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Abstract

Abstract

Patients with inactivating mutations in the thyroid hormone (TH) transporter MCT8 mamifest a
severe form of psychomotor retardation in combmation with abnormal TH concentrations n
the circulation (Allan-Herndon-Dudley Syndrome, AHDS). The neurological symptoms are
most likely due to an impaired transport of TH into the central nervous system (CNS) and,
consequently, a disturbed differentiation and maturation of neural cells. Passage of TH across
the blood-bramn barrier (BBB) and/or blood-cerebrospmal flmd barmer (BCSFB) 1s also
impeded in mice lacking the TH transporters Mct8 and Oatplcl. These Mct8/Oatplcl double
knockout (M/O dko) mice display a delayed cerebellar development, diminished myelination
and a disturbed maturation of GABAergic interneurons thereby replicating the abnormalities
found in AHDS patients.

Treatment of AHDS patients with TH analogs that are not dependent on MCT8 but can activate
TH receptors inside the brain has been suggested as a pronusing therapeutic approach.
Candidates for such thyromimetic agents are the synthetic compound sobetirome (Sobl) and
the recently developed four Sob derivatives (Sob2-5). The aim of this thesis was therefore to
assess and fo compare the thyromumetic potential of these novel compounds m neural
development in vifro as well as in vivo.

In vitro studies were conducted using murine cerebellar cultures that were treated for two weeks
with the TH receptor-active T3, Triac or with different concentrations of synthetic sobetirome
compounds. Purkinje cell dendntic outgrowth was momitored and the number of PV+
mterneurons was quantified, as both parameters are highly dependent on TH. While 10 nM
Triac and 10 nM sobetirome were as effective as 1 nM T3 in promoting neuronal differentiation,
significant lower doses (0.1 nM) of two sobetirome compounds (Sob2 and Sob5) were sufficient
to achieve sumlar thyromumetic effects. Interestingly, both two prodrugs have to be first
hydrolyzed into their active compound, a reaction that can be carned out by Fatty Acid Anude
Hydrolase (FAAH). Indeed, application of FAAH specific mhibitors to pnmary cerebellar
cultures abolished the Sob2- and Sob5- induced Purkinje cell development confirming a critical
role of FAAH in prodrug-activation. Further, the capacity of sobetirome compounds to promote
neuronal differentiation and myelination were also studied in M/O dko muce and revealed the
strongest TH-like effects for Sob2 and Sob5. Thus, Sob2 and Sob5 may be considered as
therapeutic options for patients with AHDS.
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Patienten mut maktivierenden Mutationen im Schilddriisenhormon (SDH) Transporter MCT8
leiden sowohl an einer schweren Form psychomotorischer Retardierung als auch an
ungewohnlichen SDH-Werten im Blut (Allan-Hemdon-Dudley Syndrom, AHDS). Die
neurologischen Symptome sind hochstwahrscheinlich auf einen eingeschrinkten Transport der
SDH ins zentrale Nervensystem (ZNS) und der daraus folgenden limitierten Differenzierung
und Reifung der neuralen Zellen zuriickzufithren Der Transport der SDH iiber die Blut-Hirn-
Schranke und/oder Blut-Liquor Schranke ist ber Mausen, denen die beiden SDH-Transporter
Mct8 und Oatplc] fehlen, ebenfalls beemtrachtigt. Diese Mct8/Oatplel doppel knockout (M/O
dko) Mause zeigen eine verzdgerte Entwicklung des Klemhirns, verminderte Myelinisierung
und eme gestdrte Reifung GABAerger Interneurone und spiegeln somit die Anomalien eines
AHDS Patienten wider.

Em wielversprechender Therapie-Ansatz fiir AHDS Patienten 1st die Gabe von SDH-Analoga
die unabhangig von MCT8 ins ZNS gelangen und dort SDH-Rezeptoren aktivieren kénnen
Mogliche, thyromimetische Analoga sind das synthetisch hergestellte Sobetirome (Sobl),
sowie die vor kurzem entwickelten vier Sob Derivate (Sob2-5). Somit war das Ziel dieser Arbeit
das thyromimetische Potential dieser neuen Substanzen in der neuronalen Entwicklung in vifro
und in vive zu bestimmen und mitemander zu vergleichen.

In vifro Studien wurden anhand muriner, zerebellarer Kulturen durchgefiihrt, die fiir zwei
Wochen mut dem SDH-aktiven T3, Trniac oder unterschiedlichen Konzenfrationen von
Sobetiromen behandelt wurden. Dabeir wurde das Auswachsen der Dendriten zerebellarer
Purkinje Zellen analysiert, sowie die Anzahl an Parvalbumin positiven Interneuronen
gemessen, da beide Parameter abhingig von SDH sind. Wihrend 10 nM Tnac und 10 nM
Sobetirome dhnlich effektiv wie 1 nM T3 fiir die neuronale Differenzierung waren, konnten
signifikant geringere Dosen (0.1 nM) fiir zwe1 der getesteten SDH-Analoga (Sob2 und Sob5)
festgestellt werden, um #hnliche thyromumetische Effekte zu erzielen. Interessanterweise
miissen diese beiden Prodrugs zunichst in ihre aktive Substanz hydrolisiert werden. Diese
Reaktion kann durch die Fettsaurearmd-Hydrolase ausgefiihrt werden. Eine Inlibierung dieses
Enzyms durch Applikation spezifischer Inlubitoren in primérer, zerebellarer Kultur zeigte eme
verminderte Sob2- und Sob5- mduzierte Purkinje Zell Entwicklung und bestitipt somit die
entscheidende Rolle der Fettsaureamid-Hydrolase fiir die Prodrug-Aktivierung. Des Weiteren,
wurde die Fahigkeit der Sobetirome zur Forderung neuronaler Differenzierung, Myelimisierung
und GABAerger Reaktionen im M/O Maus Modell untersucht. Die stirksten SDH-ahnlichen



Zusammenfassung

Effekte zeigten Sob2 und Sob5. Somut kénnen diese beiden SDH-Analoga als therapeutische
Option fiir Patienten nut AHDS herangezogen werden.
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Introduction

1 Introduction

1.1 Thyroid hormones

Thyroid hormones (TH) are 1odinated tyrosine derivatives produced and secreted by the thyroid
gland. Two main forms are generated: 3,53 -truodothyronine (T3) which 1s considered as the
“active” TH based on 1ts lugh affimity towards TH receptors, and 3,535 -tetraiodothyromne
(thyroxin, T4), which 1s considered to function mainly as a prohormone for T3 (Gross and Pift-
Ravers, 1952; Gereben et al, 2008). The ratio of thyroidal secretion of T3 and T4 1s species-
dependent. While the rodent thyroid gland produces equal amounts of both hormones, a 4-fold
lower secretion of T3 compared to T4 1s observed m humans (Chen and Evans, 1995). More
than 99% of the circulating TH are bound to plasma proteins, such as thyroxine-binding
globulin (TBG), transthyretin (TTR) and serum albumin. Thereby, only free T3 and T4 can
enter their target cells where they are metabolized and exert their biological functions (Chen
and Evans, 1995; Krassas et al_, 2007).

TH production is regulated by the hypothalamus-pituitary-thyroid (HPT) axis that determines
the set point of TH synthesis and homeostasis by functioming in a classical endocrine negative
feedback control mode (Fig.1.1). The HPT axus 1s regulated centrally by neurons located within
the parvocellular region of the paraventricular nuclens (PVN) of the hypothalamus that
synthesize and release the tripeptidamid thyrotropin-releasing hormone (TRH, pyroglutamate-
histidine-proline-anude). Via axonal fransport, TRH can reach the median eminence, which 1s
connected with the anterior pitmitary (adenohypophysis) by the hypothalamic-hypophysiotropic
portal vein system (Lechan et al., 1994). Through binding to its TRH-receptor localized on
thyrotrophs in the anterior lobe of the pituitary, TRH stimulates the synthesis and secretion of
thyrotropin (thyroid-sttmulating hormone, TSH) that in turn activates specific TSH-receptors
at the surface of thyrocytes in the thyroid gland. Thereby, it mediates the subsequent activation
of the intracellular second messenger cAMP (cyclic adenosine monophosphate) and protein
kinaseA (PKA) signaling pathway that induces growth and differentiation of the thyroid gland
and results in the stitmulation of the synthesis and secretion of TH into the blood (Kohrle, 1990;
Drenuer et al., 2007; Wells and Murphy, 2003). The TH T4 and T3 control the secretion of
TRH and TSH by negative feedback mechamism. Reduction of circulating TH levels results in
mcreased TRH and TSH production, whereas the opposite occurs when circulating TH are in
excess (Fekete and Lechan, 2007; Nikrodhanond et al_, 2006).
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thyrotropin (TSH) synthesis. Following, TSH acts on thyrocytes to sttmulate all steps of TH biosynthes:
in the thyroid gland. Subsequently, by a negative feedback regulation T3 and T4 reach PVN neurons :
well as pituitary thyrotropes to mhibit TRH and TSH synthesis and secretion, respectively.

1.1.1 Metabolism of thyroid hormones

In humans, the thyroid gland produces predominantly the prohormone T4 (80%), whereas T3
only accounts for around 20% of TH synthesis (Wallis et al | 2008; Chanoine et al | 1993). TH
activation and inactivation 1s achieved by enzymatic deiodination at different sites of the
phenolic or tyrosyl nng of TH, mediated by the 10odothyronine deiodinases (DIOs) D1, D2 and
D3 (Bianco et al_, 2002; Dentice et al , 2013). These enzymes are dimeric, membrane-anchored
mfracellular protemns with different expression patterns. They share substantial sequence
homology and a highly active site containing the rare selenocysteme amino acid, which 1s
critical for enzymatic activity. The majority of T3 1n the circulation comes from deiodination
of T4 at 5" position of the outer nng (ORD). This step 1s catalyzed by D1 and D2 as depicted
m Fig 1.2 Inactivation of T4 to rT3 and T3 to T2 1s accomplished by D1 and D3, which exhibit
mner nng delodmase (IRD) activity. Abnormalities in deiodinase activity can alter local and
systemic TH metabolism and are therefore important in a number of clinical settings (Bianco
and Kim, 2006).
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D1 1s positively regulated by TH and contributes significantly to the production of serum T3.
In humans and rodents, D1 1s mainly expressed in peripheral tissues such as hiver, kudney,
mtestine and thyroid gland (Bianco et al., 2002).

In rats, profound D2 activities have been found in the pitwitary, brown adipose tissue (BAT),
gonads, uterus and brain, among other tissues. In the CNS, high levels of D2 mRNA were
present in astrocytes and tanycytes, specialized ependymal cells, limng the walls of the third
ventricle (Tu et al., 1997). D2 appears to be especially responsible for the local supply of the
CNS with T3 rather than contributing to global changes in serum TH levels (Guadafio-Ferraz
et al_, 1999; Bernal 2005; Bianco et al_, 2002). In this context, studies in adult rats showed that
80% of the T3 content derives from D2-mediated T4-deiodination in the brain (Crantz et al |
1982). Thus, D2 ko mice exhibited reduced T3 concentrations in several major regions of the
brain compared to control amimals, despite an elevated T4 status in the CNS and in the
circulation (Galton et al, 2007). In humans, D2 mRNA 1s expressed mainly in the thyroid, heart,
brain, spinal cord, skeletal muscle and placenta (Bianco et al , 2002). In contrast to D1, D2 1s
regulated negatively on the transcriptional level but even more so on posttranslational level by
TH through an ubiquitinase/deubiquitinase mechanism (Burmeister et al |, 1997). Consequently,
during TH deprivation, D2 activity increases in astrocytes thereby providing T3 for the
neighboring neurons that are not able to generate T3 themselves (Guadafio-Ferraz et al | 1997,
Fekete and Lechan, 2007) .

Finally, mn humans and rodents, D3 1s expressed m adult brain, skin and at high levels in multiple
fetal tissues as well as in the placenta and the uterus during pregnancy. Its major function
appears to protect tissues from excessive TH concentration (Bianco et al | 2002; Hernandez,
2005). In case of hypothyroid conditions, the activity of D3 1s reduced, while 1n a hyperthyroid
state, D3 activity 1s increased (Bianco et al_, 2002).
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Fig.1.2 Overview of the metabolic activation and inactivation of TH by deiodination. Outer ring
deilodination of the prohormone thyroxine (T4) mto the biologically active form tniodothyronine (T3)
1s regulated by D1/D2. Contranly, mner ring deiodination mactivates T4 into reverse-tnnodothyronine
(rT3) and T3 into duodothyronine (T2) by D1/D3 (modified from Aschner and Costa, 2015).

1.1.2 Thyroid hormaone receptors

TH action 1s predominantly mitiated by binding to nuclear TH receptors (TR) which function
as ligand-modulated transcriptional factors. These receptors are constifutively bound to so-
called TH responsive elements (TRE) in the promotor region of T3-sensitive target genes. They
can form homodimers or heterodimers with retinoic acid receptors (RXR) (Brent et al |1991;
Yen et al | 2001).

T3-TR mteraction modifies the orgamzation of histones and chromatin as well as the
recruitment of RNA polymerase II thereby causing the stimmlation or the repression of gene
expression i target cells (McKenna and O’Malley, 2002). Gene regulation by TR occurs both
mn the presence and in the absence of the lipand. Whereas T3-bound TR act as “holoreceptors™
and stimulates genes that are positively regulated by TH, unliganded TR act as “aporeceptors”
and suppress transcription of target genes by interacting with co-repressors such as NCoR
(nuclear receptor co-repressor) and SMRT (silencing mediator of retinoic acid and thyroid
hormone receptors). Binding of T3 leads to a conformational change in the TR, which releases
co-repressors and recruits co-activators, such as nuclear receptor co-activatorl (NCoA-1 or
SRC1) to induce gene transcription and mRNA production. In contrast, expression of genes that
are negatively regulated by TH 1s stumulated by the aporeceptor- co-repressor complex and
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repressed by the liganded TH-TR complexes. The exact underlying mechanism, 1s still poorly
understood (Horlein et al, 1995).

TR are expressed in a tissue- and cell-specific manner. They are encoded by two genes THRA
and THRB, which are located on human chromosome 17 and 3 respectively. In mice, their
homologues are Thra and Thrf (Brent, 2012; Flamant and Gauthier, 2013). Transcription of
these genes generates a number of TR. mRNA 1soforms by alternative splicing. TRal, TRa2
and TRu3 are products of THRA of which only TRal exerts DNA and T3-binding activity and
can be therefore considered as a T3 receptor. TRal 1s already present at early developmental
stages. Its highest expression level was found in heart, skeletal muscle and brain, where it was
detectable in all neurons (Chassande et al | 1997; Wallis et al_, 2010). TRul is mvolved in
maintaimng muscle strength, body temperature, energy expenditure and plays a crucial role 1n
the early postnatal development and maturation of the bran (Johannsson et al , 2000; Flamant
and Gauthuer, 2013). TRal however, 1s of minor importance for the activity of the HPT axis, as
deletion of TRal m mice leads only to mild hypothyroid state (Wikstrom et al | 1998). The
potent aporeceptor activify was well described by the observation that transgenic mice lacking
all TR have a relatively mild phenotype when compared with congenital hypothyroid nuce: the
receptor-deficient mice have a minor retardation in postnatal growth and survive until adulthood
whereas the hypothyroid anmimals show major growth impairments and frequently die shortly
after birth (Flamant et al | 2002; Géthe et al | 1999).

Mice carrymng the dominant negative R384C pomt mutation in the TRal protein have a 10-fold
reduced TH binding affinity for the receptor and exhibit a receptor-mediated hypothyroidism
as well as a severe developmental delay (Tinnikov et al | 2002; Barca-Mayo etal , 2011). Usmg
whole genome sequencing a heterogenous nonsense mmtation was identified in the gene
encoding for THRA that generates a mutant protein that inhibits Wt receptor action mn a
dominant negative manner and causes some target tissues to be resistant to the TH action
(Bochukova et al_, 2012; Mullem et al_, 2013).

Growth retardation, delayed bone development, severe constipation and mild cogmtive deficits
are promunent symptoms in affected humans, while retarded brain development, growth
retardation, anxiety and decreased glucose consumption were observations i mice with
mutation in TRul. Despite the fact that the climical consequences of mutations m THRA are
variable in extent and seventy, thyroid function tests show an almost consistent pattern of
normal TSH, low T4 and lugh T3 levels (van Gucht et al , 2017).

The THRB gene gives rise to two main products, TRB1 and TRp2 that both are able to bind T3
(Williams, 2000; Brent, 2012). TRB1 1s the major TR 1soform and is detectable in liver, heart,
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mner ear and retina. TRPB2 15 lughly expressed mn the hypothalamus and prtwtary, where 1t 1s
considered to be the main 1soform mvolved in the negative feedback mechamism of the HPT
axis (Bradley et al , 1992; Lechan et al, 1994). A third 1soform TR3 1s found only m rats,
where 1t 15 expressed in the kidney, hiver and lungs (Williams, 2000). It has been reported, that
mutations in the TRP gene compromise the binding capacity of T3 and impair the negative
feedback mechamism leading to mcreased TH levels with elevated TSH, T3 and T4 in the
circulation. Patients affected by this TH resistance syndrome (RTHp) caused by mutations in
THRB show goiter formation, growth retardation and decreased body mass (Lazar, 1993).
Sinular changes were observed in muce that were completely deficient m TRf. Further,
homozygous Thrb deletion in mice caused auditory system defects and impaired vision (Forrest
et al , 1996; Abel et al_, 2001; Portella et al_, 2010).

1.1.3 Thyroid hormones in brain development and function

TH are are essential for many physiological processes, such as development, growth, energy
expenditure and metabolic homeostasis of almost all organs and tissues throughout life. Most
importantly, they are crucially involved in the maturation and function of the CNS during fetal
and postnatal period, regulating processes associated with bramn differentiation, such as
neuronal nugration, axonal and dendmtic growth, synaptogenesis and myelination TH
concentrations rise soon after birth and peak 1n the first postnatal years before decliming again
with age. TH deficiency m developing and adult human beings can lead to an extensive array
of climical manifestations, including neurological and psychiatric symptoms (Bernal, 2002;
Anderson et al | 2003).

