and parvalbumin (red) in the anterior hypothalamic area (left
panel) and the cortex (right panel). (B) High magnification of a parvalbumin positive neurone (red)
with VGLUT2 positive bouts (green) on its surface, might indicate glutamatergic input. Scale

bars = 50 um; VGLUT2, vesicular glutamate transporter 2 (modified from (Harder et al., 2018a)).
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Figure 23: Parvalbumin neurones in the anterior hypothalamic area and the cortex do not express
tyrosine hydroxylase. Representative pictures of parvalbumin (red) and tyrosine hydroxylase (green)
expressing neurones in (A) the anterior hypothalamic area, (B) the cortex and (C) the ventral

tegmental area of wt C57BL/6] male mice. Scale bar = 50 pm.
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Figure 24: Representative pictures of a co-localization of leptin receptor positive cells (green) and
parvalbumin neurones (red, scale bar = 100 pm) in the anterior hypothalamic area of ObRb.Zsgreen

mice ((Madisen et al., 2010); in collaboration with Jana-Thabea Kiehn and Henrik Oster).
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Specific labelling of PV neurones in the AHA by the stereotaxic administration of a rAAV
that mediates cre-depending mCherry expression in Parv-Cre mice revealed no long-distance
projections to other brain areas, but several short projections in parallel to the coronal
sectioning plane, probably forming a network between several PV neurones (Figure 25A, B).
In line with this synaptotagmin 2 (SYT2) positive bouts were found on the cell surface of PV

neurones (Figure 25C) in the AHA.
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Figure 25: Projections and connections between parvalbumin neurones in the anterior hypothalamic
area. (A) Representative picture of a rAAV-CAG-flex(hM3Dg-mCherry) (red) infected population of
parvalbumin (green) neurones in the anterior hypothalamic area (scale bar = 500 pm) and (B) a higher
magnification of this population depicting short projections between different parvalbumin neurones
(scale bar = 50 pm). (C) Representative pictures of parvalbumin (red) and synaptotagmin? (green)
positive neurones in the anterior hypothalamic area, depicting synaptotagmin? positive bouts on the

surface of a parvalbumin positive neurone (scale bar = 50 pm). SYT2, synaptotagmin2.

3.3.2. PV Neurones in the AHA and in the Cortex Arise from
Different Origins

To determine the origin of the PV populations from the AHA and the cortex, brain tissue

from Nkx2-1-Cre:RFP x 5HT3,-EGFP double reporter mice (Luche et al, 2007; Munoz-
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Manchado et al., 2016) was analysed. In these animals, all neurones which arise from the
MGE, and therefore express the MGE marker protein Nkx2-1 at any point during their
development, are permanently labelled with a red fluorescent protein (RFP). In addition, all
cells expressing 5HTs, a marker for cells originating from the CGE, express a green
fluorescent protein (EGFP) (Fogarty et al., 2007; Luche et al., 2007, Munoz-Manchado et al.,
2016). An immunofluorescence co-staining for PV on the tissue revealed that PV neurones in
the AHA show no co-staining with RFP and only occasionally overlap with EGFP, indicating
that only a subpopulation might arise from the CGE, but none of the neurones originate from
the MGE (Figure 26A; in collaboration with Susi Dudazy-Gralla and Jens Hjerling Leffler). In
contrast, PV neurones in the cortex were predominantly positive for RFP, demonstrating
their origin from the MGE, as expected (Figure 26B in collaboration with Susi Dudazy-Gralla
and Jens Hjerling Leffler).

A B

anterior hypothalamic area cortex

MGE (Nkx2.1-Cre-RFP)  CGE (SHT 3,-EGFP) MGE (Nkx2.1-Cre-RFP)  CGE (SHT 3,-EGFP)

parvalbumin composit with nuclear parvalbumin composite with nuclear
Figure 26: Parvalbumin neurones in the anterior hypothalamic area do not arise from the same origin
as cortical parvalbumin neurones. Co-staining of brain tissue from Nkx2-1-Cre:RFP x 5HT3,-EGFP
double reporter mice (Luche et al., 2007; Munoz-Manchado et al., 2016) with parvalbumin (yellow) in
(A) the anterior hypothalamic area revealed no overlap with red labelled cells, originating from the
MGE (white arrow heads) and only one overlay with a green labelled cell, originating from the CGE
(white asterisk). (B) In contrast, cortical parvalbumin neurones show a clear overlap with red labelled
cells. 5HT3,, serotonin receptor 3a CGE, caudal ganglionic eminence; EGFP, enhanced green
fluorescent protein; MGE, medial ganglionic eminence; RFP, red fluorescent protein (modified from

(Harder et al., 2018a); in collaboration with Susi Dudazy-Gralla and Jens Hjerling Leffler).
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3.3.3. PV Neurones in the AHA Are Born around E12 during
Development

To determine the transition from proliferation to migration and differentiation in PV

neurones of the AHA and the motor cortex (M1 and M2), a birth dating experiment was
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Figure 27: PV neurones in the anterior hypothalamic area arise 1-2 days earlier than cortical PV

composite

neurones. Representative pictures of (A) PV (green) and BrdU (red) double labelled cells injected at
E11.5 (left column) and E13.5 (right column) in the anterior hypothalamic area. Quantitative analysis
of PV and BrdU double labelled cells (n = 3-6 animals per time point) in (B) the anterior
hypothalamic area (total number of PV neurones analysed: 174 (E9.5), 403 (E10.5), 410 (E11.5), 256
(E12.5) and 330 (E13.5)) and (C) the motor cortex (total number of PV neurones analysed: 480 (E9.5),
1027 (E10.5), 1198 (E11.5), 664 (E12.5) and 608 (E13.5)). (D) High magnification of PV (green) and BrdU
(red) double labelled cells in the anterior hypothalamic area labelled at E11.5 (maximal projection of z-
stack). Scale bars = 50 pm; all values are mean + S.E.M.; BrdU, bromodeoxyuridine; E, embryonic day;
PV, parvalbumin (modified from (Harder et al., 2018a)).
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performed by injecting the proliferation marker BrdU in pregnant wt C57BL/6] mice at
different time points after conception. Quantification of PV and BrdU double labelled
neurones in the adult male offspring revealed that the majority of PV neurones in the AHA
switch from proliferation to differentiation between E11.5 and E12.5 (Figure 27A, B) whereas
the PV neurones in the cortex undergo this transition 1 to 2 days later, around E13.5 (Figure

27C).

