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ABSTRACT 

 

The importance of thyroid hormones (THs) for regulation of body temperature and energy 

metabolism as well as brain functions such as mood is well established. This is most evident in 

hypo- or hyperthyroidism, which have severe consequences on these parameters. THs exert their 

effects via thyroid hormone receptors α (TRα) and β (TRβ). Similar to altered ligand availability, 

mutations in these receptors lead to several deficits, such as defaults in neuronal development 

and regulation of body temperature, as well as psychomotor alterations. However, it often 

remains unknown whether defects are caused by TH actions directly on tissue level or centrally 

in the brain, and in the latter case, which brain regions mediate the central effects of THs.   

  To address this question, PET/CT scans of mice undergoing treatment with T3 were 

conducted and showed activation of the Zona Incerta (ZI), a region of the subthalamus, indicating 

its role in mediating effects of THs. To further investigate the effect of THs in the ZI, TH signalling 

was inhibited by introducing a dominant-negative TRα1 via adeno-associated virus (AAV) 

injection into the ZI. In a separate set up, inhibition was specific to dopaminergic neurons by 

injecting the AAVs into tyrosine hydroxylase-Cre mice.   

  Analysing these mice revealed that inhibited TH signalling in the ZI caused an increase in 

basal metabolic rate (BMR) with increased fasting weight loss without affecting body 

temperature. In addition, it resulted in a chronic stress-like state, in which serum corticosterone 

was elevated, and a partial anxiety phenotype was present, as habituation to stressful situations 

was impaired. However, none of these effects were observed in the conditional model, 

demonstrating that they were not mediated by dopaminergic neurons.  

  Taken together, the study identifies a new brain region for central actions of THs, the ZI, 

and implicate it as a key brain region in TH-meditated control of behaviour and energy 

metabolism.  
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ZUSAMMENFASSUNG 

 

Die Bedeutung der Schilddrüsenhormone für die Regulierung der Körpertemperatur und des 

Energiestoffwechsels sowie für Gehirnfunktionen wie die Stimmungslage, ist allgemein bekannt. 

Am deutlichsten wird dies bei Hypo- oder Hyperthyreose, welche schwerwiegende Folgen für 

diese Parameter haben. Schilddrüsenhormone üben ihre Wirkung über die 

Schilddrüsenhormonrezeptoren α und β aus. Ähnlich wie eine veränderte Ligandenverfügbarkeit 

führen Mutationen in diesen Rezeptoren zu verschiedenen Defiziten, wie Störungen der 

neuronalen Entwicklung und der Körpertemperaturregulierung sowie psychomotorische 

Veränderungen. Es ist jedoch oft nicht bekannt, ob die Defekte durch Schilddrüsenhormon-

Wirkungen direkt auf Gewebeebene oder zentral im Gehirn verursacht werden und, im letzteren 

Fall, welche Gehirnregionen die zentralen Wirkungen der Schilddrüsenhormone vermitteln.  

  Um diese Frage zu klären, wurden PET/CT-Scans von Mäusen durchgeführt, die mit T3 

behandelt wurden. Diese zeigten eine Aktivierung der Zona Incerta (ZI), einer Region des 

Subthalamus, was auf deren Rolle bei der Vermittlung der Wirkungen von 

Schilddrüsenhormonen hinweist. Um die Wirkung von Schilddrüsenhormonen in der ZI weiter zu 

untersuchen, wurde die Schilddrüsenhormon-Signalübertragung gehemmt, indem ein adeno-

assoziiertes Virus (AAV), welches einen dominant-negativen TRα1 exprimiert, in die ZI injiziert 

wurde. In einer separaten Versuchsanordnung wurde die Hemmung spezifisch für dopaminerge 

Neuronen durchgeführt, indem die AAVs in tyrosin hydroxylase-Cre-Mäuse injiziert wurden.  

  Die Analyse dieser Mäuse ergab, dass die Hemmung der Schilddrüsenhormon-

Signalübertragung in der ZI zu einem Anstieg des Grundumsatzes mit erhöhtem 

Nüchterngewichtsverlust führte, ohne die Körpertemperatur zu beeinflussen. Darüber hinaus 

führte dies zu einem chronisch stressähnlichen Zustand, bei dem das Serumcorticosteron 

erhöht war und zu einem partiellen Angstphänotyp, da die Gewöhnung an Stresssituationen 

beeinträchtigt war. Keine dieser Wirkungen wurde jedoch im konditionalen Modell beobachtet, 

was beweist, dass sie nicht durch dopaminerge Neuronen vermittelt werden.  