In the human fetus, the thyroid gland develops from the beginning of the second trimester.
Before then, the only possible source of TH for the fetus 1s maternal origin. Untreated maternal
hypothyroidism can lead to neurological cretimism, a disease charactenized by severely stunted
physical and mental growth with signs of neurological damage. Affected cluldren eventually
display deafness, perceptual motor problems, an mability to walk or speak and a clumsy
movement (DeLong et al , 1985). Further, 1t has been shown that children born to mothers with
hypothyroidism have an mcreased nisk for attention-deficit hyperactivity disorder (ADHD) as
well as autism spectrum disorder (ASD) (Vaidya, 2012; McPartland and Volkmar, 2012;
Andersen et al., 2015) indicating that maternal TH exert critical function on fetal bran
development.
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Congemnital hypothyroidism 1s characterized by a failure of endogenous TH production mainly
caused by an impaired thyroid gland development that prenatally can be compensated by
maternal TH supply. It 15 a relatively common disease, with an incidence of about 1 1n 3000-
4000 newborns (Delange, 1997). Affected children that are not treated with TH may suffer from
mental and growth retardation as well but neonatal screeming followed by immediate TH
substitution therapy 1s usually sufficient to ensure normal postnatal development and brain
maturation (Bernal, 2005; Thompson and Potter, 2000; Anderson et al , 2003).

Hypothyroidism may also develop later mn life due to e g autormmune disease and has been
associated with bipolar affective disorders, depression, or loss of cogmitive functions. It can
further cause letharpy, hyporeflexia, poor motor coordination and i1s often associated with
memory impairment and personality changes (Bernal, 2000). The symptoms of hypothyroidism
are usually reversible under proper TH treatment. Thus, TH alterations of adult onset do not
cause permanent structural defects compared to fetal or early childhood TH deficiency (Bernal,
2000).

Most knowledge on TH action mn the brain has been derived from studies of hypothyroid
neonatal rats (Legrand, 1984). The rat fetus 1s provided with maternal TH through the placenta
before the onset of endogenous TH production at embryonic day 17.5 (E17.5) (Anderson et al. |
2003). After bairth, TH serum levels rise until postnatal day 15 (P15) and decreases again durmg
the development (Walker et al., 2012). These results mndicate the importance of sufficient TH
concentrations as well as timing of TH availability. Although the developmental events are
similar among mammals, the timing signal for maturation programs during precise stages of
the brain development presents substantial differences (Legrand, 1984; Bernal 2002). The rat
brain at barth 1s more immature than the human brain at birth and rather reflects the situation of
the developing human brain at six months gestation. The first postnatal week of a rat brain can
be compared with a human brain around birth (Anderson et al., 2003; Legrand, 1984) (Fig.1.3).
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Fig.1.3 Timeline of the human brain development in relation to TH at fetal and postnatal age. For
comparison with rat development. the equivalence for the birth of the rat 1s shown by a vertical grey line
around postmenstrual week 20. Inappropriate imitiation of these timing events leads to asynchrony m
developmental processes with deleterious outcome (modified from Bernal, 2007; Hodeshell, 2002).

A vast number of studies showed the importance of TH action m different areas of the
developing rat brain ranging from late fetal to postnatal stages and showed the consequences of
hypothyroidism on a cellular level (Bernal, 2005; Anderson et al | 2003, Legrand, 1984). A
promunent brain target of TH action 1s the cerebellum that in rodents develops mainly during
the first three postnatal weeks. This brain structure 1s mnvolved n balance, motor control and
coordination and 1s depended on proper TH supply. The rodent cerebellar cortex has emerged
as a preferred model to study TH action in the brain because of its sensitivity to T3 deficiency,
its relatively simple cytoarchitecture compared with other brain areas and its precisely reported
subsets of neurons and their developmental progression (Bernal, 2007; Koibuchi and Chin,
2000). The cerebellum has a three-layered laminar structure: an outer molecular layer (ML)
containing basket and stellate cells, a muddle Purkinje cell layer (PCL) contaiming Purkinje cells

8



Introduction

(PC) and Bergmann ghal (BG) fibers and an inner granule layer (IGL) containing granule cells
(Fig.1.4A). During the first postnatal week, a fourth layer, the external granular layer (EGL) 1s
present and populated by proliferating granule cell (GC) precursors, which randomly exut the
cell cycle and undergo radial migration towards the IGL along the radial fibers of the BG, to
ultimately differentiate into GC. At the same fime, GABAergic mtemeuron progenitors and
oligodendrocyte precursor cells (OPC) nugrate in the opposite direction from the white matter
and y-aminobutyric acid (GABA)ergic interneurons undergo ternunal differenfiation in the
molecular layer to become stellate or basket cells (Chédotal, 2010; Yamanaka et al, 2004).
TH deficiency in the cerebellum has been shown to mnduce various anatomical alterations
(Fig.1.4B). These include: a) alteration of the development of BG radial fibers and the reduction
of growth and branching of dendntic arborization of PC that reduces the thickness of the
molecular layer; b) delay in synaptic formation between PC and GC axons; c) delayed
proliferation and migration of GC that results in the persistence of EGL beyond postnatal day
(P) 21 and impedes its migration towards IGL and the maturation of GC; d) delayed
myelinations; e) changes i synaptic connection among cerebellar neurons and afferent fibers
(Legrand et al , 1976; Legrand et al , 1984; Nicholson and Altman , 1972; Hajos et al., 1973;
Lauder, 1977).

Previous studies detected all TR 1soforms i the rodent brain with the highest expression of
TRul (Ercan-Fang et al_, 1996). In the cerebellum, TRal accounts for about 80% of T3 binding
capacity and 1s found ubiquitously in PC, GC and BG, whereas TRf1 1s mainly found in PC.
Although TRP1 1s highly expressed during a critical time window of dendritic outgrowth and
synaptogenesis it seems to be not essential for the dendntogenesis, since PC denived from TRB1
ko mice showed the same T3 responsiveness as confrol cells (Strait et al | 1991; Bradley et al ,
1992: Heuer and Mason, 2003).

TRul expression 1s upregulated in GC at the time when these cells undergo the last cell division
and become prepared to migrate inwardly from EGL (Bradley et al , 1992; Wallis et al_, 2010).
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Fig.1.4 Schematic illustration of cerebellar cell ypes and layers under enthyroid and hypothyroid
condition during the second postnatal week in rodents A) Cercbellum layers can be easily
disciminated. Purkinje cell layer (P), molecular layer (M), granular layer (G) and white matter (W). B)
Thyroid hormones impair strongly the dendritogenesis of the Purkimje cells (P) in the molecular layer
(ML). the migration of the granular cells (red circles, also schown as "G") from the external granular
layer (EGL) to the mner granular layer (IGL) and the synaptogenesis with parallel fibers (pf, vellow)
mossy fibers (mf, grey) and climbing fibers (green) (modified from Kirsch et al., 2012; Koibuchi and
Chin, 2000).

In PC, intninsic TRal signaling involves at least two modes of action. Binding of T3 to TRal
can promote dendritic arborization, most likely by mducing the expression of genes mvolved
m this process whereas unliganded TRal strongly blocks PC dendritogenesis. Interestingly,
absence of TRal has very hitle effects on PC development. In vifro as well as in vivo studies
of TRoul ko muce revealed that GC and PC lacking TRal do not display signs of
misdevelopment (Heuer and Mason, 2003; Morte et al_ | 2004). These results suggested that the
aporeceptor activity of an unliganded TRal exerts the most devastating action and 1s
responsible for the developmental impairments seen under hypothyroid conditions (Flamant et
al , 2002). This 1s best illustrated in hypothyroid mouse mutants (so-called Pax8 muce) that
show a rather normal cerebellar development 1f TRa 1s simultaneously mactivated (Flamant et
al . 2002)

Further, 1t was described that T3 promotes dendnte formation through induction of peroxisome
proliferator-activated receptor gamma (PPARYy) co-activatorla (PGC-1a), a master regulator of

mitochondrial biogenesis. PGC-1a expression 1s upregulated during dendntic outgrowth in
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normal mice, while 1t 15 sigmficantly retarded in hypothyroid mice or in cultures depleted of T3
(Hatsukano et al_, 2017).

Another alteration in response to hypothyroidism 1s an impaired neurogenesis and neuronal
differentiation due to an arrested neural stem cell cycling in the subventricular zone (SVZ)
adjacent to the lateral ventricles, which generates olfactory bulb interneurons, and in the
subgranular zone (SVZ), which gives rise to granular neurons in the hippocampal dentate gyrus
(Eriksson et al, 1998; Alvarez-Buylla and Garcia-Verdugo, 2002). This leads to reduced
neuronal cell number in the cortical layer and reduced cortical thickness (Mohan et al., 2012;
Ming and Song, 2011). Moreover, hypothyroidism causes a delay and arrest of astrocyte
differentiation as well as a decreased number of pyranudal cells in the cerebral cortex (Manzano
etal , 2007). In addition, TH has been shown to play a fundamental role in the development of
mhibitory circuits i the early postnatal rodent cerebral cortex and luppocampus. Especially, a
subtype of GABAergic interneurons that expresses the calcium-binding protemn parvalbumin
(PV) exiubits a lugh sensitivity towards alterations mn TH levels. PV-expressing (PV+)
mterneurons are basket and chandelier cells that form synapses with the soma or iitial axonal
segment of principal cells of hippocampus and neocortex. Activation of these local circut
neurons effectively limits the action potential firng by pyramudal cells of the cortex and
hippocampus as well as GC of the dentate gyrus (Celio, 1986; Katsumaru et al., 1988).
Hypothyroidism 1s associated with a delayed increase in GABA receptor density and a
decreased number of PV+ cells and inhibitory function in the cerebral cortex and hippocampus
(Gilbert et al., 2007; Wallis et al , 2008). Moreover, precursors of GABAergic interneurons
show decreased proliferation and delayed differentiation under hypothyroid conditions
(Nicholson and Altman, 1972). In rats, neonatal hypothyroidism induced a reduction in the
activity of glutamic acid decarboxylase (GAD) in the developing cortex. This enzyme i1s
responsible for the production of GABA m the CNS (Virgili et al |, 1991).

Promoting myelination in the brain represents another important function of TH. Prolonged
neonatal hypothyroidism in rodents causes a delayed and poor deposition of myelin in white
matter brain areas with a decreased number of myehnated axons as TH signaling controls the
proliferation, nmugration and maturation of myelin-forming oligodendrocytes (OL) (Fig.1.5).
Thus, TH deficiency results m a reduced neuronal connectivity, leading to motor, sensory and
cognifive deficits (Thompson et al., 2000; Calza et al, 2018). TH treatment blocks the
proliferation of OPC and induces their differentiation into mature OL. Further, TH signaling
controls the synthesis of OL survival factors, such as neurotrophin-3 or msulin-like growth
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factor-1 (Anderson et al , 2003). TH also enhances morphological and functional maturation of
postmitotic OL and stimulates the expression of different myelin genes, such as myelin basic
protein (mbp), proteolipid protemn (plp), myelin-associated glycoprotemn (mag) (Rodnguez-
Pena et al |, 1993; Barradas et al., 2001). The reduction of these myelin-proteins in hypothyroid
bramn likely plays a significant role in the observed effects of hypothyroidism on myelnation
(Thompson and Potter, 2000).

Fig.1.5 Myelination in the anterior commissure of the brain in enthyroid and hypothyroid rats.
Hypothyroidism was produced during neonatal period and rats were analyzed at 6 months of age. The
electro microscopy analysis shows a reduced number of myelinated (M) axons (A) in the hypothyroad
rats (adapted from Berbel et al, 1994).

1.2 Thyroid hormone transport

Since metabolization of TH by deiodinases, the binding of T3 to 1ts nuclear receptors and the
regulation of gene expression are infracellular processes, TH have to cross the cell membranes.
A vast number of studies suggest that TH require the presence of transporter proteins in the cell
membranes that facilitate their cellular uptake and efflux. Until the 1970s, 1t was thought that
the passage of TH occur via passive diffusion due to fact that TH with 1ts lipophilic ring-
structures could easily cross the hpid-rich bilayer of the cell membrane. However, TH are
charged amino acid derivatives and therefore depend on specialized transport proteins to cross
any lipid bilayer membrane (Hennemann et al | 2001).

TH entering the CNS from the cerebral circulation must first cross either the blood-bramn barrier
(BBB) or the blood-cerebrospinal flmd barrier (BCSFB) (Fig.1.6). In adult rodents, the BBB
has been suggested to be the pnmary route for TH to enter the brain, while in the rat fetuses,
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there is evidence that the BCSFB is the main route of TH transfer from blood to brain (Dratman
et al_, 1991; Johansson et al_, 2008).

The BBB structure comprnises endothehal cells, which are connected by tight junctions and
surrounded by the end-feet of astrocytes and pericytes in the bran microvasculature (Aird,
2007; Shepro and Morel, 1993; Abbott et al | 2006). This barner system, that starts to form at
approximately 9.5 days post-conception in muce, controls and regulates the passage of
molecules and 1ons and protects the bramn from chemicals and pathogens (Pardrnidge, 1979,
Obermeier et al., 2013; Rautio et al., 2008). The BCSFB 1s situated in the choroid plexus within
each brain ventricle. In contrast to other cerebral blood vessels, the endothelial cells formmg
choroid plexus blood vessels are fenestrated and do not form a barrier. Here, the barrier-forming
cells are the epithelial cells, which have tight junctions at their apical CSF side. Choroid plexus
cells have microvilli on their apical side, increasing their exchange surface to the internal CSF
(Brightman and Reese, 1969).

Blood-Brain Blood-CSF

Barrier Barrier
] |

l Choroid Plexus
4

CSF

Ependymal Tight Fenestration

Pericytes Meurons
Layer Junction

i1
Astrocvtes Basement

Tight Membrane
Junction

Fig.1.6 Schematic representation of the blood-brain barrier (BBB) and the blood-cerebrospinal
fluid barrier (BCSFB). The BEB 1s formed by brain endothelial cells 1 capillaries that are connected
by tight junctions and are surrounded by penicytes and astrocytes at the basolateral side of the endothelial
cells. The BCSFB is found in the choroid plexus of each ventricle of the brain and 1s built by fenestrated
endothelial cells and a monolayer of tight-junctioned epithelial cells. This particular epithelium 1s 1n
direct continuity with the ependymal layer lining the ventricle (adapted from D" Agata et al., 2017).
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Thus, 1 order to access the CNS either via BBB or BCSFB, TH have to cross several cells and
cell membranes.

Until now, several classes of transmembrane iodothyronmme transporters from different gene
families are known. One of the first identified TH transporters was the bile acid transporter
sodium-taurocholate co-transporting polypeptide (NTCP/SLC10A1) (Friesema et al , 1999).
Further, members of the large neutral amino acid transporter family, such as LAT1 and LAT2
have been shown to be responsible for the TH transport as well as several members of the
organic anion transporting polypeptide (OATP) superfamily (Friesema et al , 2001; Hagenbuch,
2007). In addition, members of the monocarboxylate transporter (MCT) famuly, namely MCT8
and MCT10 have been shown to contribute to the TH transport (Friesema et al_, 2003; Friesema
et al , 2008). All this transporter can mediate the cellular influx or efflux of TH with different
kinetics and substrate preferences (Bemnal et al | 2015; Heuer and Visser, 2009; Heuer and
Visser, 2013). Most of them, with the notable exception of MCT8, show a broad substrate
specificity (Friesema et al, 2003).

1.2.1 Monocarboxylate Transporters

Monocarboxylate transporters (MCT) are a fanuly that contains 14 identified members to date.
They are present in various tissues and different species and the majonty of them transport
monocarboxylates such as pyruvate, lactate, ketone bodies and aromatic amino acids (Pierre
and Pellerin, 2005; Bernal et al | 2015; Krassas et al_, 2007).

The monocarboxylate transporter 8 (MCTS8) 1s an energy-independent and bidirectional-active
transporter that in contrast to other family members only accepts iodothyronine derivates as
substrates. It 1s encoded by the SLC16A2 (solute carrier fanuly 16, member 2) gene (OMIM
300095), localized on the X chromosome (Xq13.2 in human) and consists of six exons and five
mtrons (Lafremére et al, 1994; Friesema et al , 2003; Friesema et al., 2006). The protein
contains twelve transmembrane domains, and both the N- and the C- terminus are located inside
the cell (Jansen et al , 2005; Halestrap and Meredith, 2004). Human, rat and mouse MCT8/Mct8
share high sequence homology with only four amino acids changes and the msertion of a 20-
amino acid repeat in the mouse sequence which 1s absent in the rat and human sequences
(Friesema et al., 2003). Two different protein 1soforms of 539 and 613 amuno acids in humans
are franslated due to two different translational imitiation sites. The shorter MCTS protein (~60
kDa) functions as a TH tfransporter m human and rodents. The longer one (~70 kDa) 1s
exclusively expressed in primates and its role 1s not yet understood (Jansen et al, 2005;
Friesema et al | 2006). A first functional charactenization of rat Mct8 (rMct8) in Xenopus laevis
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oocytes revealed that the uptake of 10dothyronines T4, T3, T3 and T2 was strongly stimulated
i the presence of Mct8 (Friesema et al_, 2003). Consecutively, TH transport by Mct8 was also
shown for zebrafish and chicken (Zada et al , 2014; de Vrieze et al_, 2014; van Herck et al |
2015; Delbaere et al , 2017).

1.2.1.1 Monocarboxylate transporter &

MCTS8 expression has been detected in different species and numerous tissues. In rodents, Mct8
has been found m hiver, kidney, thyroid gland, placenta and skeletal muscle (Friesema et al |
2003; Becker et al , 2010; Trajkovic et al, 2007; Trajkovic-Arsic et al | 2010; Miiller et al.,
2014; Vasilopoulou et al , 2013; Mayerl et al, 2018). Immunhistochemical studies and in situ
hybridization experiments in the mouse bramn, showed pronounced Mct8 in different neuronal
populations of the cerebral and cerebellar cortex, hippocampus, striatum and hypothalamus,
with higher expression during early postnatal stages. Further, Mct8 mRNA was detected in OL
and astrocytes (Braun et al., 2011; Lee et al, 2017). Mct8 was also strongly expressed in
capillary endothehal cells, choroid plexus structures as well as m tanycytes, which are
spezialized ependymal cells limng the third ventricle (Wirth et al | 2009; Heuer et al., 2005;
Ceballos et al , 2009; Roberts et al , 2008). This 15 in line with functional studies suggesting
that Mct8 1s important for the T3 transport across the BBB and BCSFB (Fig.1.7) (Trajkovic et
al_, 2007; Ceballos et al_, 2009).