3.3.4. Thermogenic and Cardiovascular Effects Mediated by
PV Neurones in the AHA after DREADD Activation

Given the role of PV neurones in the AHA for the control of the cardiac system (Mittag et al.,
2013) we aimed to specifically activate them using a DREADD system. Parv-Cre mice were
injected in the AHA with a rAAV-CAG-flex(hM3Dg-mCherry) vector, which led to the
expression of a hM3Dg-mCherry fusion protein solely in PV neurones at the site of injection.
Using CNO as designer drug, an activation of the Gag/11 signalling pathway via hM3Dq in
these neurones is possible. By radio telemetry, 24 h baseline measurements were recorded
one week after surgery, confirming normal body temperature (Figure 28A), heart rate
(Figure 28B) and activity (Figure 28C) of mice injected with the virus. As expected all three
parameters were increased during the dark phase, the active phase of mice, indicating
normal behaviour rhythms even after the surgical intervention in the AHA. For DREADD
activation, a sham injection (0.9 % saline) was compared to a CNO injection (0.5 mg/kg),
which was applied 24 h later. Comparing the measurements, after the initial stress reaction
of the animal, no significant differences for temperature (Figure 28D; multiple t tests
corrected for multiple comparisons using the Holm-Sidak method), heart rate (Figure 28E;
multiple ttests corrected for multiple comparisons using the Holm-Sidak method) and
activity (Figure 28G; 2-way ANOVA with repeated measures for both factors and a Sidak
test to control for multiple comparisons, p =0.0105 for time effect) were detected from
minute 20 till 200 after injection. To ensure that no slower long-term effect or endocrine
reaction was missed, the heart rate measurements were further analysed for 5h after
injection by calculating the AUC for 40 min sections (Figure 28E; 2-way ANOVA with
repeated measures for both factors and a Sidak test to control for multiple comparisons,

p = 0.0007 for time effect), which also revealed no differences between the two treatments.
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Figure 28: Specific activation of parvalbumin neurones in the anterior hypothalamic area, causes no
short-term changes in body temperature or heart rate. 24 h untreated baseline of (A) temperature, (B)
heart rate and (C) activity of male Parv-Cre mice, one week after intracranial injection of a rAAV-CAG-
flex(hM3Dg-mCherry) vector in the anterior hypothalamic area (grey background indicates dark
phase, N =8). Four hours measurement of 0.9 % saline (N =8, grey) and CNO (0.5 mg/kg, N =38,
black) i.p. injections for (D) temperature, (E) heart rate and (G) activity (black line = time of injection,
dotted line = end of stress response). (F) Calculation of the AUC of the heart rate for 40 min sections
under both conditions. All values are mean + S.E.M. and statistical testing was performed using a
multiple t test corrected for multiple comparisons using the Holm-Sidak method (D, E) or a 2-way
ANOVA with repeated measures for both factors and a Sidak test to control for multiple comparisons

(F, G); AUC, area under the curve; bpm, beats per minute; CNO, clozapine-N-oxide; cnts, counts.
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3.3.5. Impaired Postnatal TH Signalling Does Not Affect the
Development of PV Neurones in the AHA

To identify the crucial time frame of TH signalling for proper development of PV neurones

in the AHA, different mouse models for impaired postnatal TH signalling were analysed:
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Figure 29: Impaired postnatal thyroid hormone signalling had no influence on the development of
parvalbumin neurones in the AHA. Representative immunohistochemistry pictures of motor cortex
and AHA of a mouse model for (A) congenital hypothyroidism (Pax8 ko), (B) Allan-Herndon-Dudley
Syndrome (Mct8/Oatplcl dko) and (C) MCT10 transporter deficiency (Mct10 ko) and their respective
controls. (D) Quantitative analysis of parvalbumin neurones in the AHA of all three mouse models.
Scale bars = 250 pm; values are mean + S.E.M. and statistical testing was performed using an unpaired
2-tailed Student’s ttest. AHA, anterior hypothalamic area; con, control; ko, knock out; MCT8/10,
Monocarboxylate transporter 8/10; Oatplcl, organic anion transporter family member 1cl; PV
parvalbumin; M/O dko, Mct8/Oatplcl double knockout. (modified from (Harder et al., 2018a); in
collaboration with Heike Heuer).
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Pax8 ko mice, a model for CH, do not produce TH postnatally because they lack a functional
thyroid gland (Mansouri et al., 1998). M/O dko mice, a model for Allan-Herndon-Dudley
Syndrome, lack the MCT8 and OATP1C1 transporter and show no uptake of TH into the
brain after tightening of the blood-brain-barrier around E16 (Mayerl et al., 2014). Both
models showed reduced numbers of immunoreactive PV neurones in the motor cortex
(Figure 29A, B) underlining that postnatal TH signalling is crucial for the development of
cortical PV neurones. In contrast, the number of immunoreactive PV neurones in the AHA
was unchanged in both models compared to the respective controls (Figure 29A, B, D; Pax8
ko to wt control p =0.50 and t = 0.73; Mct8/Oatplcl dko to Mct§ ko p =0.43 and t = 0.87).
Mice lacking only the MCT10 transporter showed no differences in population size of PV
neurones neither in the cortex nor in the AHA compared to control mice (Figure 29C, D;
Mct10 ko to wt control p=0.18 and t=1.50), most likely indicating a compensation of
MCT10 mediated TH transport by other TH transporters.