  Insgesamt identifiziert die Studie eine neue Gehirnregion für zentrale Wirkungen von 

Schilddrüsenhormonen, die ZI, und deutet darauf hin, dass es sich dabei um eine 

Schlüsselregion des Gehirns für die Schilddrüsenhormon-vermittelte Kontrolle von Verhalten 

und Energiestoffwechsel handelt.  

 



- 1 - 
 

1. INTRODUCTION  
 
Mental health disorders pose a great risk, as it has been shown that patients suffering from 

mental disorders have a median life expectancy decrease of 10 years, and an estimated 14.3% of 

worldwide deaths can be attributed to mental disorders (Walker et al., 2015). A meta-analysis 

from 2001 - 2020 showed that global lifetime prevalence of mood disorders is at almost 30% in 

both males and females, indicating that one in 5 people will at some point in their life suffer from 

a common mental disorder, including major depressive disorder, bipolar disorder, anxiety 

disorders and substance use disorders (McGrath et al., 2023). Especially in younger people, 

incidences of depressive disorders and related deaths, as well as anxiety disorders, have 

increased over the last decade in the United States (Goodwin et al., 2020; Twenge et al., 2019).  

 

1.1 STRESS AND ANXIETY  
 

There are several different mental disorders, each with their own implications and treatment 

options. They have been categorised in the Diagnostic and Statistical Manual of Mental Disorders 

(DSM) (American Psychiatric Association, 2013), that is regularly updated and adapted (Stein et 

al., 2021).  

  The most common type of mental disorders are anxiety disorders, which comprise 

several sub-categories, such as separation anxiety, social anxiety disorder or generalised anxiety 

disorder (Penninx et al., 2021). Generalised anxiety disorder is characterised as uncontrollable 

fear or worry for everyday events. It presents with physical symptoms, such as irritability and 

restlessness, but also fatigue and sleep disturbances (American Psychiatric Association, 2013). 

However, it is often difficult to distinguish between normative anxiety and anxiety disorders 

(Penninx et al., 2021).   

  Current treatments for anxiety disorders include selective serotonin reuptake inhibitors 

(SSRIs), serotonin norepinephrine reuptake inhibitors (SNRIs), benzodiazepines, tricyclic 

antidepressants, monoamine oxidase inhibitors and antihistamines with common adverse 

effects like nausea, diarrhea, headaches, hypertension, cognitive problems and many more 

(Murrough et al., 2015). Not all patients suffering from anxiety disorders respond to current 

treatments (Flynn & Chen, 2003; Murrough et al., 2015), which gives rise to the necessity of 

further treatment options.   
  While the words stress and anxiety are often used interchangeably when talking about 
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mental disorders, there are profound differences. Anxiety, as a normal emotion, is a feeling of fear 

or the anticipation of a threat (American Psychiatric Association, 2013; Crocq, 2015). Excess of 

anxiety is classified as a mental disorder (Crocq, 2015). Stress itself describes stimuli, both 

extrinsic and intrinsic, that cause the body to have a biological response. These stimuli can be 

physical or psychological, and the respective stress response can vary in form and magnitude 

(Yaribeygi et al., 2017). However, chronic stress can lead to repetitive thoughts and worry, which 

in turn leads to an increased risk of developing mental disorders like depression or anxiety 

disorders (Nolen-Hoeksema et al., 1999; Watkins, 2008). 

 

1.1.1 STRESS AND THE HYPOTHALAMUS-PITUITARY-ADRENAL (HPA) AXIS 
 

Stress can have severe effects on the body and immune system. While acute stress will usually 

improve resistance to infections by promoting migration of immune cells to infection sites, 

chronic stress can lead to a decrease in immune system response. Chronic stress can induce the 

release of glucocorticoids via the HPA axis, which are known to suppress the immune response 

(Dragoş & Tănăsescu, 2010).   