In humans, MCT8 mRNA levels are highest m liver and adrenal gland and shghtly lower in a
variety of other tissues including brain, kidney, placenta and thyroid (Roberts et al., 2008;
Nishimura and Naito, 2008; Price et al | 1998, Friesema et al , 2012). Expression of MCT8 was
also detected mn neurons and astrocytes as well as in tanycytes (Alkemade et al , 2005; Kallo et
al, 2012). Further, detailed analysis of MCT8 expression in human brain tissues from
gestational week (GW) 14 to GW38 showed in all stages strong immunoreactivity within
vascular structures in all bramn regions. Moreover, MCT8 was present i the choroid plexus
epithehial cells and fenestrated capillaries throughout development as well as in the adult CNS,
whereas neuronal MCTS8 expression appeared to be weak in the adult brain (Lopez-Espindola
et al . 2019; Robberts et al_, 2008; Wirth et al . 2009).

The physiological importance of MCTS as a TH transporter was recogmzed when mutations in
the respective gene were identified in patients as the molecular cause for a severe X-linked
mtellectual disability (Friesema et al , 2004; Dunutrescu et al., 2004). The clinical phenotype
of the affected males was remumiscent to the Allan-Herndon-Dudley Syndrome (AHDS),
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origmally described in 1944 by Allan, Herndon and Dudley (Allan et al | 1944). To date, at least
320 affected individuals m 132 families have been reported (OrphaNet, Allan-Herndon-Dudley
Syndrome, OMIM 300523). Thereby, over 100 mutations of the MCT8 gene, including
truncations, deletions, missense and nonsense mutations have been related to the AHDS
(Groeneweg et al, 2017, Braun and Schweizer, 2018). This severe form of psychomotor
retardation affects children from an early age (Schwartz et al_, 2005; Schwartz and Stevenson,
2007). They suffer from a combination of neurological symptoms that mclude profound
proximal hypotoma with poor head control, dystonic movement and spastic paraplegia as well
as the lack of speech and poor motor communication skills with the disability to sit or stand
mdependently (Schwartz et al | 2005; Visser et al., 2009; Novara et al , 2017). All affected
males display intelligence quotient values mostly below 40 and despite a normal head
circumference at birth, some patients present microcephaly with advancing age (Schwartz et
al , 2005; Visser et al , 2011). Moreover, delayed myelination has been described by magnetic
resonance imaging (MRI) in almost all affected children below five years of age and has been
considered as a sign of central hypothyroidism (Tonduti et al, 2013; Syens et al, 2008).
Further, studies have revealed delayed cortical and cerebellar development, impaired axonal
maturation as well as loss of PV expression (Espindola et al | 2014).

In addition to the severe global developmental delay, all patients with MCT8 mutations exhibit
abnormal serum TH parameters, m particular ighly elevated serum T3 levels and decreased
T4, free T4 and rT3 concentrations (Dumitrescu et al_ | 2004; Schwartz et al_, 2005; Friesema et
al , 2004). Despite the highly elevated serum T3 levels, serum TSH 1s shghtly increased rather
than suppressed, suggesting that the pituitary does not sense the high serum T3 levels (Friesema
et al _ 2006).

Different hallmarks of a peripheral thyrotoxic state have been described, such as reduced body
weight and length, low body fat content and tachycardia (Zung et al | 2011; Friesema et al |
2004; Groeneweg et al | 2019). Further, clinical studies disclosed an increased level of sex-
hormone-binding globulin (SHBG), indicating a hyperthyroid situation in the liver, as this
protein 1s strongly stmulated by T3 (Pugeat et al | 1996; Friesema et al., 2006). Moreover,
muscle wasting 1s frequently observed in AHDS patients that nught also reflect peripheral
hyperthyroidism of skeletal muscle. In this regard, Herzovich et al. observed high levels of both
lactic acid and ammonium in affected patients and postulated 1ts mdication for muscle wasting
and body weight loss (Herzovich et al | 2007).
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So far, the underlying mechamsms leading to this combmation of abnormal TH levels and
severe neurological deficits are not fully understood and information about the cellular damage
in the brain 1is still limited.

1.2.1.2 Monocarboxylate transporter 10

The monocarboxylate transporter 10 (MCT10), also known as T-type anuno acid transporter
(TAT1), 1s encoded by SLC16A10 gene. With an anuno acid sequence identity of up to 49%,
it represents a close relative to MCT8. Studies with mammalian cells transfected with cDNA
coding for human (h) MCT10 showed its ability to facilitate the transport of TH with a
preference for T3, but in confrast to hMCT8 accepts additionally aromatic ammo acids such as
phenylalanine, tyrosine and tryptophan (Friesema et al , 2008, Friesema et al., 2006). Under
identical conditions, hMCT10 1s slightly more efficient than hMCTS8 at transporting T3
(Friesema et al_, 2008).

Expression studies in mice revealed the localization of Mctl0 protemn at the basolateral
membrane of small intestine epithelial cells, of renal tubule cells and in hepatocytes (Ramadan
et al, 2006; Ramadan et al , 2007). In the developing mouse brain only weak mRNA signal
mtensities for Mctl0 were observed, while in the adult mouse brain Mct10 was enriched in
white matter and dentate gyrus of the hippocampus (Miiller and Heuer, 2014). In the human
fetal bramn, weak expression of MCT10 was detected at 10 weeks gestation, whereas analysis
of the adult brain exhibited strong expression i the hypothalamus (Chan et al | 2011; Alkemade
et al, 2011). So far, no patients with MCT10 mutations have been reported. Mct10 deficient
mice showed increased aromatic amino acids concenfration in kidney and plasma but no

alterations in TH homeostasis (Mariotta et al | 2012).

1.2.2 Organic anion transporting polypeptides

Another well-characterized transport system 1s the sodium-independent organic anion-
transporting polypeptide (OATP) famuly that 1s classified within the solute carrer fanuly
SLCO. OATP are polyspecific for amphipathic organic compounds such as steroid hormones,
bile salts, xenobiotics and amonic oligopeptides. Further, they are energy-independent and act
mn a bidirectional manner (Visser et al., 2011). Up to date, more than 40 different OATP have
been found 1n humans, rats and mice but just one member of the OATP fanuly, the OATP1C1
(SLCO1C1) has been characterized as a TH transporter in vivo, so far. This transporter, who's
genetic information 1s encoded on chromosome 6 in mice or chromosome 12 mn humans,

consisting 15 exons, has a molecular protein mass of ~75 kDa and shows highest specificity
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and affimty for 1odothyronines T4 and rT3 (Pizzagalli et al., 2002). In humans, OATP1C1 1s
expressed m the Leydig cells of testes and the cihiary body of the eye (Pizzagalli et al | 2002;
Gao et al., 2005). Its mRNA 1s widely abundant in human brain with lighest expression in the
cerebral cortex, amygdala and hippocampus, but not in the cerebellum (Pizzagalli et al |, 2002).
In particular, OATPIC1 protein 1s present m epithehal cells of the choroid plexus and 1n
tanycytes. Only weak expression 1s found i the capillary vessels of the BBB, although
OATPIC1 mmmunoreactivity was detected in astrocytes surrounding these vessels (Lopez-
Espindola et al, 2019). In rodents, Oatplcl 1s mainly expressed in bramn and in some other
tissues, such as placenta and the eye (Gao et al , 2005; Akanuma et al., 2013). In the adult rodent
bramn, Oatplcl 1s localized in subpopulations of astrocytes and tanycytes as well as in epithelial
cells in the choroid plexus, where it 15 co-expressed with Mct8 (Tohyama et al , 2004; Heuer et
al , 2005; Heuer and Visser, 2009). Contranly to the human situation, Oatplel is also present
at the membrane in vascular endothelial cells of the BBB in the rodent CNS (Mayerl etal. 2012;
Sugiyama et al , 2003; Roberts et al., 2008). Therefore, 1t has been suggested to be important
for the passage of T4 from the circulatmg blood system to the bram (Fig. 1.7). Moreover,
Oatplel 1s expressed in astrocytic subpopulations, predomunantly in distinet brain areas, such
as the hippocampus (Gao et al_, 2005).

The relevance of OATPI1C]1 for physiology 1s not fully understood. Genetic vanations in the
human OATPIC1 gene were not associated with changes in the serum TH profiles (van der
Deure et al., 2008a). However, polymorphisms in OATP1C]1 were associated with subtle
changes in clinical endpoints, such as depression and fatigue in T4-substituted hypothyroid
patients (van der Deure et al |, 2008b). Additionally, one patient with a homozygous mutation
m OATPI1C1 has been recently identified, showing features of brain hypothyroidism combined
with neurodegeneration (Stremme et al | 2018; Groeneweg et al., 2019).

1.2.3 L-type amino acid transporters

The IL-type amuno acid transporters (LAT) comprise a heterogenous fanuly of proteins that
mediate as antiporters the exchange of neutral amino acids, such as leucine, phenylalanine and
tyrosine in a sodium-independent way (Palacin, 1994; Mastroberardino et al |, 1998). The Large
neufral amino acid transporter small subunit 1 (LATI, encoded by SLC7AS5) and the Large
neutral amino acid transporter small subunmit 2 (LAT2, encoded by SLC7AS8) are two members
of this family. They are heterodimeric and consist of a common heavy cham (4F2hc) and a
homologous light chain. The heavy chain 1s a glycolysated protein with a single transmembrane
domain, whereas the hight chain 1s not glycolysated and has 12 transmembrane domains. They
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are linked through a disulfide bond (Palacin, 1994; Verrey et al, 1999). LAT were shown to
accept iodothyronines as substrates. In particular, LAT]1 1s efficient in transporting T3, whereas
LAT? has been shown to be effective in transporting the TH metabolite T2 (Pmnho et al_, 2003;
Bernal et al , 2015; Mastroberardino et al., 1998). Both transporters are widely expressed in the
developing mouse brain, in particular in neurons, astrocytes, oligodendrocyte precursor cells
and microgha and very abundant in endothehal cells of the nucrovasculature (Bernal et al._,
2015; Verrey et al , 1999; Mastroberardino et al, 1998). In the human brain LAT1 was
predonunantly described in the cerebral cortex and the BBB (Nakada et al_, 2014), while LAT2
was mamnly expressed in the cerebral cortex and in the hippocampus (Pmho et al, 2004;
Kobayashi, 2007). Besides the brain, LAT have been 1dentified in many other tissues such as
mtestine, kidney, placenta, testis and ovary in both, humans and rodents (Pinho et al_, 2004).
Alterations m the LAT expression have been associated with different diseases. The
overexpression of LAT1 and LAT2 1s described in human cancer as a prognostic factor of
metastasis as well as a mgh-nisk condition for mnsulin resistance at birth and for developing
type-2 diabetes (Wang and Holst, 2015; Cormerais et al , 2016; Kobayashi et al , 2018).
Contrarily, LAT1 expression 1s reduced in Intra-Uterine Growth Restriction (IUGR) leading to
a high nisk of cardiovascular and metabolic diseases in childhood (Rosario et al |, 2011; Scalise
et al., 2018). Regarding the BBB, decreased expression of LAT1 1s linked to the onset of
Parkinson” s disease as well as to Autism Spectrum Disorder (ASD), highlighting its crucial
role in several human pathologies (Scalise et al , 2018).
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Fig.1.7 TH transport controls TH availability and action in the mouse brain. Several transporters
are necessary to facilitate the uptake of T3 and T4 from blood to brain across the BBB and BCSFB. In
the absence of Mct8, T3 transport 1s compromised, but T4 1s still transported via Qatplcl that 1s also
present in the astrocyte endfeet and in close contact with the endothelial cells. T4 in the astrocytes acts
as a substrate for D2, which provides the brain with enough T3 to compensate for the lack of T3
transport. Metabolism of T3 takes place in neurons where T3 is deactivated into T2 by D3. Efflux of T3
from astrocytes and influx into neurons and oligodendrocytes 1s mediated by other TH transporters such
as LAT. Mctl10 or members of the Oatp family.

1.2.4 Generation of Mct8/Oatplcl dko mice

To study the pathological mechamsms of AHDS in patients with MCT8 mutations, global Mct8
ko mice have been created as an experimental model of the disease. Characterization of these
mice revealed that Mct8 ko muce faithfully replicate the peripheral phenotype of patients with
MCT8 deficiency and shed light on several pathogenic mechanisms. In particular, it was shown
that Mct8 ko amimals have markedly decreased T4 and 1T3 levels and highly elevated serum
T3 concentrations leading to a thyrotoxic situation in many peripheral tissues, such as liver,
kidney, skeletal muscle and bone (Dunutrescu et al., 2006; Trajkovic et al , 2007; Mayerl et al |
2018; Leitch et al., 2017). These data demonstrate that T3 can enter different target cells
mdependent of Mct8. Further, the thyroid gland itself shows enlarged follicles and increased
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thyroglobulin- bound and free TH 1n the absence of Mct8 (Trajkovic et al. 2010; D1 Cosmo et
al_, 2010; Wirth et al | 2011). TSH stimulation tests in Mct8 ko mice demonstrated a reduced
thyroidal secretion of T4, indicating that Mct8 acts as a T4 efflux system mn the murine thyroid
gland whereas T3 1s pnimarly released by another transport system (Trajkovic et al, 2010; D1
Cosmo et al, 2010; Miiller et al., 2014). In confrast to peripheral tissues, the uptake of
radiolabeled T3 into the murine brain was strongly dimimished in Mct8 ko mice (Trajkovic et
al , 2007). Regarding the localization of Mct8 m the choroid plexus and brain endothehial cells
these data suggest a dommant role for Mct8 in the transport of T3 across the BBB (Wirth et al |
2009; Dumitrescu et al, 2006; Trajkovic et al | 2007). The uptake of labeled T4 was only
slightly affected, due to a compensatory increase i D2 activity together with a decrease in D3
activity mn the CNS of the mutant mice (Trajkovic et al_, 2007). The central TH content in Mct8
ko mice 1s reduced to 60% of control amimals and the expression of directly TH-regulated genes
15 only mildly affected upon Mct8 deficiency. Overall, these amimal studies revealed that Mct8
15 not the only TH transport system m mice since Mct8 ko mice appear normal without any
visible growth retardation, altered behavior or neurological deficits. Mct8 ko mice also do not
show abnormalities in PC development or in the differentiation of mhibitory neurons in the
cerebral cortex indicating that these cells are supplied with TH even in the absence of Mct8
(Trajkovic et al., 2007; Heuer et al , 2005; Wirth et al |, 2009).

Obviously, another TH transporter, putatively Oatplcl, can partially compensate for the
absence of Mct8 in the mouse CNS whereas m the human CNS such a compensatory TH
transport system 1s mussing. Intrigpmingly, Oatplc] 1s strongly expressed at the munine BBB and
choroid plexus structures but absent 1n human BBB endothelial cells (Tohyama et al., 2004;
Miiller and Heuer, 2014; Roberts et al, 2008). Indeed, the generation of the Mct8/Oatplcl
double knockout (dko) mice confirmed the physiological significance of both TH transporters
for proper TH homeostasis in the murine brain. In these anmimals, TH uptake mto the CNS was
strongly diminished to around 10% of Wt levels (Mayerl et al , 2014). Accordingly, M/O dko
brains were found in a TH-deficient state, which resulted in clear defects in brain development
and marked neurological abnormalities. Unlike the single mutant ammals, M/O dko mice
exhibit pronounced behavioral alterations including an ataxuc gait and reduced locomotor
performance. In the bramn, they showed a reduced number of PV- expressing cells in the
somatosensory cortex, a delayed cerebellar PC dendrnitogenesis as well as a reduced myelination
(Mayerl et al , 2014). Taken together, the M/O dko mouse 1s the first anmimal model exibiting
a pronounced brain phenotype that in addition fully replicates the thyroidal serum abnormalities
characteristic for patients with AHDS and may, therefore, be considered as a smtable ammal
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model for studying human MCTS8 deficiency and testing therapeutic mterventions (Miiller and
Heuer, 2014).

1.3 Therapeutic options

Since the genetic cause of AHDS has been elucidated, many patients with MCT8 mutations
have been identified worldwide. With this increasing prevalence, the need for therapeutic
options rises, but to date, no curative therapy is available for MCT8 deficiency. Possible
treatment options for patients suffering from this disease are rather imited and the development
of an appropriate treatment strategy 1s challenging, because patients present cerebral
hypothyroidism together with peripheral hyperthyroidism (Kersseboom et al_, 2014; Visser et
al , 2011). Therefore, therapeutic strategies should improve the neurological defects derived
from TH deficiency in the brain and alleviate the peripheral thyrotoxicosis (Barez-Lopez et al ,
2018).

Many AHDS patients have been treated with levothyroxine (LT4), due to their low serum T4
and high normal to shightly elevated TSH levels that were interpreted as nuld hypothyroidism.
However, LT4 adnimstration did not result in any clinical improvement and even leaded to a
further increase in serum T3 levels aggravating the thyrotoxic state of peripheral tissues in these
patients (Zung et al , 2011; Kersseboom et al , 2011; Biebermann et al |, 2005).

In contrast, the combination of propylthiouracil (PTU) together with LT4 replacement resulted
m a normahzation of TH serum levels. Thereby PTU was chosen to block endogenous TH
production and mhibit D1 activity, wiile LT4 was given to increase TH levels. This therapy
leads to an improvement in the peripheral symptoms of thyrotoxicosis, such as an increased
heart rate and body weight loss. Unfortunately, neurological improvements were not observed
due to the impaired TH uptake mto the CNS and long-term administration of PTU harbours a
nisk of severe side-effects, such as agranulocytosis and hver failure (Wémeau et al | 2008;
Visser et al_, 2013).

The absence of beneficial effects of LT4 treatment on the neurocogmtive features prompted
studies to alternative therapeutic approaches. The current efforts to develop treatment strategies
are focusing on overcomung the limitations at the BBB, since it represents a main restriction for
TH entry into the target neural cells and 1s a umque challenge for CNS drug development as 1t
can sigmficantly restrict therapeutic exposure from systemic circulation. Therefore, another
possibility to counteract the neurological damage 1s the treatment of patients with bioactive TH
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analogs that mimic the action of TH but do not rely on MCTS for their distribution to the CNS
(Groeneweg et al , 2017a,b; Barez-Lopez et al., 2018; Memg et al , 2019).