3.3.6. Effects of Maternal TH Treatment on PV Neurones in
the AHA

To investigate whether the reduced number of PV neurones in the AHA in Thral*" mice
(Mittag et al., 2013) can be rescued by reactivating the mutant receptor with an increased T3
concentration during embryonic development (Tinnikov et al., 2002; Wallis et al., 2008), two
different treatment approaches were performed. First, Thrb ko dams (Thrb’) with high
endogenous TH concentrations (Forrest et al., 1996) were breed with Thral*” males. Thereby
the high endogenous TH concentration was used to reactivate the embryonic mutant TRal
throughout the entire pregnancy. The possible offspring, Thral*" and control (Thrb*~ with
normal TH concentrations (Forrest et al., 1996)) were then compared to Thral*" and control
offspring from wt dams with normal maternal TH concentration. This revealed a significant
interaction between treatment and TRol mutation (Figure 30A, B, E left; 2-way ANOVA
effect of Thral genotype p < 0.0001 (###), effect of maternal TH p = 0.048 (&)). This indicates
that PV neurones in the AHA may be differently affected by TH depending on the presence
of the Thral mutation: TH may exert a rescuing effect in Thral*" mice but may impair
development in control mice. However, no significance was reached, testing this effect in
separate posthoc tests (Figure 30E, left; Holm-Sidak posthoc Thral*" normal maternal to
Thral*m high maternal p =0.35 and t =0.97 and control normal maternal to high maternal

p=0.11and t=2.02).
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Figure 30: PV neurones in the AHA are a primary target for maternal TH. Representative pictures of
the AHA of (A) control (wt, top) and Thral*" (Thral*'", bottom) offspring born from euthyroid
mothers (wt), (B) control (Thrb*-, top) and Thral*m (Thral*/"/Thrb*-, bottom) offspring born from
hyperthyroid mothers (Thrb/) and (C) control (Thrb/-, top) and Thral*"/Thrb ko (Thral*/m/Thrb”,
bottom) offspring born from hyperthyroid mothers (Thrb”). (D) Representative pictures of the AHA of
control (wt, top) and Thral*" (Thral*'", bottom) offspring born from euthyroid mothers (wt), treated
orally with Ts (0.5 pg/mL) from E12.5 until birth. (E) Quantification of PV neurones in the AHA of
Thral*m mice (black) and control littermates (white) from wt (normal maternal TH) or Thrb ko mothers
(high maternal TH, left panel), Thral*"/Thrb ko mice (black) and Thrb ko littermates (white) from
Thrb*- (normal maternal TH) or Thrb ko mothers (high maternal TH, middle panel) and Thral*" mice
(black) and wt littermates (white) from wt mothers treated orally with T5 (0.5 pg/mL) from E12.5 until
birth (right panel). Horizontal lines indicate mean + S.E.M. and statistical testing was performed using
a 2-way-ANOVA (4p <0.05 for interaction of maternal TH and Thral, ***p <0.001 for effect of
maternal TH) with Holm-Sidak posthoc test corrected for multiple comparison for the respective
conditions (*sp > 0.05; #p < 0.05; ##p < 0.01;, ###p <0.001 for effect of Thral). All scale bars 100 pm.
AHA, anterior hypothalamic area; E, embryonic day; ko, knockout; PV, parvalbumin; TH, thyroid
hormone; Thra/b, thyroid hormone receptor alpha/beta (modified from (Harder et al., 2018a)).
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To analyse TRP as a possible mediator of the observed negative effects of high maternal TH,
the experiment was repeated using offspring with a Thrb ko background, again under
normal (Thrb*~ mothers with normal TH concentration) and high maternal (Thrb ko mothers
with high endogenous TH concentrations) TH conditions (Figure 30C, E middle; 2-way
ANOVA effect of Thral genotype p = 0.014 (#), effect of maternal thyroid hormone p = 0.142,
interaction p = 0.924). This suggested a role of TRp for the development of PV cells in the
AHA, however, a direct comparison of control and Thral*" mice with and without Thrb from
euthyroid mothers showed only a tendency for a reduced number of PV neurones in the
absence of TRP (Figure 30E, left and middle; 2-way ANOVA effect of Thral genotype
p < 0.0001, effect of Thrb genotype p = 0.071, interaction p = 0.272).

We thus hypothesised, based on the rather mild benefits of TRal reactivation in Thral*m
mice, that a reactivation of the TRal mutant receptor only during the post-mitotic period of
PV neurones in the AHA might avoid some possible negative effects of hyperthyroidism on
the proliferating precursor cells. Indeed, after a specific increase of maternal TH
concentration (pregnant mice treated with 0.5 mg/L T; and 0.01 % BSA in the drinking
water) only from day 12.5 after conception until the birth of the offspring, a significant
increase in PV neurones in the AHA of Thral*" animals compared to control offspring (wt)
from untreated mothers (wt) was observed (Figure 30D, E, left and right; effect of genotype
p <0.0001, effect of maternal thyroid hormone ***p < 0.0001, interaction &p = 0.006, Holm-
Sidak posthoc test control to control TH E12.5 - birth p =0.031 and t =2.32, Holm-Sidak
posthoc test Thral*m to Thral*» TH E12.5 - birth p < 0.0001 and t = 6.48). Comparing directly
Thral*m and control (wt) offspring from mothers treated with Ts between E12.5 and birth, the
number of PV neurones in Thral*m mice was fully rescued (Figure 30E, right; Holm-Sidak
posthoc test control TH E12.5-birth to Thral*m TH E12.5-birth p = 0.072 and t = 1.903). Taken
together the experiment demonstrated a crucial role of maternal TH for the development of

PV neurones in the AHA solely in the second half of pregnancy via TRal.
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4, Discussion

The scope of this doctoral thesis was to further decipher the central and peripheral as well as
acute and developmental actions of TH in the mouse regarding metabolism,
thermoregulatory and cardiovascular aspects. To initially characterize the systemic effects
provoked by excessive Ty in vivo, mice were treated with TH for two weeks and subsequently
recovered from this treatment for another two weeks. This first part of the thesis established
the basic consequences of a transient thyrotoxicosis. To determine a possible contribution of
downstream TH metabolites, similar paradigms were conducted with e.g. the deiodinated
and decarboxylated form ToAM, and compared to the basic effects of TH. In the final part,
the focus was shifted on the role of TH for brain development, namely TH sensitive PV

neurones in the AHA and their impact on cardiovascular control.