  Upon stimulation by stress, hypophysiotropic neurons of the paraventricular nucleus 

(PVN) synthesise corticotropin-releasing hormone (CRH), which is released into the anterior 

pituitary via portal vessels, where it interacts with CRH receptors to release adrenocorticotropic 

hormone (ACTH) into the bloodstream. ACTH then acts on the adrenal glands at the melanocortin 

type 2 receptor (MC2R) and stimulates the synthesis and release of glucocorticoids. A negative 

feedback loop ensures inhibition of excessive activation of the HPA axis (S. M. Smith & Vale, 2006) 

(Fig. 1). Glucocorticoids can act on CRH neurons, as well as corticotroph cells in the anterior 

pituitary via the glucocorticoid receptor (GR). The GR belongs to the nuclear receptor family and 

is classified as a steroid hormone receptor, indicating its binding to steroid hormones. As a 

nuclear receptor, GR consists of three main domains: an N-terminal domain with a ligand-

independent activation function domain 1, a DNA-binding domain (DBD) and a ligand-binding 

domain (LBD) containing a ligand-dependent activation function domain 2 (Lightman et al., 

2020). Through interaction with the GR, glucocorticoids can alter transcription of CRH at CRH 

neurons (Jeanneteau et al., 2012) and inactivate corticotroph cells of the anterior pituitary to 

reduce release of ACTH (Lightman et al., 2020). 
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Figure 1: Hypothalamus-pituitary-adrenal axis. CRH released by the hypothalamus stimulates the 

anterior pituitary, which in turn releases ACTH into the bloodstream. Through circulation, ACTH reaches the 

adrenal glands and stimulates the production and release of glucocorticoids. Glucocorticoids can then 

inhibit the release of CRH and ACTH at the hypothalamus and the anterior pituitary respectively.  

CRH: Corticotropin-releasing hormone; ACTH: Adrenocorticotropic hormone. Figure was created using 

Biorender.com. 

 

1.1.2 BEHAVIOURAL ANXIETY TESTS IN RODENTS 
 

In order to better understand the mechanisms behind stress and anxiety, it is necessary to use 

animal models, as they allow for more in depth experiments. Rodents, such as mice, show similar 

regulations of stress and anxiety as humans, and their endocrine effects within the HPA axis are 

comparable (Kolber et al., 2008; Lightman et al., 2020), which makes them a good candidate to 

study stress and anxiety. The most common experiments to assess anxiety behaviour in mice are 

the open field test and the elevated plus maze. In the open field test, mice are left to roam freely 

in an open field which is divided into centre and outer zones. This is used to analyse how much 
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time they are spending in the centre zone, as this would make them more visible and vulnerable 

to predator attacks. Therefore, one can deduce how anxious an individual is (Seibenhener & 

Wooten, 2015; Walsh & Cummins, 1976). In the elevated plus maze, mice are put on a plus-

shaped maze, where two arms are closed off by walls on either side and the other two arms are 

open. Similar to the open field, mice will venture onto the open arms with the risk of being 

discovered by predators, while the closed arms hide them and give them more security. 

Additionally, the elevated plus maze can give more insight into exploratory behaviour, as it can 

show how often animals move to the open arms (Komada et al., 2008; Lister, 1987; Rodgers & 

Dalvi, 1997).  

 

1.2. THYROID HORMONES 
 

The thyroid is important for many regulatory pathways in the body and disruptions in the organ 

and its hormone signalling pathways can lead to many complications. THs, namely 3,3’,5-

triiodothyronine (T3) and thyroxine (T4), are released by the thyroid via the hypothalamus-

pituitary-thyroid (HPT) axis (Duntas, 2016).  

 

1.2.1 THE HYPOTHALAMUS-PITUITARY-THYROID (HPT) AXIS 
 

Upon stimulation by different factors, the hypothalamus releases thyrotropin-releasing hormone 

(TRH) via TRH neurons originating in the PVN that project to the median eminence (ME) (Ishikawa 

et al., 1988; Segerson et al., 1987). Therefore, TRH can reach the anterior pituitary, where it 

stimulates the release of thyroid stimulating hormone (TSH) (Harris et al., 1978). As the name 

suggests, TSH acts in the thyroid gland to stimulate the release of THs. In healthy patients, a 

negative feedback loop ensures correct concentrations of circulating TH, as T3 and T4 can act on 

the hypothalamus to exert transcriptional regulation of TRH and on the pituitary to regulate 

transcription of TSH (X. Cheng et al., 2023; Ortiga-Carvalho et al., 2016)  

(Fig. 2).  
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Figure 2: Hypothalamus-pituitary-thyroid axis. TRH produced by the hypothalamus is released and 

stimulates the production and release of TSH by the pituitary gland. Through the bloodstream, TSH reaches 

the thyroid gland, which then releases THs. THs act in a negative feedback loop to exert transcriptional 

regulation of TRH and TSH at the hypothalamus and pituitary respectively. TRH: Thyrotropin-releasing 

hormone; TSH: Thyroid stimulating hormone; T3: 3,3’,5-triiodothyronine; T4: Thyroxine. Figure created with 

Biorender.com. 