1.3.1 Ditpa
TH are known to have a cholesterol-lowering effect in hypothyroid individuals, but their
pharmacological use for thus purpose 1s limited due to their actions on other organs, mcluding
heart, bone and bram where they can induce side effects of excessive TH action (Tancevsk et
al , 2009). In the 1960s large numbers of TH analogs, mcluding the 3 5-duodothyroprionic acid
(D1tpa), were synthesized for using their cholesterol-lowering property in euthyroid individuals
without affecting the heart (Blank et al , 1963). In addition, Ditpa has been shown to increase
cardiac performance and to improve left ventricular function in post infarction expenimental
models of heart failure before 1t has been the first TH analog studied in the context of MCTS8
deficiency (Pennock et al , 1993; D1 Cosmo et al_, 2009).

Ditpa 15 a compound with low metabolic activity and binds with approximately equal affimties
to all TR 1soforms but with a 300-fold lower affimity than T3 (Pennock et al , 1992; Barker et
al , 1951). Admumstration of Difpa to Mct8-deficient and control mice resulted in a similar
tissue availability of Ditpa in liver and brain where 1t showed promusing effects on normalizing
expression levels of TH-regulated genes. These data suggested that Ditpa enters these tissues
mdependent on Mct8 and represents a smitable T3 substitute in the absence of Mct8 (D1 Cosmo
etal , 2009; Tonduti et al , 2013). Furthermore, Ferrara and colleagues demonstrated that Ditpa
at a dose of 3 pg/g bw can cross the placenta of hypothyroid pregnant mice and exert
thyromimetic effects in the fetal cerebral cortex as mdicated by gene expression analysis of TH-
responsive genes (Ferrara et al , 2014). Application of Ditpa for 26-40 months to four children
(8.5-25 months old) with MCTS8 deficiency resulted in a normalization of serum T3 and TSH
and mcreased the serum T4 and rT3 to low normal or shightly below normal levels without
causing any adverse effects (Verge et al., 2012). Moreover, Ditpa freatment changed several
parameters of TH actions, as 1t caused a decline in serum SHBG concentrations, reduced the
heart rate sttimulated weight gain (Verge et al, 2012). Despite these beneficial effects, no
improvement of mental and motor function was achieved (Groeneweg et al , 2017a; Goldman
etal , 2009; Verge et al , 2012).
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1.3.2 Triac

Another pronusing T3 analog for the treatment of AHDS patients 1s truodothyroacetic acid
(Triac, TA3) (Groeneweg et al., 2017c). It represents a naturally occuring T3 metabolite and
has been proven to be transported independent of Mct8 (Kersseboom et al., 2014). Triac binds
in vitro to TR with a similar affimty as T3 to TRal and a 10-fold higher affinity than T3 to
TRP1 and TRP2 (Messier and Langlois, 2000). Further, T3 and Trac seem to have similar
metabolic pathways since they are both effectively metabolized by D3 (Kersseboom et al |
2014). However, little 1s known about 1its physiological role as well as factors that influence its
serum and tissue distribution (Kersseboom et al_ | 2014).

Administration of Triac was already successfully used to suppress TSH in patients with TH
cancer and for treating TH resistance due to TH receptor-p mutations (Miiller-Gértner et al.,
1988: Radetti et al. 1997; Anzai et al__ 2012).

Moreover, data from preclimical studies suggest that Triac restores abnormal neuronal
development, mn particular stimulating the dendntic arborization of cerebellar PC and
normalizes hypomyelination in Mct8-deficient ammal models if given m early postnatal life
(Hom et al , 2013; Kersseboom et al_, 2014).

Further, 1t ameliorates the development of cerebellum in the Pax8 ko mice that are born without
a functional thyroid gland and therefore represent an amimal model for congenital
hypothyroidism (Mansoun: et al, 1998; Horn et al, 2013). A major disadvantage for the
therapeutic application of Tniac 1s its short half-life in the circulation. In humans, Triac has a
half-life of only approximately 6 to 8 hours compared to T3 with half-life of 23 hours (Menegay
etal , 1989). In rats the half-life of Triac at 5.5 hours 1s even shorter (Liang et al., 1997).
Recently, Groeneweg and his colleagues started the first chinical trial based on these promising
prechinical studies (Groeneweg et al , 2019). Thereby, they mnvestigated the effectiveness and
safety of oral Triac for peripheral thyrotoxicosis in 45 male pediatric and adult patients with
MCT8 deficiency. Tniac was admmmistered with an mitial dose of once-daily 350 pg and was
then increased progressively in 350 pg increments to attam serum total T3 concentrations within
the target range of 1 4-2.5 nmol/L. Patients were evaluated for study outcomes at baseline and
12 months after starting Triac treatment. Therefore, they were screened for climical and
biochemical signs of hyperthyroidism, recorded adverse events and adherence to therapy. It was
shown that Triac treatment decreased the mghly elevated serum T3, T4 and TSH concentrations
at month 12, with beneficial effects on the thyrotoxic state of peripheral tissues. As a
consequence, body weight increased, heart rate and systolic blood pressure decreased and
hypertension were resolved in most of the patients recerving Tniac treatment. In addition, serum
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markers for tissue TH state, including SHBG concentration improved. Furthermore, explorative
analysis showed an improvement in motor function in patients who started the Tnac treatment
before 4 years of age. The ability of Trniac to improve the neurological impairments in very
young infants 1s currently under investigation and will be the topic of a second Triac trial that
15 currently i preparation (ClinicalTrials gov Identifier: NCT02060474) (Groeneweg et al._,
2019).

1.3.3 Sobetirome

In order to further improve drug delivery and optimize thyronumetic action in the brain, also
other TH analogs have been studied, including sobetirome. Sobetirome (also known as GC-1)
15 a synthetic denivative of TH and a potent T3 mumic. Its synthesis was reported 1998 by
Chiellim and collegues (Chiellim et al | 1998). The principal structural changes presented by
sobetirome, with respect to T3 were the three 10dine residues that were replaced by the methyl
and 1sopropyl groups, a methylene linkage replaced by the biaryl-ether linkage between the two
phenol groups and the amino acid side chain at position 1 that was exchanged to an oxyacetic
group (Fig.1.8) (Chiellin1 et al | 1998; Scanlan, 2010).

T N o
O

Sobetirome T3

(GC-1; Sob1)

Fig.1.8 Chemical structures of sobetirome (GC-1; Sobl) and T3.

Like Trniac, sobetirome binds in vifro to TR with a 10-fold subtype selectivity for TRp over
TRa. It has been suggested that the TRP selectivity relates to the presence of the oxo-acetate at
position 1. This oxo-acetate group forms enhanced polar mteractions with conserved arginine
residues in a hydrophilic part of the TRP pocket (Baxter et al, 2001; Baxter et al , 2009;
Bleicher et al_, 2008).

Origmally, sobetirome has been tested extensively i preclinical ammmal models, including
rodents and primates and reached Phase Ib in human clinical tnals for the treatment of lugh
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lipid levels (Trost et al_, 2000; Grover et al_, 2004). In one of the first investigations, sobetirome
was administered to hypothyroid mice and hypercholesterenuc rats to compare 1ts effects on
cardiovascular action and lipid levels with that of equumolar doses of T3 (Trost et al., 2000).
This study showed encouraging results, as serum cholesterol- and triglycenide concentrations
were effectively reduced with sobetirome without any harmful effects on the heart rate or signs
of thyrotoxicity. The potential mechamsm underlying these responses was explamed to be
linked to differences in TRP 1soform distribution in specific organs (Trost et al_, 2000). Previous
data have shown that TRP receptors are the predominant 1soform in the liver, accounting for
80% of T3 receptor binding (Schwartz et al, 1992). Therefore, sobetirome as a TRB-specific
TH analog accumulates preferentially in the liver instead of in the heart, which allows its
contribution to this marked lipid lowenng effect without any effect on heart rate (Trost et al.,
2000).

Further, 1t reduced levels of lipoprotein a, which 1s linked to atherogenesis, in primates (Grover
et al, 2004). Studies of Lin and colleagues additionally, pointed to an independent lipid-
lowering effect of sobetirome on the mechanism of the hepatic low-density lipoprotein receptor
(LDLR) (Lin et al , 2012). This effect was attributed in reverse cholesterol transport mediated
by increased expression of the ligh-density lipopreotemn (HDL) receptor and present an
evidence that this process 1s related to an increased conversion of cholesterol to bile acids and
a subsequent increase in bile acid secretion, suggesting sobetirome as a pronusing cholesterol-
lowering therapeutic approach for familhial hypercholesterolemuia (Lin et al |, 2012).

Sobetirome has also been used as a possible treatment approach for nonalcoholic fatty liver
disease (NAFLD) by preventing the development of hepatic steatosis and promoting a rapid
regression of preexisting fat accumulation (Perra et al., 2008). Although the amelioration of
fatty liver by this TH analog was evident in mice and although the treatment prevented hepatic
steatosis in high-fat diet-fed rats, it caused hyperglycenua and msulin resistance, suggesting
caution before implicating its beneficial effects in NAFDL (Martagon et al | 2015; Vatner et
al . 2013).

Another study of constant and controlled adnunistration of sobetirome was shown to reverse
very high-fat diet-induced fat accumulation in the liver, induce weight loss, reduce fat mass and
normalize glycemma as well (Filgueira et al | 2016; Columbano et al, 2017).

Based on 1its structure it has been proposed that sobetirome can cross the BBB by passive
diffusion and distribute to the CNS at levels that are sufficient to upregulate T3 target genes
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(Placzek et al , 2016). At least, a transport system that facilitates sobetirome passage across cell
membranes has not been 1dentified so far.

In the CNS, application of sobetirome has been considered for the treatment of X-linked
adrenoleukodystrophy (X-ALD), a lipid storage disease of the bram and the adrenal gland. It
has been shown that sobetirome treatment rapidly induces transcription of the membrane lipid
transporter ABCD that in turn results in a reduced accummlation of very long cham fatty acids
(VLCFA) 1 both periphery and CNS (Gemn et al , 2009; Hartley et al, 2017). Furthermore,
sobetirome has been shown to promote human and rodent oligodendrogenesis in vifro and to
stimulate oligodendrogenesis during development in rodents, thereby increasing the production
of myelin proteins in vivo. These beneficial effects support sobetirome as useful candidate for
treating demyelinating disorders, such as multiple sclerosis (MS) (Baxi et al , 2014; Devereaux
et al_ 2018).
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Fig.1.9 Chemical structures of the synthetic thyromimetics Sobl — Sob5 (Chiellim1 et al, 1998;
Placzek and Scanlan, 2015; Meimig et al.. 2017; Ferrara et al., 2017; Devereaux et al_, 2016).

1.3.4 Sobetirome modifications

Although sobetirome 1s a very pronusing drug candidate for CNS indications, its potency 1s
lower than that of T3. A more potent analog would evoke the same effects at a lower dose or
greater stimulation of the target at same dose (Devereaux et al_, 2016).

Modification of the sobetirome structure (Fig.1.9) by replacing the 3, 5-dimethyl groups with a
bromine (Sob4 and Sob5) potentially exploits halogen bonding interactions with the TR ligand-
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binding domain and mereases significantly efficacy in binding affimity and selectivity in vitro
and in vive (Devereaux et al_, 2016).

Most thyromimetics, including sobetirome, contain an inner ring, negatively charged
carboxylate groups, which are crucial for hugh affimity binding to the TH receptor. A known
liabihity for CNS drug distribution 1s their inherent lipophobic character and electrostatic
repulsion at negatively charged tight junctions of BBB endothelial cells. While sobetirome does
distribute to the CNS, more recently prodrugs of sobetirome have been developed that mask the
carboxylate acid. Therefore, sobetirome prodrugs provide greater access to the CNS and linut
peripheral exposure of the parent drug (Ferrara et al_, 2017).

Ester and amide prodrugs of carboxylic acid contaming drugs have been shown to increase CNS
drug distributions following enzymatic hydrolysis in the CNS. Esters have generally an 1deal
hydrolysis rate that provides maximal CNS drug distnbution (Rautio et al, 2008). After
crossing the BBB, the prodrug esterases can cleave the prodrug ester liberating the active drug
sobetirome m the CNS (Fig.1.10) (Placzek et al , 2016).

Amide prodrugs of sobetirome such as Sob2, leads to increased sobetirome concentrations
across all brain regions, approximately 9-fold higher than the parent drug with decreased
peripheral sobetirome exposure (Barez-Lopez et al , 2018). Until now, the uptake of sobetirome
and 1ts modified compounds mto the CNS has not been elucidated yet.

28



Introduction

=
Active
S )j@/f\“
Sobetirome \/L
= = O-R
Prodru ® ] HO oY
g Passive . Prodrug o
Hydrolase
[
e FAAH
= (FAAH)
OR
S5p 0!
Sobetirome
& HO D/\KrrfGH
["BBB] Sobetirome 0
Blood Brain

Fig.1.10 Prodrug strategy and cleavage for enhanced brain uptake of sobetirome. Sobetirome
prodrugs cross the BBB and are cleaved by the non-specific FAAH, liberating the active drug sobetirome
in the CNS (adapted from Placzek et al., 2016).

Recent studies of CNS distribution of sobetiramides have shown that Sob2 1s hydrolyzed by
Fatty Acid Anid Hydrolase (FAAH) (Memmg et al , 2019). FAAH 1s a membrane-bound serine
hydrolase which generally catalyzes the hydrolysis of various fatty acid anuds, including the
endocannabinoid ananadamide (AEA), the hypnotic oleamide (OEA), the anti-inflammatory N-
palmitoylethanolamine (PEA), and N-arachidonoyltaurine (Egertova et al, 2003; Boger et al |
2000). Its immunoreactivity could be detected throughout the bramn, with the most mntense
expression in large, principal cells such as the pyranudal cells in the neocortex and the PC in
the cerebellum (Tsou et al., 1998). It was shown that peripheral dosing of Sob2 generates large
concentrations of sobetirome selectively in the brain compared to peripheral organs, with a
considerable 60-fold increase to the brain/serum ratio compared to a peripheral dose of the
parent drug sobetirome (Meinig et al |, 2019). For these reasons sobetirome prodrugs are worth
examuining as therapeutic agents for CNS disorders, including AHDS that could benefit from
TH action (Meimg et al | 2017).
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1.4 Aim of the study

TH are essential for the proper development of multiple organs, notably the brain. To fulfill
their function m the target cells TH have to cross a variety of membranes. Thereby, specialized
transport protemns facilitate the uptake of TH mto cells (Visser et al_, 2008). Thewr importance
gets especially clear in patients with inactivating mutations in the MCT8 gene that leads to a
severe chinical phenotype of AHDS most likely due to massive reduction in CNS TH supply
and a consequently disturbed differentiation and maturation of neural cells (Schwartz et al._,
2005).

However, currently, there 1s no effective treatment available for AHDS, therefore there 1s an
urgent need for the development of novel drugs (Shaji, 2018). A possible therapeutic approach
for patients 1s the use of TH analogs that enter the brain independently of MCT8 and activate
TH receptors mn CNS target cells. Two TH analogs, Triac and Ditpa have already been tested in
mouse models as well as in patients and both were successful in normalizing the peripheral
thyrotoxic state. However, preliminary data indicate that both drugs have very little beneficial
effects regarding the neurological symptoms of the patients (Verge et al., 2012; Homn et al.,
2013; Groeneweg et al | 2017c). Thus, additional TH-like compounds should be considered that
1deally exert strong thyronumetic effects in the CNS without causing peripheral side effect.
The aim of this study was to assess the capacity of novel Sob analogs mn stimmlating TH-
dependent neuronal differentiation in companson to T3. As as cellular primary system,
cerebellar cultures of neonatal nuce were used as cerebellar PC outgrowth as well the number
of PV+ neurons are highly dependent on proper TH supply. Given that these Sob compounds
exert even stronger TH-like effects in neurons they should be tested in vivo by taking advantage
of Mct8/Oatplcl ko muce. To this end, these studies should unravel whether and to wiuch
extend novel TH analogs can be considered as a better treatment option than Difpa and Tniac
for AHDS patients.
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2 Materials and Methods

2.1 Animal breeding

In the present study, wild-type (Wt) C57/BL6 muce as well as mice with a combined germline
deletion 1n the TH transporters Mct8 (Mct8 ko, MGI: 3710233) and Oatplcl (Oatplcl ko, MGI:
5308451) were used. Mct8 ko mice were originally obtained from Deltagen (San Mateo, CA)
(Trajkovic et al , 2007). Conditional Oatplel fl/+ mice on C57BL/6 background were generated
at TaconicArtenus (Cologne, Germany). In order to inactivate the Qatplel gene ubiquitously,
Oatplcl fI/fl mice were crossed with C57BL/6 mice carrying Cre recombinase under the pCX
promoter as described elsewhere (Mayerl et al., 2012). In addition, heterozygous Mct8 mutant
female mice were mated with heterozygous Oatplcl ko/fl mice to generate Mct8 ko/Oatplcl
ko (Mct8/Oatplcl dko, or M/O dko) offspring, as well as their respective control male mice
exhibiting the genotype Mct8 +/y/Oatplcl fI/fl (Mayerl et al_, 2014).

Primary cell culture experiments were performed with newborn Wt amimals. All ammals were
provided with standard laboratory chow and tap water ad libifum and were kept in IVC cages
under pathogen-free conditions in accordance with local regulations (LANUV NEW, Germany,
AZ: 84-02.04.2015 A331) at constant temperature (22 °C) and alternating light cycle (12 h
light, 12 h dark).