41.  Study 1: Peripheral Effects Provoked by a Transient
Thyrotoxicosis and Body’s Ability to Recover

The following part of the thesis discusses the consequences of a short-term transient
thyrotoxicosis and the ability of the body to recover from it within two weeks (Hoefig et al.,
2016a). From the clinical point of view this is highly interesting, because it mimics the
situation of a Ts overtreatment after thyroidectomy or the decline of TH levels during
thyrostatic drug treatment in hyperthyroid patients as well as in short-time abuse of TH
preparations for e.g. for body building competitions. Due to its stimulating influence on the
basal metabolic rate (Kim, 2008), TH still gains popularity among fitness centre visitors of all
age groups and overweight people as an easy way to lose fat mass, disregarding possible
side effects. This is especially problematic because non-professionals easily get access to the
substances over the internet and there is no control of the ingredients of the products
(Siegmund-Schultze, 2013). In single cases, clinical consequences have been observed as a
result of uncontrolled intake of excessive amounts of TH, such as sweating, palpitation and
confusion but in severe cases also sudden death (Bhasin et al., 1981; Braunstein et al., 1986;
Ioos et al, 2008, McKillop, 1987). In the case of bodybuilders, cardiomyopathy and
hypokalemic paralysis were described in the context of TH abuse (Mark et al., 2005; Mayr et
al., 2012). While the long-term consequences of TH excess such as a hypermetabolic state,
heat intolerance, elevated heart rate, cardiac hypertrophy and an increased risk for atrial
fibrillation are well established (De Leo et al., 2016; Kim, 2008), little is known about basic

metabolic, thermoregulatory and cardiac changes due to a transient thyrotoxicosis. To mimic
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this situation, mice underwent a Ty treatment which was comparable to the intake of a 2- to

3-fold full substitution dose of T4 in humans.

41.1. Metabolic Effects of Thyrotoxicosis and Recovery

Serum total Tz and T4 measurement in the mouse model demonstrated that the oral T,
treatment was sufficient to produce a thyrotoxicosis after two weeks. qPCR results of Mel
and Diol, demonstrating a hyperthyroid state of the liver during thyrotoxicosis (Song et al.,
1988; Takeuchi et al., 2002), further underlined that. Within two weeks of recovery, total T
and mRNA expression of TH sensitive genes in liver and kidney had returned to a euthyroid
status. Surprisingly, however, total Ts level fell below baseline, which could be explained by
the different speed of normalisation for the involved players. After the end of the T,
treatment, T4 concentration declines slower than T3 concentration, because of its longer half-
life (Nicoloff et al.,, 1972). In parallel, the TSH secretion by the pituitary, which was
oppressed by the feet-back loop during the thyrotoxicosis, rises and restimulates the
endogenous TH production by the thyroid gland. The pituitary has a very high expression
level of DIO2 (Mittag et al., 2009), indicating dependence on T, rather than Ts. The
consequence is, that the hypothalamus-pituitary-thyroid-axis follows the T, concentration
rather than the Ts concentration and therefore the thyroid stimulation is only sufficient to
make up for the slowly sinking T, but not for the rapidly sinking Ts concentration. The result
is a transient hypothyroid state in all T; dependent tissues right after T4 withdrawal, such as
the heart which has very low DIO2 levels and shows almost no T4 uptake (Everts et al., 1996;
Wagner et al., 2003). In contrast, tissues with DIO2 expression such as the iBAT are not
affected by the low Ts. Similar alterations from thyrotoxicosis to a transient relative
hypothyroidism have been described in humans as well (Distiller and Joffe, 1975).

Even though increased TH concentration in humans leads to weight reduction (Allolio and
Schulte, 2011), neither this nor elevated food intake were observed in the mouse model. The
increase in body weight of mice during thyrotoxicosis could have two reasons. First, in
contrast to humans, mice grow continuously throughout their entire life which could mask
an actual reduction in fat mass during the treatment. Secondly, TH stimulates growth
hormone synthesis and secretion in mice, and could therefore evoke an increased growth
rate during thyrotoxicosis (Cabello and Wrutniak, 1989). The absent of increased food intake
could be related to the relatively short treatment period and the moderate level of
thyrotoxicosis of the model. The expected increased demand for energy of the body due to

the TH-dependent elevated energy expenditure (Kim, 2008), was evidenced by depleted
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hepatic glycogen store. After recovery, the liver was again sufficiently supplied with glucose
from the circulation, as demonstrated by increased expression of Pklr, the rate limiting
enzyme of glycolysis, the increase in fatty acid synthesis (Acaca and Fasn) and the completely
refilled glycogen stores. At the same time, no clear indication for true starvation were found,
because relative mRNA expression of genes important for ketogenesis showed no alteration
during T, treatment or after recovery. Taken together, these findings indicated a switch from
hepatic gluconeogenesis due to limited hepatic glucose availability during thyrotoxicosis to

glycolysis and high glucose consumption and fatty acid production upon recovery.

4.1.2. Consequences of a Thyrotoxicosis on Body’s

Thermoregulation

It is well established, that TH is involved in facultative thermogenesis such as shivering and
non-shivering thermogenesis (Silva, 2003), central control of thermogenesis (Lopez et al.,
2010) and peripheral heat loss (Warner et al.,, 2013). However, the system is further
complicated by the fact that TH also influences the basal metabolic rate and with this the
obligatory thermogenesis (Silva, 2003). The data of the introduced mouse model showed an
increase in body temperature during thyrotoxicosis, but its origin is neither a reduced heat
loss over the tail nor an increased activity of the iBAT based on the analysis of IR pictures
and UCP1 content. Furthermore, no changes in relative mRNA expression of genes crucial
for sympathetic stimulation, lipid depletion or TH activation were detected during
thyrotoxicosis, which indicates an unchanged iBAT activity. A possible explanation of this
unexpected lack of iBAT stimulation is the general increase of body temperature due to the
higher metabolic rate, which prevents an additional increase in facultative thermogenesis
(Cannon and Nedergaard, 2004; Lopez et al., 2010; Silva, 2006). In line with that, recent
studies demonstrate that a TR mediated thermogenic action of TH is independent from iBAT
activity and is rather connected to UCP1 induction in WAT, a process called browning (Lin
et al., 2015). Indeed, Ucpl mRNA in eWAT was strongly elevated but on protein level UCP1
was not altered. However, eWAT, in contrast to iWAT, is not the classical fat depot
associated with browning (Okamatsu-Ogura et al., 2013). Interestingly, after recovery the
metabolic activity of the iBAT is slightly increased based on the mRNA expression profile,
indicating an attempt to antagonize the sudden drop in temperature, observable during
recovery. These findings add on to the growing body of evidence, that increased
concentrations of T, in the periphery have a repressive effect on iBAT thermogenesis

(Solmonson and Mills, 2016). This leads to the conclusion that although T4 is necessary for
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iBAT thermogenesis, it is by itself not sufficient. Even though the findings of the
thyrotoxicosis study exclude iBAT as the primary source for the elevated body temperature,
they cannot approve whether browning of WAT depots is the source. Another hypothesis
would be that elevation in body temperature is the consequence of an increased metabolic
rate of other tissues such as the skeletal muscles (Astrup et al., 1989; Gong et al., 1997;
Solmonson and Mills, 2016).