2.2 Genotyping

Ear biopsy or tail clip was digested for 30 nun in 75 pl alkaline lysis reagent (25 mM NaOH,
02 mM disodium EDTA, pH 12) at 95 °C. Samples were then cooled to 4 °C, and 75 pl
neufralization reagent (40 mM Tnis-HCL, pH 5) were added. Undigested tissue debris were
pelleted by centrifugation for 5 min at 16200 g_

In order to distinpmish between Wt (+) and Mct8 (ko; -) alleles, Mct8ko-A, Mct8ko-B and
Mct8ko-C primers were used. To discriminate between QOatplcl Wt, flox (fl) and ko (del)
alleles, primers Del For, Del Wt and Del Rev were ufilized (Table 2.1). Genomic DNA (2 pl of
approx. 50 ng/ul) as described above was used 1n a 30 pl reaction. The PCR. thermal cycle steps
were as follows: imitialization at 95 °C for 2 mun, 30 cycles of: denaturation at 95 °C for 20 sec,
annealing at 58 °C for 30 sec, elongation at 72 °C for 1 min 30 sec; final elongation at 72 °C
for 2 min. Afterwards, samples were applied to a 2% agarose gel to detect the genotype.
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Table 2.1 Genotyping primers

Gene Accession Primer Sequence (5™-37) Product
size
NM_00197.2 Mct8 TGTGAGTATATTCACTGACCGTTTG | 400 bp (+)
ko-A 650 bp ()
Mct3 Mct8 CAATTCAATGGTCAAAGCAGGACTG
ko-B
Mct8 GGGCCAGCTCATTCCTCCCACTCAT
ko-C
NM_021471.1 | Del For CACTGCCCTGTCCTGTAGGT 700 bp (+)
800 bp (1)
Del Wt CATCGCTTGATGAGTGGTCTTG
Qatplcl 550 bp
Del Rev ACCATGTGGTTGTTGGGAAT (del)

2.3 Chemical compounds

The thyromumetic actions of the following compounds were tested in vifro as well as in vivo:
Sobetirome (GC-1; Sobl; 2-[4-[(4-hydroxy-3-propan-2-yl-phenyl)methyl]-3,5-
dimethylphenoxy]acetic acid) (Chiellim et al., 1998; Placzek and Scanlan, 2015)) was ordered
from Sigma-Aldrich (Order Number: SML1900). Sobetirome 2 (Sob2; Sob-AM?2; 2-(4-(4-
hydroxy-3-1sopropylbenzyl)-3,5-dimethylphenoxy)-N-methylacetamide (Meimmg et al | 2017));
Sobetirome 3 (Sob-3; (S)-1-aminopropan-2-y12-(4-(4-hydroxy-3-1sopropylbenzyl)-3,5-
dimethylphenoxy) acetate (Ferrara et al_, 2017)); Sobetirome 4 (Sob4; 2-(3,5-dibromo-4-((3-
1sopropyl-4-hydroxyphenyl)methyl)phenoxy)acetic acid (Devereaux et al, 2016)); Sobetirome
5 (Sob5; JD-20AM (Banerji unpublished)) were synthesized in the Scanlan Laboratory
(Oregon, USA) as previously described (Meimig et al., 2017; Ferrara et al_, 2017, Devereaux et
al , 2016). Sobetirome stock solutions at a concentration of 10 mg/ml were prepared using
dimethyl sulfoxide (DMSO, Sigma-Aldrich) as solvent and stored at -20 °C. Working solutions

were prepared by diluting the stock-solutions 1 0.9% saline.

For cell cultures, working solutions of the Sob compounds were diluted in serum-free medimm
(see 2.4) to get the needed concentrations of 0.01 nM, 0.1 oM, 1 nM, 10 nM and 100 nM.

For treatment of mice with sobetiromes animals were injected subcutaneously with 2 pl/g body
weight (bw) of the desired drug at final dose of 100 ng/g bw. Control ammals recerved saline
mjections. All mice were injected from postnatal day 1 (P1) to P12 once per day between 2-5
pm and body weight was daily recorded 1n a score sheet. For all studies, at least three animals
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per condition were used. Animals were killed five hours after the last injection by 1soflurane
mbhalation followed by intracardial perfusion with 4% paraformaldehyde (PFA, pH: 7.4).

The FAAH-imhbitors PF-3845 (AdooQ Bioscience; cat. no. A11183) and URB937 (Sigma-
Aldnich; cat. no. 1357160) were diluted in DMSO for a stock solution of 20 mM and were both
further diluted in saline for a concentration of 40 nM. Each mhibitor was added for 14 days
(every third day) of cultivation to untreated, 1 nM T3, 10 nM Sobl, 0.1 nM Sob2 or to 1 nM
Sob4 and 0.1 nM Sob5 treated cells.

2.4 Cell culture experiments

Mixed cerebellar cultures were prepared as published in earher studies (Baptista et al | 1994).
Briefly, cover slip surfaces were pretreated overmight at 4 °C with hiph-molecular weight poly-
D-lysine (500 pg/ml; P1024, Sigma) and washed three times with distilled water before use.
Then, 10 to 15 newborn Wt mice at P0-P1 were killed by decapitation. Cerebella were dissected
m ice-cold calcium-magnesium free PBS (CMF-PBS) and meninges were removed under a
dissecting microscope. Tissues were collected in ice-cold CMF-PBS and were treated with 1%
trypsin in CMF-PBS containing 0.1% DNAse and 0.1% Mg (Worthington, Freehold, NT) for 3
mun at RT before replacing trypsin with DNAse (0.05% i basal medium eagle (BME); Gibco).
Cerebella were triturated with three fire-polished Pasteur pipettes of decreasing pore diameter
and afterwards centrifuged for 4 nun at 410 g. Thereafter, cells were resuspended in 2 ml CMF-
PBS contamning 1-2 drops DNAse solution (0.5 mg/ml stock) and passed through a 40 pM nylon
filter. Subsequently, cells were resuspended in horse serum containing medium and were
counted. Finally, 800.000 cells per well were plated in the precoated 24-well culture dishes on
coverslips. Cells were allowed to attach overmight, before medium was changed on the next day
to complete serum-free medium contamning BME (93%), TH- and fatty acid free BSA (10
mg/ml; A-8806, Sigma), glutamax (10 mM; Gibco), glucose (32 mM), pemcillin/streptomycin
(29 U/ml, Invitrogen) and Sigma-I-1884 supplement (insulin, transferrin, selenite) including
the tested compounds of interest. Every three to four days, medmm was replaced during a
culture period of 14 days. Afterwards, cells were fixed with 4% paraformaldehyde m PBS for
60 min at RT and immunostained as described 1n 2.6. All experiments were performed at least
three times.

In order to visualize PC in pnimary cultures, cells were immunostamed with a rabbit polyclonal
antibody agaimnst calbindin d28K (1:2000) followed by incubation with an Alexa Fluor 555-
labeled goat anti-rabbit secondary antibody. For staming of all GABAergic interneurons a
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mouse monoclonal antibody recognizing PV was used (1:1000) and as secondary Alexa Fluor
488-labeled goat anti-mouse antibody. Calbindin- and PV+ cells were randomly selected (15
cells per well, at least 2 wells per treatment and culture) and photographed.

2.5 Immunofluorescence analysis of murine brain sections

Whole brains were removed, post-fixed in 4% PFA in phosphate-buffered saline (PBS) for 24
h at 4 °C and thereafter washed three times mn 1x PBS (10 nun each). Finally, brains were stored
m PBS contaming 0.4% sodiumazide at 4 °C unfil further processing. Fixed forebrams were
sectioned coronally on a vibratome (Thermo Scientific Microm HM 650 Vibration microtome)
at a thickness of 50 pm_ Cerebella were cut sagitally with the same thickness and all sections
were stored in PBS contaiming 0.4% sodiumazide at 4 °C.

For visualizing the protems of interest i forebram and cerebellum, vibratome sections were
blocked and permeabilized m 1x PBS contaiming 0.2% Triton X-100 and 10% normal goat
serum (NGS, Sigma-Aldnch) for 1 h at RT and then incubated overmight at 4 °C with primary
antibodies (Table 2 2) freshly diluted in PBS contaiming 0.2% Triton X-100 and 1% NGS.

To visualize the GABAergic interneurons, brain sections were incubated with anti-Parvalbumin
antibody to count the positive stained cell number. For the visualization of the myelination,
bramn sections were stained against myelin basic protein (MBP) to measure the integrated
mtensity and to assess the state of the PC dendritic development, cerebellum sections were
mcubated with a monoclonal mouse anti-Calbindin d28k antibody to analyze the thickness of
the molecular layer at the primary fissure between anterior and posterior lobe.

Subsequently, sections were washed three times in 1x PBS before incubated for 1 h at RT with
an Alexa Fluor-labeled secondary antibody (Alexa Fluor 488 or Alexa Fluor 555, Life
Technologies) and Hoechst33258 (MolecularProbes, Leiden, the Netherlands) to label cell
nuclei. Finally, sections were mounted m water-based fluoromount media and photographed
using Zeiss AxioObserver Z1 ApoTome microscope (Zeiss, Germany). In each experimental
group, three to five mice were included for the immunhistochemical analysis.



Matenials and Methods

Table 2.2 Information of primary and secondary antibodies

Name Host/Type Company Catalog | Dilution
of antibody number
anti-Parvalbumin mouse Millipore, Billerica, | MAB1572 | 1:1000
monoclonal USA
anti-Myelin Basic rat Millipore, MAB386 | 1:300
Protein monoclonal o
Billerica, USA
anti-Calbindin d28k rabbat Swant, MArly, CB38 1:500
polyclonal Switzerland
anti-Calretimn rabbat Swant CR7697 | 1:2000
polyclonal
anti-GADG67 mouse Millipore MABS5406 | 1:1000
monoclonal
anti-NeulN mouse Millipore MAB377 | 1:500
monoclonal
anti-mouse, Alexa goat Thermo Fisher, A21425 1:1000
Fluor ®555 conjugate polyclonal Massachusetts, USA
anti-rat, Alexa Fluor goat Thermo Fisher, A21434 1:1000
®555 conjugate polyclonal Massachusetts, USA

2.6 Quantification

All quantifications were conducted with ImageJ. In cerebellar vibratom sections, thickness of
the molecular layer was determined by measuring the PC dendritic dimension on three
consecutive sections from each animal (at least n = 3 per genotype). For determining the number
of PV+ GABAergic mterneurons mn the cerebral cortex, immunopositive cells were counted on
three consecutive sections from each amimal using the multipoint tool of Image] and normalized
to the analyzed cortical area. MBP staining i the corpus callosum (CC) was calculated by
framing the respective area, followed by measuning the integrated density.

To quantify PC dendritic outgrowth in vifro, the total area covered by the soma and the dendritic
tree of around 20 randomly selected cells of each condition were framed and the perimeter
(outline of the cell and dendritic branches) was measured. All values were normalized to the
control (0 nM T3), set as 100%. For determuning the number of PV- expressing neurons, five
pictures for each condition were selected and the number of PV+ cells normalized to the total
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cell number was deternuned. Again, number of cells found 1 cultures with 0 nM T3 was
defined as 100 %.

2.7 Statistical analysis

For the statistical analysis of the results GraphPad Prism 7.04 was used. All values were
presented as mean + SEM. For comparisons between different groups nonparametric One-Way
ANOVA with a following Tukey’s post hoc test were performed and differences were assessed
as significant if the P value reached below 0.05 (* P < 0.05; ¥** P < 0.01; ¥** P <0.001).
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3 Results

3.1 Effects of Thyroid hormone analogs in primary cerebellar culture

TH are essential for normal CNS development. As an example, the development of the
cerebellum that regulates motor function and coordination 1s highly sensitive to TH deprivation
(Oppenheimer and Schwartz, 1997). Especially the differentiation of PC, some of the largest
neurons in the bramn, is strongly retarded in the absence of TH. Thereby, these cells show
abnormal orgamzation of the PC trunk, delayed outgrowth and arborization of the dendritic tree
as well as a reduced spine number. It has been reported, that the presence of 1 nM T3, a
concentration equal to T3 serum levels in adult mice, exert the most pronounced effects on PC
dendritogenesis with fully grown spines and branches (Heuer and Mason, 2003). Further, 1t has
been observed that the differentiation of cerebellar GABAergic interneuron precursors which
migrate from the white matter into the cerebellar cortex to differentiate mnto Golgi, basket and
stellate cells, are also compromised by TH deprivation (Manzano et al., 2007).

In a first approach the TH analogs Sob1 - Sob5 were tested in murine primary cerebellar culture
to analyze thewr TH-like effect. For that purpose, primary cell cultures were prepared from
cerebellar cortex of neonatal Wt mice according to protocols published in Baptista et al | 1994
and Hatten et al , 1998. Cells were cultured on serum-free conditions n the presence or absence
of 1 nM T3 as a control or with sobetiromes at different concentrations (0.01 nM, 0.1 nM, 1
oM, 10 oM or 100 nM). After 14 days in culture, cells were immunostained with an anti-
calbindin antibody to visualize PC and with anti-Parvalbumin antibody to visunalize PV-
expressing GABAergic interneurons as both cell types are strongly dependent on the presence
of T3 (Vincent et al | 1982; Legrand, 1984; Nicholson and Altman, 1972).

To quantify the dimensions of PC outgrowth, PC area covered by the soma and dendntic tree
was traced with Image]. To analyze the number of PV+ cells, randomly selected areas of
cultures were photographed and counted.
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3.1.1 Effects of sobetiromes on Purkinje cell development

In the absence of TH, PC do not develop a fully developed dendnitic tree whereas the strongest
effect on dendritogenesis 1s obtamed in the presence of 1 nM T3 (Heuer and Mason, 2003).
Sinular stimulating effects on arborization were observed in the presence of 10 nM Sobl
(Fig.3.1A, B) and 10 nM of Sob3 (Fig.3.1C, D). Sob4 (Fig.3.1E, F) showed T3-like effects
already at a concentration of 1 nM, while Sob2 (Fig.3.1G, H) and Sob5 (Fig.3.1L J) were
similarly effective at a concentration of 0.1 nM. These results indicate that sobetiromes are
effective substitutes for T3 in vifro since PC respond to a specific dose of sobetiromes with an
mcrease in dendntic length
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Fig.3.1 Effects of sobetiromes 1-5 on cerebellar PC dendritogenesis in vifro. Mixed cerebellar
cultures from neonatal Wt mice were cultured for 14 days in the absence or presence of T3 or Sobl -
Sob5. Development of PC was visualized by calbindin D28k stamning (A, C. E. G. I). PC perimeter was
quantified and normalized to the perimeter of PC treated with 1 nM T3. Treatment of the cultures with
1 oM T3 resulted in pronounced formation of dendrntes as shown by an almost 4-fold increase in PC
penimeter. The same stimulating effect was achieved by adding 10 nM Sobl (B), 10 nM Sob3 (D) 1 oM
Sob4 (F) 0.1 nM Sob2 (H) and 0.1 oM SobS5 (J) to the cultures. ***P < (001 for comparison with 1 oM
T3 treated cells; a (***), b (**) for comparison with untreated cells. Each column and error bar represent
the mean + SEM from three independent experiments. Red bars represent lowest Sob concentration that
shows the best T3-like effect in vitro. Scale bar, 20 pm.

3.1.2 [Effects of sobetiromes on parvalbumin positive cells

Apart from PV-expressing PC, cerebellar cultures contain also PV-expressing GABAergic
mterneurons such as stellate, basket and Golgi cells. Number of PV+ cells was counted in
cultures treated with different concentrations of the sobetiromes (0.01 oM, 0.1 nM, 1 nM, 10
nM and 100 nM). The number of PV+ cells was strongly reduced in the absence of T3 (Fig.3.2).
Application of Sobl (A, B) and Sob3 (C, D) normalized the number of PV+ cells with a
concentration of 10 nM reaching T3-like effects. For Sob4, a normal number of PV+ cells were
obtained at a concentration of 1 nM (E, F), while Sob2 and Sob5 reached T3-like effects with
just 0.1 nM.
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Fig.3.2 Effects of sobetiromes 1-5 on PV+ cells in vifro. Mixed cerebellar cultures from neonatal Wit
mice were cultured for 14 days in the absence or presence of T3 or Sobl — Sob5. PV+ cells were
visualized by immunofluorescence stainings usmg an anti-Parvalbumin antibody. Number of PV+ cells
were quantified and normalized to the number of cells treated with 1 oM T3 only. Treatment of the
cultures with 1 nM T3 resulted in a 6-fold increase m the number of PV+ cell number. The same
stmulating effect was achieved by adding 10 nM Sobl (A, B). 10 oM Sob3 (C, D). 1 oM Sob4 (E. F),
0.1 oM Sob2 (G, H) and 0.1 nM Sob5 (L J) to the cultures. *** P < 001, * P < .05 for comparison with
1 nM T3 treated cells; a (***), b (**) for comparison with untreated cells. Each column and error bar
represent the mean + SEM from three independent experiments. Red bars represent lowest Sob
concentration that shows the best T3-like effect in vitro. Scale bar, 40 pm.

These data show that all sobetiromes are able to simulate PC development and PV+ expressing
cells in vifro, but with different efficacy. Sob2 and Sob5 seem to be the most promusmg
sobetirome compounds in culture.
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3.2 Sob2 and SobS5 as Fatty Acid Amide Hydrolase substrates

It has been shown that sobetirome does distribute to the CNS, but the fraction of the
administered dose that reaches the CNS 1s very low compared to other approved CNS drugs
(Doran et al, 2005). Therefore, strategies to increase CNS distribution of sobetirome while
concomitantly decreasing peripheral exposure were examined by creating new agents with
improved CNS distribution profiles. These efforts have involved the creation of prodrugs of
sobetirome (Sob2 and Sob5) that mask sobetirome in circulation and peripheral tissues, but
liberate sobetirome upon hydrolysis in the CNS. Due to their structural simulanty to
anandamide, one of the endogenous cannabmoid substrates for FAAH 1t has been hypothesized
that FAAH 1s responsible for cleavage of this prodrugs to produce the active sobetiromes
(Memmg et al_, 2017).

In order to venfy this prodrug hypothesis, two FAAH-mhibitors (Inhibitor 1 = PF-3845 and
Inlibitor 2 = URB-973) were tested in primary cerebellar culture (Ahn et al |, 2009; Sasso et al |
2012). Each inhibitor (40 pM) was added for 14 days (every thuird day) of cultivation to
untreated, 1 nM T3, 10 nM Sob1, 0.1 nM Sob2 or to 1 nM Sob4 and 0.1 nM Sob5 treated cells.
PC outgrowth and the number of PV+ cells were visualized and quantified.