4.1.3. The Cardiovascular System under Thyrotoxicosis and

after Recovery

The thyrotoxicosis paradigm leads to hypertrophy and tachycardia in the heart which is a
primary target of TH action, as described before (Coleman et al., 1989; Klein and Ojamaa,
2001). mRNA levels displayed an increase in Hcn2, indicating a change in cardiac pacemaker
activity (Ludwig et al., 2003) and Adrb2, leading to increased cardiac sympathetic signalling.
However, blood pressure parameters were not affected besides elevated renal Agt.
Surprisingly, after two weeks of recovery the heart rate dropped significantly below the
baseline despite normalised Ti concentration. This was unexpected because mRNA
expression of Hcn2, Adrb2 and Nppb, a TH depending marker of ventricular hypertrophy,
were still elevated (Liang et al., 2003; Nakagawa et al., 1995). Simultaneously, genes involved
in blood pressure regulation increased, most likely to compensate for the reduced heart rate.
It is possible that these findings are due to the transient hypothyroid state of the heart, based
on the reduced T3 concentration during recovery in combination with the lack of Dio2 in the
tissue. The pacemaker activity of the heart relies mainly on Ts, which is involved in the
regulation of the intracellular calcium signalling (Sun et al., 2001). Therefore, already a small
reduction in the serum T3 concentration could result in bradycardia. In line with this, mRNA
expression of Pln, which is involved in the regulation of cardiac calcium levels, was reduced
during thyrotoxicosis and then rose almost 2-fold over baseline upon recovery (Dillmann,
2010). Unexpectedly, at the same time mRNA of Atp2a2 increased significantly upon
recovery compared to thyrotoxicosis. High levels of PLN normally reduce contractility and
heart rate by inhibiting SERCA2A production (Frank et al., 2003). The contrary observation
could indicate an attempted of the body to overcome the inhibition by Pln, which suggest
that Pln is of higher importance then Hcn2.

Further studies of genetic gain- and loss- of function will be necessary to completely
understand the regulation of gene expression by changes in T; or Ti concentrations,

however, the data support the idea that the heart mainly relies on T; leading to a
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bradycardia right after the withdrawal of excessive T4. The important conclusion for the
clinical daily routine is that patients, which recover from thyrotoxicosis after thyroidectomy
or thyrostatic drug treatment, need close monitoring to avoid cardiac events. Also, people
abusing TH could face severe cardiovascular problems, even some time after the substance

withdrawal.

42.  Study 2: Participation of TAMs in Body’s Classical
Response to TH

The finding that the TH metabolite 3-T1AM can induce a strong hypothermia and
bradycardia in mice and with this acts contrary to classical THs, might allocate 3-T1AM to a
fine-tuning role within the TH signalling cascade (Liggett, 2004; Scanlan et al., 2004). This
raised the question to which extent TH metabolites are involved in physiological processes
as seen in thyrotoxicosis, which were former only attributed to THs. Based on in vitro and in
vivo demonstration that 3-T1AM can be metabolised to TA; and ToAM, these two derivatives
moved into focus (Piehl et al., 2008; Schanze et al., 2017; Wood et al., 2009). In vivo analysis of
TA: demonstrated that the ethylamine side chain is essential for the thermogenic and cardiac
properties of 3-T1AM because without, none of the expected effects were seen (Hoefig et al.,
2015a). This was surprising because the closely related TH derivative triiodothyroacetic acid
(Triac) does show cardiac and thermogenic effects (Symons et al., 1975). However, Triac
binds and acts specifically via the TRP (Messier et al., 2001), whereas the target structures for
3-Ti:AM and other potential downstream metabolites are still unknown. To resolve the
contributions of the other 3-T1AM downstream metabolite, ToAM, to cardiac and
thermoregulatory actions, the following part of the thesis focused on the effects of an acute
or chronic treatment of To)AM in male wt mice (Harder et al., 2018b).

The data revealed no metabolic or thermoregulatory effects in the in vivo mouse model upon
treatment with ToAM, acute or chronic for seven days. Furthermore, no changes in TH
homeostasis were observed in the animals. Solely Acel in the lung was moderately increased
upon chronic To)AM treatment, which however did not result in a change in blood pressure.
In contrast to 3-T1AM, neither bradycardia nor anapyrexia were observed in mice due to
ToAM treatment, although older studies described some cardiac and thermoregulatory
effects of To)AM (Scanlan et al., 2004).

It can be concluded that tissue-specific deiodination of 3-T1AM as well as oxidation of the
ethylamine side chain are important deactivation mechanisms of the body. This suggests a

novel gate-keeper function of Diol and Dio3 in addition to their classical role in TH
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metabolism, namely to inactivate the potent precursor 3-T1AM to ToAM (Piehl et al., 2008).
Based on the findings discussed above, one could hypothesise the reaction to high levels of
TH in the body, as in thyrotoxicosis, is a conversion of T3 to 3-T{AM. Accordingly, TSH-
suppressed and T4 substituted patients, with normal to high serum T4 concentrations also
display normal to high 3-T1AM concentrations compared with controls (Hoefig et al., 2011).
This conversion would have two beneficial effects. First, the stimulation of hyperthermia and
tachycardia by TH is not only reduced but counter steered the effects of 3-T{AM. Second,
3-T1AM can be rapidly degraded to TA; and ToAM and by this terminate the effects on

thermoregulation and the cardiovascular system.