3.2.1 Effects of FAAH inhibitors on Purkinje cell development

Addition of mhibitor 1 (Inh.1) or mhubitor 2 (Inh.2) did not change the PC development of
untreated, 1 nM T3 or 10 nM Sob1 treated cells (Fig.3.3A, B) indicating that the application of
these FAAH inhibitors does not interfere with T3-induced PC dendnitogenesis. However, in
cultures treated with the Sob-prodrug Sob2 a significant decrease in the PC outgrowth were
achieved by FAAH inhibition (60% decrease with Inh 1 and 40% decrease with Inh 2).
Sinular effects were observed when Inh 1 or Inh 2 were added to the Sob4-prodrug Sob5 (Fig.
3.3C, D). Here the PC outgrowth was abolished up to 60% with Inh 1 and up to 50% with Inh 2
compared to the control.
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Fig.3.3 Effects of FAAH inhibitors on cerebellar PC dendritogenesis. Mixed cerebellar cells from
neonatal Wt mice were cultured for 14 days under different conditions: 0 oM T3, 1 oM T3, 10 nM Sobl
and 0.1 oM of its prodrug Sob2 (A, B) or 1 nM Sob4 and 0.1 nM of 1ts prodrug Sob5 (C. D). In addition,
cultures were treated with Inh.1 or Inh 2 (40 pM). Development of PC was visualized by calbindin
staming, quantified and normalized to the perimeter of PC treated with 1 nM T3 only. Both, Inh.1 and
Inh.2 abolished the compound-induced PC development just in combination with the prodrugs Sob2 and
Sob5. *** P < (001. Each column and error bar represent the mean + SEM from three independent
experiments. Scale bar, 40 pm.
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3.2.2 Effects of FAAH inhibitors on parvalbumin positive cells

Addition of Inh 1 or Inh 2 did not change the PV+ cell number of untreated cells, 1 nM T3 or
10 nM Sobl treated cells. A significant decrease of 70% could be detected in the PV+ cell
number upon adding Inh 1 and a 50% decrease upon adding Inh 2 to the prodrug Sob2
(Fig.3.4A, B).

Sinular effects were observed when Inh 1 or Inh 2 was added to prodrug Sob5 (Fig.3.4C, D).
Here the number of PV+ cells was abolished up to 70 % (Inh.1) and 60% (Inh.2) compared to
the control without miubitor.
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Fig.3.4 Effects of FAAH inhibitors on PV+ cell number. Mixed cerebellar cultures from neonatal Wt
mice were cultured for 14 days in the presence of 0 oM T3, 1 nM T3, 10 nM Sobl and 0.1 nM of its
prodrug Sob2 (A, B) or 1 oM Sob4 and its prodrug 0.1 nM Sob5 (C, D). In addition, cultures were
treated withe Inh.1 or Inh.2 (40 uM). Number of PV+ cells in the respective cultures were quantified
and normalized to the number of cells treated with 1 oM T3 only. Both, Inh.1 and Inh 2 reduced the
compound-induced cell number just in combination with the prodrugs Sob2 and Sob5. *** P < 001.
Each column and error bar represent the mean + SEM. Scale bar, 40 pm.

These data demonstrate that FAAH inlibitors do not interfere with T3-induced action but
impede the Sob2 and Sob5 prodrug-induced PC outgrowth as well as the number of PV+ cells.
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3.3 Effect of TH analogs in the brain during early postnatal development

Since the in vifro experiments showed positive effects of the sobetirome compounds in
cerebellar PC outgrowth as well as in the number of PV+ neurons, the next part of this study
was to determune their effect in vivo.

Thus, the aim of this part was to analyze the efficacy of Sob1 - Sob5, in ameliorating neuronal
differention m of M/O dko mice. For that purpose, M/O dko mice were genotyped after birth
and treated with one of the sobetiromes between postnatal day P1 and P12 smmlar to previous
studies that were conducted for assessing the thyromumetic action of the TH analog Tnac
(Kersseboom et al_ 2014).

3.3.1 Effects of sobetiromes on cerebellar Purkinje cell development

In rodents cerebellar PC outgrowth takes place within the first three postnatal weeks and 15 also
in vivo nghly dependent on proper TH supply (Legrand, 1984). In order to determine the effect
of the sobetiromes on PC development in vivo, cerebellar sections from P12 amimals were
immunostained with an antibody against the calbindin D28. For quantification, only pictures of
lobule V m the anterior domain of the cerebellum were analyzed and the thickness of the
molecular layer (ML) that represents the dimension of the PC dendritic tree, was measured. As
already demonstrated previously (Mayerl et al , 2014), PC m M/O dko mice displayed a stunted
dendritic arbonization with a 50% reduction in molecular layer thickness compared to the
respective Wt controls (Fig.3.5A). Treatment of M/O dko mice with sobetiromes at a dose of
100 ng/g bw improved the dendritogenesis of PC. No morphological differences between the
sobetirome treated and the Wt mice could be detected (Fig.3.5B). These results indicate a
complete normalization of this parameter.
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Fig.3.5 Effects of sobetiromes treatment on cerebellar Purkinje cell development in vive. Staining
of cerebellar sagittal sections from P12 animals with an anti-calbindin antibody revealed a strongly
decreased outgrowth of the PC dendritic tree 1n the M/O dko mouse, which was rescued by Sobl - Sob5
treatment (A). PC dimension was measured in order to quantify the thickness of the molecular layer
(ML). A 50% reduction in the thickness of ML was observed in untreated M/O dko mice, whereas Sob
treated M/O dko mice showed similar thickness as Wt animals (100 ng/g bw) (B). Compared to Wi:
*#¥**P=(.001; compared to M/O dko: a=***_ n=3. Scale bar, 30 pm.
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3.3.2 Effects of sobetiromes on parvalbumin-expressing cerebellar interneurons
Previous studies on M/O dko muce have revealed a delayed differentiation of GABAergic
mhibitory mterneurons, evidenced by a reduced number of PV+ cells mn the somatosensory
cortex (Mayerl et al, 2014). As the cell culture experiments described in 3.1.2 reveald a
profound mmpact on T3 on cerebellar PV+ cell number, sagittal cerebellar sections from P12
old ammals were immunostamed with an anti-Parvalbumin antibody and number of positive
cells (without including PC) were observed for a qualitative statetment. The PV+ cell number
(white arrows) seemed to be reduced in M/O dko mice compared to the Wt littermates while
the PV+ cell number seemed to be normalized with Sob1, Sob4, Sob2 and Sob5. Sob3 appeared
to just partially restore the PV+ cell number (Fig.3.6). For a quantitative analysis more animals
have to be mcluded.

Fig.3.6 Effects of sobetirome 1-5 treatment on parvalbumin-expressing cells in the cerebellum.
Immunofluorescence staining of cerebellar sagittal sections of P12 animals with an anti-Parvalbumin
antibody revealed a decreased PV+ cell number (white arrows) in M/O dko mouse, which was rescued
by Sobl - Sob5 treatment with a concentration of 100 ng/g bw. n=3. Scale bar, 30 pm.

These data demonstrate that all sobetiromes are able to normahize the PC outgrowth as well as
the number of PV+ interneurons in the cerebellar cortex of M/O dko mice.
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Analysis of PV-expressing interneurons in the cerebral cortex

Apart from a disturbed cerebellar development, M/O dko nuce exhibit pronounced alterations
m the cerebral cortex (Mayerl et al, 2014). In particular PV immunoreactivity in the
somatosensory cortex has been showen do be dinished in M/O dko mice. In order to evaluate
the impact of TH analogs on tlus parameter, coronal forebrain sections from P12 ammals were
immunostained with an anti-Parvalbunun antibody, and positively stained PV cells were
counted in the primary somatosensory cortex (Fig3.7A) and m the retrosplemal cortex
(Fig.3.7C). In untreated M/O dko mice, the PV+ cell population was significantly decreased to
less than 10% compared to control ammals (Fig.3.7B, D). This reduction could be partially
prevented by treating the animals with Sobl and Sob3 (25% - 65%), whereas application of
Sob2, Sob4 and Sob5 resulted in a greater improvement of these numbers (80% - 90%). Similar
effects were detectable in the retrosplemal cortex (Fig.3.7C). While Sobl and Sob3 could only
partially normalize the number of PV+ cells, Sob4, Sob2 and Sob5 normalized this parameter
almost to the level of Wt controls.

A E -| MIO dko

B 160
# a a b
=
® q00 -
a -
E a
El
=
s
o
> 50 -
&
3
E
P
o T f T T
ry W o o o o -
F* & & & & &

20



Results

C
D
150
a b b b
£
E'III— —-|_—
: - T
-
=z
:
+
> 50
&
2 -
€
o T - T T
& o~ Ha'\ "s “?1- ,Ha‘* ‘6‘“
*\“

Fig.3.7 Effects of sobetirome treatment on number of parvalbumin-expressing cells in the primary
somatosensory and in the retrosplenial cortex. Coronal sections derived from P12 old animals were
immunostained with anti-Parvalbumin antibody. Almost no positively stained cells were present in the
primary somatosensory cortex (A) or in the retrosplemial cortex (C) of untreated M/O dko mice.
Application of Sob compounds could restore this parameter to a different extend ranging from weak
(Sobl) to moderate (Sob3) up to an almost full normalization (Sob2, Sob4. Sob5). Compared to Wt:
*P<0.05, **P=0.01, ***P<0.001; compared to M/O dko: a(**)., b(***). n=3. Scale bar for
somatosensory cortex: 200 pm, and for retrosplenial cortex: 100 pm.
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3.3.3 Effects of sobetiromes on calretinin-expressing interneurons

To further evaluate the development of the GABAergic system in the cerebral cortex under Sob
treatment, coronal forebrain wibratome sections denved from P12 male mice were
immunostained with an antibody against calretimn. Calretinin-positive cell bodies were visible
throughout all cortical layers, but especially concentrated in cortical layer IIII (Fig.3 8A). The
number of calretimn-positive interneurons was counted and quantified (Fig 3. 8B). M/O dko
mice showed a significant increase in calretinin-positive cells, while no changes were found
between Sobl-5 treated M/O dko mice and Wt ammals.

1085

Layar-ihlchmans fpm]

Fig 3.8 Effects of sobetiromes treatment on calretinin expression in the somatosensory cortex.
Coronal sections denved from P12 old amimals were stained with anti-calretinin antibody. Calretinin
immunoreactivity was present throughout all cortical layers, with the highest abundance in the cortical
layers II'IIT. M/O dko mice showed an increased number of calretinin-positive cells. No differences
were observed between Sobl - 5 and Wt. *P=<0.05; n=3. Scale bar, 400 pm.
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3.3.4 Effects of sobetiromes on GAD67 immunoreactivity

Glutamate decarboxylase 67 (GADG67) that 15 widely distributed throughout cell bodies, axons
and proximal dendrites of neuronal cells, catalyzes the production of GABA (Kaufman et al.,
1991). Immunohistochemical analysis of GAD67 in the somatosensory cortex of P12 male Wt
mice showed positive signals m all cortical layers with strongest intensities in the distinct
barrels (Fig.3.9A). M/O dko muce exiubited highly dimimished GAD67 imnmmnoreactivity
(~40%). Sob5 showed a relative integrated density of about 65%, Sobl, Sob4 and Sob5 had
about 70% and Sob3 showed the highest signal of all sobetiromes with about 80% (Fig.3.9B).

150 7

w0 a

Rel. ntegrated denally [%]

Fig.3.9 Effects of sobetiromes on GADG7 in the somatosensory cortex. At P12, GADG67 staming was
present throughout all cortical layers with the strongest expression in the distinct barrels. M/O dko mice
showed a significantly reduced GAD67 immunoreactivity. Different sobetirome compounds exhibited
different efficacy in restoring this brain parameter ranging from 65% for Sob5 to 80% for the most
efficient Sob3. Normalized to Wt: ***P<0.001, **P=<0.01, *P< 0.05; normalized to M/O dko: a(**),
b(***), c(*). n=3, Scale bar, 400 pm.
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3.3.5 Effects of sobetiromes on myelination in the cerebral cortex

Another well-established action of TH during CNS development is the stimulation of
myelination (Lee and Petratos, 2016) that in rodents, takes place primanly postnatally. In order
to determuine the effect of sobetiromes on myelination, coronal forebrain vibratome sections of
P12 male mice were immunostamed for Myelin Basic Proten (MBP), a crucial TH-regulated
component of the myehn sheath (Rodriguez-Pefia, 1999). Quantification of
immunofluorescence stainings mn the corpus callosum area (indicated by a red box in Fig.3.10)
revealed a significant decrease i the expression level of MBP i the cerebral cortex of M/O
dko ammals (Fig.3.10A), with an almost 50% reduction m immunofluorescence mtensity
(Fig.3.10B). All sobetiromes were able to stimulate MBP expression with the exception of Sob4
that only partially normalized this parameter.
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Fig.3.10 Effects of sobetiromes treatment on central myelination. Brain coronal sections denived
from animals at the age of P12 were stained with anti-MBP antibody (A). Quantification of relative
immunofluorescence intensities revealed an almost 50% reduction in the M/O dke mouse cortex
compared to Wt. All sobetiromes except Sob4 showed similar MBP intensity values as Wt mace (B).
Compared to Wt: ***P<0.001; compared to M/O dko: a(***). Red box represents the quantified area.
n=3. Scale bar, 300 pm.
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3.3.6 Effects of sobetiromes on cortical layering

M/O dko muce were reported to show an altered cortical layering with layer I and IT being
smaller (Mayerl et al , 2014).

To determine the effect of sobetiromes on the overall neuronal distnbution, vibratome sections
of P12 old male mice were immunostained against the neuronal marker NeulN (neuronal nucle1,
Hexaribonucleotide Bmding Protein-3). The thickness of cortical layers I-II could be
determined due to distinct, layer specific NeuN staimning patterns. M/O dko muce showed a
significant reduction i the relative integrated density (Fig.3.11A, B) and a slight decrease in
the thickness of the outer cortical layers I-IT (Fig.3.11A, C), while the sobetirome freated
ammals showed similar NeuN immunoreactivity and layer thickness as the Wt ammals.
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Fig.3.11 Effects of sobetiromes on cortical layering. Brain coronal sections denived from animals at
the age of P12 were stamned with anti-NeulN (A). Quantification of relative integrated density of the outer
cortical layers I-II showed a significant reduction for M/O (B) while a slight decrease 1n M/O dko mice
were obtained in the analysis of relative thickness of the layers I-1I (C). Normalized to Wt: ***P=0.001;
normalized to M/O dko: a(**), b(*), c(***). n=3; Scale bar, 300 pm.
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4 Discussion

The critical role of TH for proper brain development has been underscored with the
identification of patients carrying inactivating mutations in the TH transporter MCT8, leading
to the Allan-Herndon-Dudley Syndrome (AHDS) (Friesema et al, 2004; Dunutrescu et al |
2004). At present, 320 patients with over 100 different mutations have been associated with this
rare but severe form of psychomotor retardation composed of global developmental delay,
mtellectual disabilities and central hypotoma (Visser et al, 2016; Dunutrescu et al., 2004;
Friesema et al., 2004). Their neurological symptoms together with the histopathophysiological
findings suggest that the CNS of AHDS patients 1s mn a general TH dependent state. Since
circulating serum T3 levels are highly elevated 1t 1s reasonable to assume that the transport of
T3 into the CNS across the BEB/BCSFB 1s dependent on MCT8. Indeed, postmortem data of
MCTB8-deficient patients have revealed anomalies compatible with brain hypothyroidism with
alterations in myelination, neuronal differentiation and synaptogenesis already from prenatal
stages (Lopez-Espindola et al , 2014). The central TH deprivation contrasts with the thyrotoxic
situation in peripheral tissues of MCT8-deficient patients thereby making it challenging to find
a swtable treatment strategy.

4.1 Animal models for studyving MCTS deficiency

In order to unravel the pathophysiological mechamsm of MCT8 deficiency and to carry out
preclinical studies to find a pronusing therapy approach, different animal models were used in
the past years. The components involved in regulating local TH availability are evolutionary
conserved and revealed a ngh homology between zebrafish, chicken, mouse and human.

Mct8 ko muce were the first amimal model developed for studying AHDS (Trajkovic et al |
2007, Dumitrescu et al , 2006). Although these muce showed a thyroid hormone profile similar
to that of the MCT&-deficient patients as well as a strongly reduced T3 uptake into the brain,
they unexpectedly exlubited a rather mild phenotype without any neurological symptoms or
behavioral impairments indicating the presence of compensatory mechamisms in these animals
(Trajkovic et al., 2007; Dumutrescu et al., 2006; Wirth et al, 2009). This phenotypic
discrepancy between Mct8-deficient mice and MCT8-deficient humans indicated the need for
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the development of alternative models, particularly for unraveling the function of Mct8 in the
CNS.

Zebrafish as a simple vertebrate model got mncreasingly popular to study neurological disorders
due to its conserved orgamization of the CNS and thyroid system, including the HPT axis and
the main genes involved in TH signaling (Bandmann and Burton, 2010; Vatine et al , 2013).
Zebrafish mct8 was shown to be mainly expressed in the nervous system duning embryonic and
larval development, bemng strongly present in neurons and OL, and was further found to be
highly expressed in the vascular system (Vatine et al | 2013). Induction of mect8-knockdown 1n
zebrafish by morpholino-modified antisense ohgonucleotides injection that either blocks the
translation or leads to alternative splicing resulted in profound developmental and neurological
disturbances. In particular, reduced brain size, especially of the cerebellum and mid-hindbrain,
a curved body axis due to a deformed spinal cord, pericardial edema and reduced locomotor
activity at 120 hours post fertilhization were described (Campinho et al., 2014; Vatine et al_,
2013). Strikingly, different expression patterns were observed for several T3-responsive genes
mcluding a decreased dio3 and increased diol expression as described by de Vreze et al
(2014), whereas Vatine et al_ (2013) observed no alteration in deiodinase expression. These
differences might be related to off-target effects of morpholinos that can often lead to more
severe phenotypes than those of the corresponding mutants (Zada et al., 2017).

Thereafter, mect8 ko zebrafish were generated using the Zinc Finger Nuclease technology that
remarkably showed a much weaker phenotype than the knockdown zebrafish mutants. In
particular, mct8 ko zebrafish larvae were all viable and fertile, the morphology of larvae and
adult appeared normal and the expression of key TH-induced genes were not altered. Still, Mct8
ko zebrafish exhibit neurological and behavioral deficits. More precisely, they show an
impatred number of mature myelinated axons, deficiency in the development of ghal cells, axon
branching and synaptic densities. The combined neural deficits alter behavioral performance,
mcluding locomotor activity, sleep and response to external stimuli (Zada et al, 2014).

Another model to study the function of MCT8 was the developing chicken. Mct8 expression
was already visible at embryomc day 4 m CNS regions but was not found at the BBB during
the entire period of embryonic development that contrasts to the mammalian and zebrafish
situation (Bourgeois et al , 2016; Delbaere et al_, 2016).