43.  Study 3: Importance of TH for Brain Development

In addition to the direct effects of TH in the adult animal, as tested above, TH is also highly
important during foetal development. This is best illustrated in CH, in which neonates suffer
from a lack of endogenous TH leading to irreversible mental retardation, if not treated with
T, from birth onwards. Likewise, maternal hypothyroidism and hypothyroxinaemia during
pregnancy are linked with neurological dysfunctions such as autism (Andersen et al., 2014).
In addition, several studies of women with subclinical hypothyroidism during pregnancy
showed adverse effects for their offspring, such as mental and motor dysfunction, altered
brain morphology and impaired foetal growth (Johns et al., 2017; Korevaar et al., 2016; Pop et
al., 2003). Despite this clinical relevance, so far there is no recommendation for a universal
screening of thyroid function during pregnancy (Lazarus et al., 2014). This discrepancy is
mainly based on a lack of conclusive population studies on the subject. Two recent
publications, with high case numbers, failed to show improvements in IQ of children from
treated women with subclinical hypothyroidism compared to children from untreated
mothers (Casey et al., 2017; Lazarus et al., 2012). However, it should be taken into account
that both studies rely only on cognitive test in young children as readout parameter, which is
neither a useful marker to monitor foetal development under TH treatment nor allows any
assumptions about consequences of maternal subclinical hypothyroidism in other tissues or
its general long-term effects. To overcome this limitation, it is fundamental to better
understand the function of TH for cerebral development and to identify time frames for TH
action. A promising neuroanatomical readout in this context could be a recently identified
population of TH sensitive PV neurones in the AHA. Their ablation can cause hypertension,
suggesting an important role in the control of cardiovascular function, which makes blood

pressure an important readout parameter in studies focussing on the offspring generation of
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hypothyroxinaemic mothers (Mittag et al., 2013). Therefore, the last part of my thesis focused
on the characterisation of PV neurones in the AHA and their TH dependency during
development (Harder et al., 2018a).

4.3.1. Properties of PV Neurones in the AHA

Neurones expressing the Ca2* binding protein PV can be found in several areas of the brain
e.g. the cortex, the hippocampus and the hypothalamus, as demonstrated in rats (Celio,
1990). The recently described population of PV neurones in the AHA (Mittag et al., 2013)
were identified as GABAergic interneurones. This was expected, because GABA negative PV
neurones have been described only for afferents from the retina and the organ of Corti so far
(Celio, 1986). VGLUT2 positive boutons on the surface of the PV neurones in the AHA
indicated glutamatergic input into their inhibitory system. From inhibitory PV interneurones
of the cortex it is known, that they interact with excitatory pyramidal neurones, leading to
gamma-oscillation. The glutamatergic input activates the interneurones, which in turn leads
to inhibition of further excitation until the inhibition fades away. By this interaction,
excitatory information can be transmitted during recurrent windows without inhibition into
other brain areas (Rotaru et al., 2012). It would be possible that the PV neurones in the AHA
are integrated in a comparable way in processing information for the control of
cardiovascular function. This hypothesis is strengthened by the description of a sympatico-
inhibitory centre in the anterior hypothalamus of cats. Electrical stimulation of this area leads
to inhibition of the sympathetic tone and by this the blood pressure was manipulated
(Folkow et al., 1959). Generally, the regulation of cardiorespiratory functions is attributed to
the PVN (Duan et al.,, 1997), a hypothalamic area next to the AHA, with direct and indirect
projections to the brain steam to convey cardiovascular function (Ferguson et al., 2008;
Pyner, 2009). However, signals from the PVN are modulated by inhibitory GABAergic input
and the AHA was identified as one of four areas in the hypothalamus from which
GABAergic projections enter the PVN in the rat (Roland and Sawchenko, 1993). In line with
that, immunofluorescence labelling in Parv-Cre mice revealed no long-distance projections to
other brain regions but suggests tight interconnections within the AHA population based on
the detection of SYT2 positive boutons on the surface of PV neurones (Sommeijer and Levelt,
2012).

Despite these analogies between PV neurones in the cortex and the AHA, the data also
strongly indicate that PV neurones in the AHA represent a separate population with

different properties. In terms of neurogenesis, three main zones, from which cortical
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GABAergic neurones can originate, are described: the MGE, the CGE and the preoptic area
(Gelman et al., 2009; Miyoshi et al., 2007; Xu et al., 2004). Neurones can be allocated to
originate from the MGE or the preoptic area by their developmental expression of Nkx2-1
(Flames et al., 2007; Sussel et al., 1999), whereas neurones derived from the CGE express
5HTs. (Rudy et al., 2011). Surprisingly, the analysis of the double reporter mice showed that
PV neurones from the AHA do not originate from the MGE or the preoptic area due to the
lack of overlay between PV and Nkx2-1 and only very minor overlay was found with 5HT3,
in the neurones. This also implies that the developmental program of PV neurones in the
AHA does not rely on the transcription factor Nkx2-1 at any time during their development.
Accordingly, Nkx2-1 null mice show only slightly impaired hypothalamic development
(Kimura et al., 1996). A further area not explicitly checked by the double reporter mouse but
known to contribute to embryonic neurogenesis is the lateral ganglionic eminence (LGE). It
can be subdivided into the ventral pallidum, expressing Trb2, Ngn2 and Dbx1 but no DIx2,
and the remaining LGE, expressing DIx2, Gsh2 and Pax6 but no Nkx2-1 (Flames et al., 2007).
It mainly gives rise to striatal GABAergic projection neurones and a subset of interneurones
in the olfactory bulb and the amygdala (Corbin and Butt, 2011). Moreover, a new
proliferative zone in the median eminence of the hypothalamus was described, but in the
context of hypothalamic neurogenesis in adult mice (Lee et al., 2012). Still it is possible that
PV neurones dedicated to the AHA arise from one of these areas.

Further differences between AHA and cortical PV neurones concern the timing of birth and
subsequent maturation. PV neurones dedicated to the AHA complete their mitosis around
E12, concordant with the birth of the majority of AHA neurones between E10 and E16,
peaking at E11 - E14 (Shimada and Nakamura, 1973), and are first detectable in the AHA on
P8. In contrast, only a small amount of cortical PV neurones switch from proliferation to
differentiation before E13 and they are classically not detectable before P10 in the cortex (de
Lecea et al., 1995). A neighbouring population of PV neurones from the parvafox-nucleus of
the ventrolateral hypothalamus are born between E9 and E13 with a peak at E12 as well
(Bilella et al., 2016). The close relation of birth with the PV population in the AHA could also
indicate a common origin (Alvarez-Bolado et al., 2000; Meszar et al., 2012). However, these
neurones are not affected by TH during development (Mittag et al., 2013; Wallis et al., 2008),
indicating a different developmental path compared to the PV populations in the cortex or

the AHA.
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4.3.2. Physiological Effects of Chemogenetic Activation of PV
Neurones in the AHA

Based on earlier findings, showing that a reduced number of PV neurones in the AHA leads
to a significant increase in systolic blood pressure, diastolic blood pressure and mean arterial
pressure as well as a significant increase in heart rate at 4°C (Mittag et al., 2013), PV neurones
in the AHA were specifically activated using an activating DREADD system with the
hypothesis, that it would reduce heart rate in the animal. To this end, a stereotaxic injection
of a Cre-dependent rAAV vector in the AHA of Parv-Cre mice was performed, to evoke
specific hM3Dg-mCherry expression in PV neurones. hM3Dq is a DREADD based on the
Gg-coupled human M3 muscarinic receptor and can only be activated by CNO leading to an
increase in intracellular Ca2* level which in turn leads to neuronal firing (Armbruster et al.,
2007).

The activation of PV neurones in the AHA by CNO induced no changes in body temperature
and activity. Surprisingly, also on heart rate were no effects detectable. One possible
explanation could be that the PV neurones are not directly but indirectly involved in the
cardiovascular control e.g. by an unknown endocrine mechanism. However, ablation of PV
neurones in the AHA did not result in changes of adrenal mRNA expression and aldosterone
serum levels, serum angiotensin II levels or total Ts and T, making it unlikely but not
impossible that PV neurones in the AHA act by endocrine alterations on the cardiovascular
system (Mittag et al., 2013). Still, it would be possible that PV neurones in the AHA act via
endocrine pathways on the autonomic nerve system and by this influence the control of
cardiovascular functions. A more likely interpretation would be that the PV circuit in the
AHA is mainly necessary for homeostasis of the cardiac system and therefore very robust
against acute changes. In favour of this hypothesis is the observation of short projections and
interconnections within the population of PV neurones. A non-directional activation of the
system via hM3Dq could elicit an initial activation of PV neurones at the target sites but at
the same time self-inhibition would prevent a strong and long-lasting inhibition of the
downstream target structures. Immunofluorescent stainings confirmed that hM3Dq solely
was expressed in PV neurones but due to the challenging stereotaxic injections in deep brain
regions, some animals showed only unilateral infections and none of the analysed AHAs
showed a 100% infection of all neurones in the PV population. Therefore, the stimulation of
the system by CNO could simply be too weak to evoke a measurable change in the heart
rate. Generally, the control of the cardiovascular system is an orchestration of many central

and peripheral players, some of them might compensate for the activity changes in the PV
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population even before changes in the heart rate are measurable. Still, these findings are not
conflicting with the observations of Mittag and colleagues on the role of PV neurones (Mittag
2013), because chronic manipulation of a system by viral ablation is a much stronger
intervention than acute manipulations by DREADD (Stidhof, 2015). In fact, the observation
that within the population of PV neurones in the AHA some cells where activated by
increased temperature or TRH and some were inhibited rather indicate that several
subpopulations of PV neurones in the AHA exist (Mittag et al., 2013). Therefore, it is
conceivable that an activation of all sorts of PV neurones in the AHA at the same time leads
to reactions in the circuit that could cancel each other.

On the other hand, there are also some methodical issues which need to be addressed in the
context of the DREADD experiment. For example, recent studies challenged the postulation
that CNO is an inert compound in mice, that it can cross the blood brain barrier and
preferentially acts on DREADDs. They rather claim that the DREADD system requires the
conversion of CNO to clozapine, which is able to cross the blood brain barrier and binds
with high affinity to DREADDs (Gomez et al., 2017; Manvich et al., 2018). This brings up two
main problem for the system. First, due to the conversion step DREADD activation might
not peak 30 min after i.p. CNO injection but substantially later, leading to a delay in
physiological reaction. However, up to 18 h after injection no unusual events were observed
in the heart rate data. Secondly, clozapine is not specific for DREADDs and therefore evokes
considerable side effects at higher doses (> 1 mg/kg) such as hypotension and decreased
locomotor activity (Roth, 2016). Still the conversion rate of CNO to clozapine is estimated to
2 % (Gomez et al.,, 2017), which makes it more likely that the applied stimulation with
0.5 mg/kg CNO was too weak than that side effects interfere with the output of the

cardiovascular system.

4.3.3. TH Sensitivity of PV Neurones in the AHA during

Development

The general importance of TH for proper development of PV neurones in several brain areas
is well described in animal models (Venero et al., 2005; Wallis et al., 2008), still research
primarily focussed on the cortical population. Human data described cortical changes upon
prenatal TH impairments e.g. variation in the thickness of different cortical areas in children
(age 10 - 12) exposed to maternal hypothyroidism during pregnancy (Lischinsky et al., 2016).
In rats was observed that a lack of TH from E14 onwards led to a reduction of PV expression

and axonal development in the neocortex (Berbel et al., 1996). To test whether PV neurones
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in the AHA are comparably affected, mouse models of postnatal impaired TH signalling
were analysed. Surprisingly, there were no changes observed in the AHA, whereas a strong
reduction in the amount of PV neurones in the cortex were visible. This could be due to the
advanced developmental stage of PV neurones in the AHA, as described above, leading to
postnatal TH independency, compared to cortical PV neurones. Furthermore, the data
indicated that neither prenatal nor postnatal TH produced by the foetus was necessary for
the development of PV neurones in the AHA, based on the results seen in the Pax87 model
with no endogenous TH (Mansouri et al., 1998).