Mct8 knockdown by electroporation of Mct8-RNA1 vector mto the ventricular zone of the
dorsolateral rhombencephalon at E3 allowed targeting cerebellar cells. PC precursors that
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normally start expressing Mct8 soon after E3 (Delbaere et al , 2016) showed strongly reduced
expression of differentiation marker and decreased expression of T3-responsive genes
(Delbaere et al_, 2017) upon Mct8 downregulation. Moreover, at E18, two days prior hatching,
dendrites of Mct8-deficient PC was stunted and less complex. Likewise, GC precursors
proliferation was reduced, and inward nugration of post-nutotic GC was stalled (Delbaere et
al , 2017). But 1t 15 still not clear whether Mct8 deficiency in chicken PC causes a persistent
deficit in cell morphology and function, since 1 older Mct8/Oatplcl dko mice (P33 and P120)
differences in the PC morphology were no longer observed (Mayerl et al_, 2014).
Furthermore, the same method has been used to target neural progenitors of the chucken tectum
which serves as a model for the mammalian cerebral cortex. Here, the differentiation of
GABAergic neurons was strongly impaired upon Mct8 downregulation hinting for a severe
dysfunction of the neural circuit (Vancamp et al_, 2017). Moreover, reelin expression and the
organization of radial ghal cell fibers, two hallmarks of mammalian corticogenesis, were
affected by Mct8 knockdown resulting in a disrupted signaling mechamsm for neuronal
migration.

So far, no knockout chicken model 1s available resembling pathophysiological processes of the
human brain appropriately.

However, Mct8 expression as well as brain structure in zebrafish and chicken 1s very different
from human and therefore, these two amimal models might be mostly used as screeming tools.

Since the mouse model for Mct8 deficiency showed a just mildly impaired T4 uptake and a
compensatory increase in D2 activity m the brain another transporter, the Oatplcl, was
speculated to be mvolved mn the TH supply of the mouse bramn (van der Deurre et al, 2008;
Pizzagalli et al , 2002; Sugtyama et al , 2003). Therefore, mice lacking both Mct8 and Oatplcl
transporters have been generated which depict a hypothyroid situation in the CNS with clear
defects in brain development and marked neurological abnormalities. In particular they show
reduced myelination, delayed maturation of the cerebellum, an mmpaired neuronal
differentiation of GABAergic neurons, different expression of TH-regulated genes as well as a
hyperthyroid situation in the peripheral organs that fully reflect the patients” phenotypes (Miiller
and Heuer, 2014, Mayerl et al |, 2014). These features might result from reduced T3 and T4
transport across the brain barriers, or from the impaired uptake mto target cells. In contrast to
the single mutant amimals that only resemble the peripheral TH status of the patients, M/O dko
muice also show reduced TH content in the bram with consecutively severe neurological changes
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(Mayerl et al , 2014). Tlus makes the M/O dko mouse model to date the most smtable animal
model for studying MCT8 deficiency and for testing novel therapeutic mterventions.

Further, Mct8/D102 ko mice were proposed as an alternative and additional model for AHDS.
These mice have a suppressed compensatory action of type 2 deiodinase (D2) which converts
T4 into T3 1n astrocytes leading to a 50% reduction in the cerebral T3 content, sinular to what
has been found in the cerebral cortex of the 30 gestational week fetus with mutations in MCTS.
Moreover, they replicate the peripheral hyperthyroidism charactenistic for MCT8-deficient
patients (Liao et al , 2011; Lopez-Espindola et al, 2014). However, this model presents
limitations as 1t 1s deprived of D2 whereas patients have an increased D2 activity in the bram.
Additionally, these mice show no alterations in T4 content in the brain and therefore do not
fully replicate the low T4 content mn the brain of MCT8-deficient patients (Lopez-Espindola et
al _ 2014).

4.2 Therapeutic approaches in MCTS deficiency

Although a vanety of approaches have been tested, the therapeutic options for MCT8-deficient
patients are still limited. The combination of hypothyroidism in the brain and hyperthyroidism
mn peripheral tissues presents an especially challenging problem. An optimal therapy for MCT8
deficiency would therefore be to 1) safely alleviate the peripheral thyrotoxicosis and 11) to restore
normal TH signaling in the bram.

A simple TH admimistration 1s not possible due to a blocked TH transport into the brain. Patients
who have been treated with LT4 showed no improvement in the neurological function and even
exhibited a further increase in serum T3 aggravating the thyrotoxic symptoms (Dumitrescu et
al , 2004; Zung et al , 2011).

Administration of T4 in combination with PTU, an anti-thyroid drug, 1s aimed to normalize the
serum concentration of TH and TSH. PTU does not only block the TH production but also
mhibits D1 that reduces the conversion of T4 to T3 in peripheral tissues. This has been shown
to normalize the symptoms of thyrotoxicosis as evidenced by improvement of body weight,
heart rate and serum markers of tissue TH state (Visser et al | 2013; Weémeau et al., 2008).
However, no change in the neurocognitive phenotype has been observed, since T4 still cannot
cross the BBB m the absence of MCTS8 (Visser et al | 2013; Wémeau et al , 2008; Groeneweg
et al, 2017b). Moreover, long-term admumistration of PTU in hyperthyroid patients showed
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severe side effects, such as agranulocytosis and liver failure (Vicente et al , 2017; Wu et al_,
2017).

Since MCT8 deficiency 15 a monogenetic disorder, a gene therapy strategy seemed to be an
attractive option to restore MCTS function in tissues where 1t 1s of most physiological relevance.
Recently, adeno-associated virus 9 (AAV9) vectors were tested to deliver human MCTS8
(hMCT8) cDNA construct in the Mct8 ko mice. Thereby, the respective virus was injected
mtravenously (IV) or intracerebroventricularly (ICV) mto postnatal day 1 Mct8 ko muce to
achieve expression of hMCTS8 and improve brain TH content. Compared to IV, ICV delivery
of vector constructs resulted in more hMCT8 mRNA and protein in various brain regions.
However, only IV delivered hMCTS8 targeted the choroid plexus and slightly increased brain
T3 content (Iwayama et al., 2016). A simple transfer of hMCTS 1n bramn cell membranes
mcluding neurons was obviously msufficient for elevating TH action mside the CNS, a finding
that agam underscores the relevance of functional Mct8 at brain barriers Therefore, a BBB-
targeted viral transfer should be developed and tested to achieve functional MCT8 within the
bramn (Iwayama et al , 2016). In that regard, it would be relevant to study the gene delivery
strategy 1n other models for human MCT8 deficiency, since the Mct8 ko mouse used in this
study do not exhibit clear brain abnormalities.

The failure of LT4 treatment on neurodevelopment has been associated with an impaired
transport of T4 across the BBB and into the target cells of bramn. This hypothesis encouraged
the development of another therapeutic approach for MCT8 deficiency, namely the use of TH
analogs that 1deally circumvent MCTS for their cellular uptake, act like T3 inside the cell and
are metabolized simularly to T3 to induce a natural TH signaling (Groeneweg et al | 2017b).
The synthetic Ditpa and the naturally occurring T3 metabolite Triac are examples for such
compounds with strong thyromumetic actions. They have been tested in preclinical and clinical
studies and have shown promismg effects m the treatment of different diseases such as
myxedema (Zondek and Leszynsky, 1956; Ibbertson and Fraser, 1959), goiter (Brenta et al |
2003) some cases of resistance to thyroid hormone (RTH) with TR mutations (Takeda et al.,
1995), myocardial 1schemma and hyperlipidemia (Oliver and Boyd, 1957).

Ditpa, the first tested TH analog for treating human MCTS deficiency, was able to restore serum
T3 and T4 levels in four AHDS patients that were mmtiated at the age of 8.5-25 months at a
daily dose of 1-2 mg/kg for 26-40 months. These patients had almost normalized thyroid
parameters i thyroid function tests, improved several markers of peripheral TH action and
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showed a tendency of increasing weight, due to the reduction of serum T3. However, no
changes in the neurocognitive phenotype were observed. This might be explained by the fact,
that these patients recerved Ditpa treatment at the age of 8.5-25 months, a time pomnt during
which some neurological damages have already occurred and might be ureversible (D1 Cosmo
et al, 2009; Verge et al, 2012). Intnpungly, admimstration of Ditpa did not drastically
decrease the TSH concentration but even increased the T4 level, suggesting that Ditpa might
not be able to inhibit TSH secretion but rather reduces D1- and D2-mediated conversion of T4
to T3 m humans. Despite the peripheral improvements, direct evidence that Ditpa reduces the
hypermetabolism of MCT8-deficient patients is lacking due to the difficulties in perfornung
metabolic studies in affected individuals. Therefore, Mct8 ko mice were used to determune the
effect of Ditpa on whole-body energy homeostasis and demonstrated to partially reverse the
hypermetabolism characteristic of Mct8 deficiency (Ferrara et al | 2015). Importantly, Ditpa-
treated mice demonstrated high prevalence of fatal cardiac arrhythmias during in vive 1schema
and reperfusion models. Therefore, caution must be taken for the climical application in patients
with risk for myocardial 1schemma (Talukder et al , 2010).

Based on the same hypothesis, the potency of Triac to alleviate the thyrotoxic state in peripheral
tissues has been intensively investigated. Tniac was primarily recogmized pharmacologically by
its ability to reduce goiter size of hypothyroid rats (Burger et al | 1979). Later, 1t was shown in
several studies that Triac 15 able to suppress the HPT axis, predomunantly at the pituitary level
by inhibiting serum TSH levels and hence reducing TH biosynthesis and normalizing thyrotoxic
symptoms (Mirell et al | 1989; Liang et al , 1997; Juge-Aubry et al | 1995; Refetoff, 1993).

In humans, Triac application strongly reduced serum TSH levels in a dose-dependent manner
and was therefore used as a therapy for thyroid carcinoma patients after total thyroidectomy
(Miller-Gartner and Schneider, 1988). Further, it was used for the treatment of RTH. This
syndrome 1s caused by mutations mn TR, which lead to a reduced response of target tissues to
TH and mcreased serum TH concentrations most likely due to non-suppressed TSH levels.

In addition, in vitro and in vivo studies evaluating the action of Triac in Mct8 deficiency showed
pronusing effects. In particular, Triac could improve PC development in culture and mn mct8-
deficient chicken and restore mRNA levels of myelin markers, such as myelin-basic protein
(MBP) in mct8-deficient zebrafish model (Delbaere et al , 2017; Homn et al_, 2013; Zada et al |
2016). Moreover, i1t was able to promote normal brain development in M/O dko mice if the
treatment was started immediately after birth (Kersseboom et al | 2014).
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Recently, Groeneweg et al | (2019) evaluated the effectiveness and safety of Triac treatment for
peripheral thyrotoxicosis in pediatric and juvenile patients with MCTS deficiency. Thereby, 45
patients required a mean dose of 38.3 pg/kg of bodyweight to attamn T3 concentrations within
the tarpet range After 12 months of treatment, patients showed a reduced serum T3
concentration as well as improvements m climeally relevant outcomes, including body weight,
heart rate, blood pressure and biochemical markers of TH action in different tissues. Its effect
on neurocognitive function m younger patients has to be still elucidated, since this trial did not
mclude specific neurodevelopmental outcomes and enrolled patients of all ages. Therefore,
most of these patients would have passed the small window of opportumity to modulate brain
development. However, six of seven patients younger than 4 years of age gamned head control
and achieved independent sitting after 12 months of therapy (Groeneweg et al, 2019).
Currently, another trial (NTC02396459) with focus on neurodevelopment was designed that
will specifically enroll very young infants to attempt the earliest possible therapy start. It can
be hypothesized that at the beginning of the treatment Triac has to be given in higher doses in
order to completely suppress the HPT axis and to achieve a high concentration of Triac in the

brain.

Altogether, these data indicate that multiple key features related to the penipheral phenotype of
MCT8 deficiency can be improved under Triac treatment. Thereby, 1t 15 very likely that Tniac
reduces the serum T3 level through 1ts strong inhibitory effect on pitwitary TSH synthesis and
secretion, thus normalizing the consequences of thyrotoxicosis in peripheral tissues. Although
Triac has a potent TSH-suppressive effect, higher doses of Triac are required to achieve equal
thyromimetic effects as T3, mamly due to its shorter half-hife (6 h vs 23 h) (Kersseboom et al |
2014; Menegay et al, 1989). In turn, higher doses of Trniac showed adverse side-effects,
particularly inducing cardiac hypertrophy in rats (Lameloise et al , 2001).

In addition to Triac and Ditpa, other TH analogs have been considered to potentially improve
treatment strategies in AHDS patients. Sobetirome, also known as GC-1 1s a synthetic structural
TH analog with tissue-specific TH actions due to its selective binding to TR over TRa. This
makes 1t a useful chemical tool for studymg the effects of thyroid hormone receptor (TR)
1soform selectivity in cellular and amimal models (Yoshihara et al, 2003; Scanlan 2010,
Placzek et al | 2016). Earlier studies suggested sobetirome as a novel cholesterol-lowenng agent
activating liver TRP without overstimulating cardiac function by TRa activation i the heart
(Trost et al., 2000). Further, it has been suggested that sobetirome can cross the BBB and
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distribute to the CNS at levels that are sufficient to upregulate T3 target genes and to affect
brain developmental pathways regulated by T3 (Trost et al., 2000; Manzano et al , 2007,
Placzek et al., 2016). Thus, 1t was used for promoting myelin repair whach 1s a proposed goal
for preventing long-term neurodegeneration in multiple sclerosis (MS) and other demyelmatmng
diseases such as X-linked adrenoleukodystrophy (X-ALD) (Hartley et al , 2019; Hartley et al |
2017). Based on the promising treatment results of sobetirome in demyelinating disorders and
its ability to cross the BBB in munine models, a prodrug strategy has been recently established
to further increase its bramn specificity. Prodrugs of sobetirome have been developed with
beneficial pharmacokinetic properties, including lower peripheral exposure, enhanced BBB
penetration and increased CNS distribution of sobetirome by masking the carboxylic acid, a
functional group known to impede BBB penetration (Barez-Lopez et al., 2018; Placzek et al.,
2016; Hitchcock and Pennington, 2006).

Interestingly, the prodrugs are selectively converted to an active form of sobetirome by FAAH
(Memmug et al | 2017; Hartely et al., 2019). The FAAH 1s highly expressed in the CNS with
strongest immunoreactivity in pyranudal cells of the cerebral cortex and luppocampus as well
as in PC of the cerebellar cortex (Tsou et al , 1998). In addition to the neuronal expression of
FAAH, FAAH-immunoreactivity was also found in ependymal cells as well as in OL (Egertova
et al_ 2003).

As 1t would be expected for TRf-selective T3 agomists, sobetirome and its prodrug Sob2 have
shown to exert dose-dependent actions on the HPT axis. In euthyroid Wt mice treated once
daily for 7 days, sobetirome and Sob2 suppressed circulating TSH. However, T4 was only
moderately reduced after 7 days, suggesting a not yet established equilibrium withun the HPT
axis during this short dosing period. Extending the dosing duration from 7 to 29 days resulted
m dose-dependent T4 and T3 depletion with fully depleted circulating T4 but normal TSH
levels at a daily dose between 10 and 100 pg/kg/day. Despite the systemic T4 and T3 depletion,
sobetirome- and Sob2-treated mice do not show signs of hypothyroidism (Ferrara et al_, 2018).
This might be explained by the presence and potency of these thyromimetics in the endogenous
TH-depleted background.

Additionally, admumistration of sobetirome and its prodrugs to Mct8/Dio2-deficient mice,

resulted in the depletion of circulating T4 and T3 and increased the expression of several T3-
dependent genes in the brain (Barez-Lopez et al , 2018). Further, prodrug treatment in these
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ammals led to 1 8-fold higher sobetirome content in the brain and 2.5-fold less in plasma n
comparison with the parent drug sobetirome (Barez-Lopez et al , 2018).

Taken together, sobetirome and 1ts modified prodrugs have already been shown to have potent
effects in different diseases and seem to be promising therapeutic candidates addressing the
central hypothyroidism and the peripheral hyperthyroidism characteristic of MCT8 deficiency,
though clinical and prechimical studies have not been performed yet. Therefore, n this study,
M/O dko mice were used as an animal model in a umque approach to study and compare the
impact and therapeutic potential of different sobetiromes on brain development regarding a
treatment strategy for AHDS patients.

4.3 Central effects of sobetiromes during early development

4.3.1 Analysis of cortical thickness

TH exert important influences on cell maturation and mgration in the cerebral cortex (Bernal
et al, 2015). Here, TH are needed for proper arrangement of the six-layer-pattern, formed by
the timely nugration of cells onginating in the ventricular neuroepithelium. It has been shown
that hypothyroidism in developing rats decreases soma size of cortical neurons and density of
axons which 1s why cells are packed closer together leading to less defined cortical layers (Eayrs
and Goodhead, 1959; Berbel etal , 2001; Bernal et al_, 2015). In addition, Berbel and colleagues
described the urreversible effects of maternal and fetal hypothyroidism on the intrinsic
organization and maturation of the neocortex (Berbel et al , 2001). Thereby, they could show
that TH deprivation lead to cortical layering impairments 1n rats including blurred boundaries
between the cortical layers and abnormal patches of high cell density in layer IV (Berbel et al |
2001). Further, in the barrel cortex that serves as a model for cortical development, congenital
hypothyroidism resulted in a delay in barrel formation and reduction in barrel dimensions
(Anderson, 2001).

Previous data have shown a reduced thickness of the cortical layers I-IV in the M/O dko mice
(Mayerl et al_, 2014).

In order to determine the effect of sobetiromes on the cortical thickness in the M/O dko mouse
bramn, immunohistochemical analysis of NeuN was performed in the somatosensory cortex to
label all mature neurons. The relative integrated density was significantly reduced in the M/O
dko mice whereas sobetirome treatment led to a normalization of neuron density as depicted in
Fig 3.11B. In addition, the relative thickness of the layer I-IT was shghtly reduced i the M/O
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dko mice as seen before while administration of all sobetiromes showed a recovery i the outer
cortical layer thickness (Fig.3.11C).