Since it was already demonstrated that PV neurones in the AHA rely on TH for their
development (Mittag et al., 2013), the previous findings suggest that they need prenatal
maternal TH. Based on this, the Thral*" mouse model was used, depicting a situation of no
TRal mediated TH signalling, which can be temporary restored by TH treatment (Tinnikov
et al., 2002). The aim was to rescue the PV neurones in the AHA of Thral*" embryos by
transiently increasing the maternal TH levels. Raising the TH levels throughout the entire
pregnancy using Thrb ko mothers with high endogenous TH levels (Forrest et al., 1996;
Tinnikov et al., 2002) had only minor effect of the PV population in the AHA of offspring
with Thral*m genotype. Interestingly, the treatment showed also a tendency of a negative
effect on the PV population size in the wt control offspring. One possible explanation is that
this negative effect of high TH is mediated by TR, especially because basic neuroanatomical
data in the rat indicated that TRP is highly expressed in proliferative zones during
development (Bradley et al, 1992). However, repeating the experiments with
Thral*m/Thrb/ offspring and Thrb/ controls (Forrest et al., 1996) indicated that TRP plays
only a minor role in the system. Since TRal was described to be expressed from E13.5
onwards in post-mitotic neurones (Wallis et al., 2010) and PV neurones in the AHA switch
from proliferation to differentiation around E12, the experiment was repeated with wt
mothers, treated with Ts only during the critical TRa1 target period from E12 until birth. This
avoids high levels of TH at earlier phases of development. The approach successfully
rescued the neuronal population in Thral*" offspring, demonstrating that the liganded TRal
is crucial for PV neuronal development in the AHA in the second half of murine pregnancy,
which is before the onset of foetal TH production (Nilsson and Fagman, 2017). The
unfavourable role of TH for proliferation in early development has also been described for
other systems, e.g. cone photoreceptor development. Here, high level of DIO3 ensure low TH
activity during prenatal development, which reverse during retina differentiation after birth.
In line with that, Dio3 ko mice display an 80 % reduction in M and S cones due to TH
induced apoptosis. This is most likely mediated by TR, because in contrast to our model,
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the cone photoreceptor phenotype can be rescued by TR deletion (Ng et al., 2010). Taken
together, one can hypothesise that high TH levels have an adverse effect before E12.5 for the
development of PV neurones in the AHA; however, the role of TRB in this context is
unknown because there is still not enough information about the expression of TR at
cellular level in the brain. The findings are also important for mothers with TRp resistance,
who carry an unaffected foetus. Their offspring are exposed to very high TH concentrations
during pregnancy, leading to a higher rate of miscarriage, lower birth weight and central
resistance to TH throughout life (Anselmo et al., 2004; Srichomkwun et al., 2017). It is likely
that these children also display morphological changes in the brain. Generally, the data do
not allow any conclusions about the neuroanatomical fate of the PV neurones in the AHA in
the situation of restricted TH signalling. The lack of TH signalling could interfere with
migration, which is why the neurones do not reach the AHA, or it could lead to increased
cell death in the population at any point of their development.

In summary, the data demonstrate that correct development of PV neurones in the AHA is
not possible without a tight regulation of TH action, and that the timing of TH sensitivity
varies for different PV populations in the brain. When transferring the findings to the human
condition, it has to be considered that mice are born at an earlier time point during
development. Thereby, the second half of pregnancy in mice is most comparable with the
second trimester in humans (Richard and Flamant, 2018). Again, this is a time frame in
humans when the foetal thyroid gland is not yet producing TH on its own (Shepard, 1967),
linking for the first-time maternal endocrinology to a defined neuroanatomical substrate in
the offspring. Considering that the PV neurones in the AHA are involved in the central
control of the cardiovascular system, these findings provide further evidence, that maternal
TH concentration during pregnancy and control of blood pressure in the offspring are
connected. Similar observations were made in humans, when a Danish study found an
association between subclinical maternal hypothyroidism during pregnancy and increased
systolic blood pressure in the offspring at an age of 20. Interestingly, hypertension was also
found in children from mothers with subclinical hyperthyroidism during pregnancy (Rytter
et al., 2016). In the ongoing discussion about treatment of TH diseases during pregnancy this
clearly advocates for routine maternal thyroid screening in pregnancy and the inclusion of
cardiovascular parameters in studies aiming to assess maternal thyroid status. Furthermore,
these findings could also be used to establish a testing system for endocrine disrupting
compounds during pregnancy (Gore et al., 2015). Still, further investigations are necessary to
identify how PV neurones from the AHA are involved in the process of central

cardiovascular control.
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6.

Non-Standard Abbreviations

Non-Standard Abbreviations

3-Th AM 3-iodothyronamine

S5HT3, serotonin receptor 3a

AAV adeno-associated virus

AHA anterior hypothalamic area

AHDS Allen-Herndon-Dudley syndrome
AUC area under the curve

bpm beats per minute

BrdU bromodeoxyuridine

cDNA complementary deoxyribonucleic acid
CGE caudal ganglionic eminance

CH congenital hypothyrodism

CNO Clozapine-N-oxid

cnts counts

DAB 3,3’-diaminobenzidine

DIO 1-3 iodothyronine deiodinases type 1-3

dko double knock out

DNA deoxyribonucleic acid

DREADD designer receptors exclusively activated by designer drugs
E embryonic day

GABA gamma-aminobutyric acid

GAD67 glutamate decarboxylase 67

GAPDH glyceraldehyde-3-phosphate dehydrogenase
ip. intraperitoneal injection

iBAT interscapular brown adipose tissue

IeG immunoglobulin G

1Q intelligence quotient

ko knock out

LGE lateral ganglionic eminence

M/O dko Mct8/Oatplcl double knock out
mAKT murine thymoma viral proto-oncogene 1
MAO monoamine oxidase

Mct8/10 monocarboxylate transport protein 8/10
MGE median ganglionic eminance

mRNA messenger ribonucleic acid

Oatplcl organic anion transporting peptides 1cl
ODbRb leptin receptor b

OD optical density

ODC ornithine decarboxylase

P postnatal day

PV parvalbumin

PVN paraventricular nucleus
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Non-Standard Abbreviations

qPCR quantitative polymerase chain reaction
RNA ribonucleic acid

RT room temperature

RTHp resistance to thyroid hormone syndrome 3
SST somatostatin

ToAM L-thyronamine

Ts 3,3’,5-triiodo-L-thyronine

Ty 3,3’,5,5 -tetraiodo-L-thyronine (thyroxine)
TA: 3-iodothyroacetic acid

TAAR1 receptor trace amine-associated receptor 1
TAM thyronamines

TH thyroid hormone

TR thyroid hormone receptor

TRH thyrotropin-releasing hormone

TSH thyroid stimulating hormone

UCP1 uncoupling protein 1

VGLUT2 vesicular glutamate transporter 2

wt wild-type
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