It has been speculated that TH may influence neuronal migration through the regulation of the
expression of the Reln gene. Reelin, the product of this gene, 1s an extracellular matrix protein
produced by neurons that are located in layer I of the cerebral cortex and 1s an important factor
for controlling cell positioming in the CNS (Marin-Padilla, 1990; Alvarez-Dolado et al_, 1999,
Bernal et al | 2015; Berbel et al , 2001). However, the exact underlymg mechanism on cortical
layering 1s not understood, yet.

4.3.2 Inhibitory circuits in the cerebral cortex

Impaired inhibitory circuits in the cerebral cortex are a hallmark of TH deficiency. GABAergic
interneurons, the major inmbitory neurons in the CNS, release the neurotransmmtter GABA m
order to regulate the firing rate of target neurons. They are crucial in modulating cortical
development, neuronal activity and plasticity i the developing bramn and are also implicated in
learning processes and locomotor activities (Rudy et al, 2011). Cortical GABAergic
dysfunction has been linked to varous psychiatric disorders, such as schizophremia, bipolar
disorder and autism (Chiappom et al | 2016; Akbanan and Huang, 2006).

GABA 1s synthesized by two 1soforms of the enzyme glutanuc acid decarboxylase (GAD)
GAD65 and GAD67. In most GABAergic mnterneurons, both GAD isoforms are co-expressed
but differ m their subcellular localization as well as in their cellular abundance. GAD65 1s
predonunantly localized to nerve ternunals, whereas GAD67 1s more widely distnbuted
throughout the cell soma (Soghomonian and Martin, 1998; Erlander et al., 1991). Further, 1t has
been shown, that GADG67 expression 1s sensitive to TH and that a hypothyroid situation in rats
decreases the GADG67 expression in the cerebral cortex (Virgili et al | 1991). Moreover, reduced
GADG67 expression has been reported to be hinked to seizures that are also a typical clinical
symptom of AHDS patients (Akbarian and Huang, 2006).

GAD67 was used m our study to determune the density of GABAergic-interneurons. In line
with the previous findings that demonstrate a permanent reduction in the immunoreactivity of
GAD67 m the somatosensory cortex of M/O dko mice (Mayerl et al., 2014), 1n tlus study we
could show a normalization of the m GAD67 immunoreactivity mice with sobetirome
treatments at a dose of 100 ng/g bw, but to a different extent (Fig 3.9). While Sob3 and Sob2
showed the best recovery mm GADG7 expression Sobl, Sob4 and Sob5 seemed to be less
efficient.
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Depending on the bramn region, GABAergic mterneurons constitute 10%-25% of the total
number of cortical neurons and are extremely diverse in their morphology and functional
properties (Le Magueresse and Monyer, 2013). They have been classified into different
subgroups that differ n morphology, intrinsic membrane properties, connectivity and are
associated with the expression of specific calcrum binding proteins, such as calretimin, calbindin
and parvalbumin (Petilla Interneuron Nomenclature Group et al |, 2008; Rudy et al , 2011).
These proteins act as endogenous Ca** buffer modulating various Ca**-dependent processes in
neurons such as regulation of action potential, promotion of neuronal bursting as well as
protection of neurons against Ca’* overload (Baimbridge et al_, 1992; Jiang and Swann, 1997).
In the absence of Ca’*-binding proteins, there is an accumulation of Ca** excess inside the
cytosol leading to hyperexcitability, which 1s supposed to cause neurodegeneration (Nag and
Wadhwa, 1999).

The most common and well-studied GABAergic subgroup in the CNS is represented by PV+
cells, which account for ~40% of total GABAergic interneurons and are found in all layers of
the cortex (Gibson et al, 1999; Xu et al, 2010). Immunocytochemical studies have
demonstrated that PV+ interneurons belong to basket and chandelier cells, specialized
mterneurons that establish inhibitory synaptic contacts with initial axon segments of projection
neurons, thereby controlling the output of the cerebral cortex. Further, developmental studies
have shown that PV appears late in the development of the rodent cerebral cortex at around
postnatal day 5 in the hippocampal region and at the beginning of the second postnatal week in
the neocortex (del Rio et al., 1994). Moreover, it was shown that in the brain of hypothyroid
mice 1n a developmental stage, the number of PV+ mtemeurons decreases and this effect was
normalized by exogenous T3 admimistration duning early postnatal development (Uchida et al |
2014; Gilbert et al_, 2007). In addition, postmortem studies of AHDS patients showed decreased
PV immunoreactivity i the cerebral cortex and in the cerebellum, which might be one
explanation for the locomotor deficits (Lopez-Espindola et al_, 2014). A reduction in the number
of PV+ cells was also observed in the M/O dko mouse model (Mayerl et al , 2014). In that
study, the distribution of PV+ cells was assessed in the somatosensory and in the retrosplemal
cortex by immunohistochemistry. The primary somatosensory cortex plays an important role in
the mnervation of the motor cortex to mitiate and gmde movements (Sreemivasan et al | 2016),
whereas the retrosplemal cortex 1s mamly mvolved m cogmtive function, such as spatal
memory and learming. Dysfunction of the latter brain area might contribute to memory disorders
and spatial disorientation (Vann et al , 2009). According to these findings, PV+ interneurons

were evaluated in the somatosensory and retrosplemial cortex.
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In agreement with the previous data, our in vivo studies showed a decrease in PV+ cells under
TH deprivation. In vivo, all sobetiromes were able to normalize the number of PV-expressing
cells in the cerebellum (Fig.3.6), while treatment with Sob2, Sob4 and Sob5 showed the best
immunoreactivity mn the retrosplemal as well as in the somatosensory cortex in vivo (Fig.3.7).

Apart from PV-expressing neurons, calretimm-immunoreactive neurons were quantified as well.
These neurons form networks of cells that are electronically coupled. They control the activity
of other subpopulations of GABA-contaming mhibitory interneurons, which are known to be
important for motor control (Jiang and Swann, 1997).

In our study, calretimin expression in the somatosensory cortex of M/O dko mice seemed to be
elevated in cortical layer II/TIT, while treatment with all sobetiromes showed a similar molecular
thickness as the Wt amimals, showing no difference in calretimn-positive cell number in layer
II/III (Fi1g.3.8).

Taken together, all sobetiromes were able to exert thyromumetic action in the cerebral cortex,
but with a remarkable different efficacy. This might be explained by the usage of different
transporters for cellular drug uptake of the different sobetiromes, with alterations in transporter
distribution and activity patterns in PV-, calretimin- and/or GAD67-expressing cells. So far, the
exact transport mechamsms for sobetiromes have not been unraveled yet.

4.3.3 Promotion of cerebellar differentiation

Another striking hallmark of human MCTS8 deficiency 1s a severe impairment of locomotor
control including spasticity, poor head control and the mability to stand or walk (Schwartz et
al , 2005; Visser et al | 2011). Amongst other CNS regions, the cerebellum 1s involved n
coordination and fine motor control and hence permanent cerebellar defects are thought to
determine clinical deficits in MCT8-deficient patients.

A number of studies have shown that TH play a crucial role in cerebellar development and that
TH deficiency results in abnormal cerebellar growth and impairs neural differentiation causing
ureversible neurological alterations (Vincent et al, 1982; Pasqum and Adamo, 1994;
Koibuchi, 2008). In rodents, TH affects development of basically all cerebellar cell types during
the first two weeks of postnatal life. Especially the migration of GC, the expression of PV+
mterneurons as well as the differentiation of PC, the key player in mamntaiming normal motor
function, are dependent on the presence of sufficient TH (Bernal, 2005). Under hypothyroid
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conditions, all these processes seem to be retarded leading to severe neurological symptoms
such as ataxia and poor fine motor movement (Anderson et al , 2003).

These observations emphasize the importance of proper TH supply dunng cerebellar
development. Effects of TH on PC dendnitogenesis can be assessed reliably in in vifro studies
using a nuxed cerebellar cell culture system under defined serum-free conditions (Heuer and
Mason, 2003). Absence of TH m Wt cultures results, as expected, in a strongly retarded
development of the PC dendritic tree while adding a physiological concentration of 1 nM T3 to
the culture medium causes a threefold increase in dendntic outgrowth of PC duning a 14 day
culture period (Kimura-Kuroda et al | 2002; Heuer and Mason, 2003).

Based on the advantages of this in vifro system, the first approach of the present study was to
analyze and to compare the thyromumetic effects of sobetiromes (Sobl-Sob5) on PC
development and on PV+ interneurons. All sobetiromes could normalize the dendritic
outgrowth and restore the number of PV+ cells, even though with different efficacy. For Sob2
and Sob5, only a dose of 0.1 nM was needed to normalize both parameters, whereas higher
doses were needed for Sobl and Sob3 (10 nM) as well as for Sob4 (1 nM) to exert similar
effects. These results point to a better fransport of Sob2 and Sob5 into the neurons, probably
due to a higher transporter expression at the BBB or due to additional transport possibilities for
these two Sobs (Fig.3.1; Fig 3.2). Further, our data suggest that the pharmacological dosage
used for the sobetiromes was sufficient to stimulate TRa induced PC dendritogenesis. This was
surprising, since it was shown that sobetiromes have an approximately 10-fold higher
selectivity for the TRP 1soform over TRa (Scanlan, 2010).

Moreover, Memig and colleagues suggested that sobetirome prodrugs have a better ability then
sobetirome to enter cells in which they are catalyzed by the FAAH to the active compound
(Memmug et al , 2017). Indeed, we could demonstrate that the two prodrugs Sob2 and Sob5 are
cleaved by the FAAH nto their active compound, since their induced PC outgrowth as well as
the number of PV+ cells were sigmficantly reduced by using two different inhubitors (PF-3845,
URB937) of FAAH (Fig.3.3; Fig.3.4).

In line with these in vifro data, our in vivo studies in M/O dko mice demonstrate that treatment
between P1 and P12 with Sob1-Sob5 (100 ng/g bw) stimulates cerebellar PC dendntogenesis
and branching and results in a complete normalization of the molecular layer thickness
(Fig.3.5). This confirms the strong thyromumetic effect of the sobetiromes on cerebellar
development and PC dendritogenesis.
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4.3.4 Analysis of myelination

A further well-established TH-regulated process in brain development i1s myelination. This
process 1s crucial for a rapid and saltatory propagation of axon potentials and neuronal
connectivity and i1s consequently mandatory for normal motor, sensory and higher cogmitive
function (Ahlgren et al, 1997). TH regulate the morphological and functional maturation of OL
by stimulating the expression of prominent myelin markers such as proteolipid protemn (PLP),
myelin-associated glycoprotein (MAG) and myelin basic protem (MBP). Thereby, MBP
expression 1s directly regulated by T3 via a TRE in the promoter region and becomes responsive
especially mn the first postnatal week (Bernal, 2005; Farsetti et al | 1992; Strait et al | 1997).
Additionally, TH trigger the cell-cycle exit of OPC to become mature, contact multiple axons
and start forming myelin sheaths. In mice, OPC proliferation and differentiation peaks at P14
and confinues throughout the first months, wiile in humans the main phase of OL development
starts in the third trimester and continues until 5 years of age (Anderson et al_, 2003; Rodriguez-
Pefia et al . 1993: Barradas et al_, 2001).

Hypomyelination 1s frequently observed in young MCT8-deficient patients by MRI and has
been confirmed by analyzing postmortem brain samples. It 1s still a matter of debate, whether
this phenotype 1s caused by a comprised MCT8-mediated T3 uptake into OL and OPC or a
general TH-deficient state in the MCT8-deficient brain. Recent in vifro studies showed that
human embryonic stem cell-denived OL express MCTS. Further, pharmacological and genetic
blockade of MCTS induced significant OL apoptosis resulting in impaired myelination. These
results suggest a potential role of MCT8 in ohgodendrogha cells and point to cell-intrinsic
defect on OL differentiation and myelin gene expression (Lee et al , 2017; Billon et al , 2002).
In the current study, myelination was analyzed n M/O dko mice treated with sobetiromes
postnatally (P1-P12). In agreement with previous findings of FAAH expression m OL
(Egertova et al, 2003) the current study could show that sobetiromes can enter OL in the
absence of Mct8 and QOatplcl and that the most pronounced effects on myelination were
achieved with the prodrugs Sob2 and Sob5 (100 ng/g bw) whereas Sobl and Sob3 showed a
mild and Sob4 a weak improvement of myelination (Fig 3.10).

It 1s known, that TRa aswell as TRB are requuired for a proper and coordinated development of
myelination. Hence, our data strongly suggest sobetiromes to promote OPC differentiation and
lead to a fully recovered myelin content i the murine M/O dko bramn by stimulation of both,
TRu and TRB despites their higher selectivity for TRB. Best results for myelination were shown
after treatment with Sob2 and Sob5, whereas Sob4 induces weaker myelination. Therefore,
especially Sob2 and Sob5 are promising candidates to replace T3 m regulating myelnation
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during early development of the CNS improving the nerve conduction velocity and leading to
a better innervation of the musculature in AHDS patients.

4.4 Conclusions and future perspectives

In vitro studies of mixed cerebellar cultures as well as in vivo studies in Mct8/Oatplel dko mice
were performed to investigate novel treatment perspectives with new TH analogs for patients
with AHDS. The two prodrugs Sob2 and Sob5 provided the best results mn all conducted
experiments, representing the most appropriate candidates for further pharmacological testing.
In vitro, they showed the same effects on PC development and on the generation of PV+ cells
like 1 nM T3 with a concentration of just 0.1 nM and thus 10x less than T3. Also, in our in vivoe
experiments Sob2 and Sob5 exerted the strongest thyromimetic effects in the developmg mouse
brain on almost all analyzed processes. At a daily dose of 100 ng/g bw for the first 12 postnatal
days, both prodrugs were able to correct central abnormalities such as reduced myelination,
delayed cerebellar development and impairments in the development of the cortical GABAergic
system. The same applies to Sob3, though in vitre a 10-fold higher concentration was necessary
for similar effects mn the PC outgrowth compared to Sob2 and Sob5. Interestingly, Sobl and
Sob4 could also normalize these brain parameters to some extent but they showed cell-specific
differences. As an example, Sobl was less effective in normalizing PV-expression, while Sob4
was less effective in normalizing myelination in the cerebral cortex. This indicates a reduced
entry of Sobl and Sob4 into the M/O dko brain or into specific cell types.

However, further mvestigations have to be considered to unravel the complex interactions and
pharmacological effects and to understand the exact mechamisms of transport and action for
sobetiromes, in particular in brain cells. It remains largely illusive how sobetiromes enter their
target cells and whether these processes differ between species. CNS uptake differences may
lead to zonal exposure differences within the brain and might explamn the vanations in the
treatment outcome of sobetiromes. Another explanation could be a difference n TH sensitivity
of different cell types and tissues.

Furthermore, it has to be elucidated at which time point the BBB gets mature and from when
TH transport 1s only based on Mct8 and Oatplcl to address the correct timing of TH analog
treatment onset. So far, it 1s not known yet at what developmental phase these analogs should
be applied to have a reasonable chance to modulate brain development. It was shown that MCT8
15 already highly expressed in some cell types during early fetal brain development, that at that
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stage depend on sufficient TH concentrations (Bemal, 2011; Bernal et al | 2015). The presence
of neuropathological changes m postmortem studies of a MCT8-deficient fetus showed a delay
m cortical and cerebellar development and myelination, loss of PV-expression, an impaired
axonal maturation as well as dimimished PC differentiation (Lopez-Espindola et al , 2014),
suggesting that MCT8 may indeed be cnifical in some cells during early developmental stages.

From a climical point of view, a rapid diagnosis and thus an early treatment start seems to be
crucial for the patients” wellbeing. Hence, 1t should be considered to include T3 besides TSH
and T4 to the neonatal screening to not just identify newborns with congenital hypothyroidism
but also with MCTS8 mutations. The failure of Ditpa to rescue the neurological phenotype of
MCT8-deficient patients has been attributed to the late imtiation of treatment (Ferrara et al |
2014; Verge et al , 2012). Therefore, future research should be dedicated to guarantee early
detection of disease, since an early, maybe even prenatal treatment of the pregnant MCTS
carrier mother might be able to prevent the bramn damage caused by TH abnormalities durmng
embryomc life. Ditpa and Tniac have already been shown to cross the placenta in mice and
humans (Ferrara et al , 2014; Asteria et al | 1999; Cortelazzi et al | 1999). It would be interesting
to evaluate 1f sobetiromes are able to pass the placenta as well. If so, the opportunity of prenatal
treatment of AHDS positive unborn children via systemic application of sobetiromes to the
mother would be given. Of note, medical and ethical considerations would have to be targeted
prior, since the procedure used for prenatal testing require a sample of ammniotic fld sample
which carry the nisk of mjuring the fetus or losing the pregnancy.

On the other hand, most of the human AHDS patients are diagnosed at later timepoints in life.
Taking into consideration, that in the present study mice have been treated with TH analogs
until P12, a developmental stage comparable to a human bramn around birth (Anderson et al |
2003), 1t 1s necessary to perform sobetirome treatment in older M/O dko amimals mn order to
further evaluate the therapeutic potential of sobetiromes in normalizing brain parameters at later
developmental stages and to assess the putative long-term beneficial effects of these drugs.
Moreover, previous studies on adult M/O dko mice revealed drastic locomotor impairments
such as hinuted motor coordination and reduced muscle strength. In light of these findings, 1t
will be necessary to determine 1if sobetirome treatment during the first postnatal weeks exerts
any improvement in the motor control later in life. Therefore, behavioral tests like accelerating
Rotarod n adult M/O dko mice have to be performed after treatment.
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Taken together, 75 years after the imitial description of AHDS TH analog treatment strategy
seems so far the most promising approach. Sobetiromes have the potential to address not just
the peripheral hyperthyroidism but also the cerebral hypothyroidism, which 1s characteristic for
MCTB8-deficient patients. Additionally, sobetiromes provide an increased CNS specificity
compared to other TH analogs, thereby showing advantageous pharmacokinetic effects. In this
study, we could demonstrate that sobetiromes and their prodrugs were able to cross the BBB
mdependently of Mct8, to replace TH in the CNS and to overcome developmental consequences
of central TH deficiency by normalizing different brain parameters in the M/O dko mouse
model. Especially the FAAH-activated prodrugs Sob2 and Sob5 increase the distribution of the
active drug in the CNS. Therefore, they can be expected to confer better therapeutic benefits
than Trniac, providing an increased pharmacologic specificity and efficacy and in addition
avoiding peripheral thyrotoxic adverse effects.
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