 

1.2.2 THYROID HORMONE ASSOCIATED DISEASES 
 

Alterations in the HPT axis, as well as disruptions of the thyroid gland itself, can lead to a myriad 

of symptoms. Most commonly, patients can suffer from either elevated TH concentrations, 

known as hyperthyroidism (De Leo et al., 2016; Lee & Pearce, 2023), or decreased TH 

concentrations, known as hypothyroidism (Chaker et al., 2017). These conditions can have 

different causes, such as autoimmune diseases, inflammation or even carcinomas of the thyroid, 

as well as medication and genetic factors.   

  The most common cause for hyperthyroidism is Graves’ disease, an autoimmune 

disorder in which the thyroid produces too much TH (Lee & Pearce, 2023). Patients suffering from 
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hyperthyroidism often present with increased body temperature, heat intolerance and weight 

loss, as well as hypertension and tachycardia, irritability and anxiety (De Leo et al., 2016). THs 

play an important role in the regulation of metabolism and energy homeostasis. They affect 

development of many tissues and the metabolic rate (Mullur et al., 2014). Common treatments 

for hyperthyroidism include antithyroid medications, thyroid gland ablation or surgical removal 

of the thyroid (Kravets, 2016).  

  Hypothyroidism in contrast is most often caused by an autoimmune disease called 

Hashimoto’s disease, which leads to the inflammation of the thyroid gland and destruction of 

thyrocytes (Weetman, 2021). An additional cause can be so called congenital hypothyroidism, 

where hypothyroidism is already present at birth and can lead to severe neurological 

development disruptions, if not treated immediately (Wassner, 2018). It presents with growth 

delay, as well as reduced physical activity and feeding difficulty, among others (Guerri et al., 

2019). Typical symptoms of acute hypothyroidism are weight gain, lethargy and cold intolerance 

(Chaker et al., 2017), but also changes in mood, like depression (Nuguru et al., 2022) or anxiety 

(Bathla et al., 2016). Hypothyroidism is most commonly treated with levothyroxine to replace 

missing TH (Chaker et al., 2017). 

 

1.2.3 THYROID HORMONE RECEPTORS 
 

THs act on their target tissues via thyroid hormone receptors (TRs). TRs are nuclear receptors with 

an amino-terminal domain (A-B domain) necessary for localisation to the nucleus (Andersson & 

Vennström, 1997), as well as a DBD and an LBD. Nuclear receptors function as transcription 

factors, they can bind to DNA and can activate or repress the expression of their target genes in a 

ligand-binding dependant manner (Evans & Mangelsdorf, 2014). TRs bind to DNA at so called 

thyroid hormone response elements (TREs) as a heterodimer with the retinoid X receptor (RXR) 

(Brent, 2012) (Fig. 3). 
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Figure 3: Thyroid hormone-mediated gene expression via thyroid hormone receptors. TRs consist of an 

A-B domain, a DBD and an LBD. Upon binding of THs, TRs form heterodimers with RXRs and bind to DNA at 

TREs. Via recruitment of co-activators or co-repressors (not shown), this induces gene expression of TH 

target genes. A-B domain: Amino-terminal domain; DBD: DNA-binding domain; LBD: Ligand-binding 

domain; RXR: Retinoid X receptor; TH: Thyroid hormone; TR: Thyroid hormone receptor; TRE: Thyroid 

hormone response element. Figure created with Biorender.com 

There are two main types of TRs, thyroid hormone receptor α (TRα) and thyroid hormone 

receptor β (TRβ), with isoforms TRα1, TRα2 and TRβ1-2 resulting from different splicing (Ortiga-

Carvalho et al., 2014). The isoforms are differentially expressed and regulated throughout the 

body. While TRα1 and TRα2 are predominantly found in the brain (Williams, 2000), TRβ can be 

found highly expressed in liver, kidneys and HPT axis (S.-Y. Cheng et al., 2010). The differential 

expression of TRα and TRβ isoforms allows for tissue specific responses to THs, ensuring 

regulation of development and metabolic homeostasis.   

  TRα1, TRβ1 and TRβ2 are the primary functional receptors, whereas TRα2 is not capable 

of binding THs and acts as a dominant-negative inhibitor, as it blocks off TREs to TH-binding TRs 

(Katz & Lazar, 1993). This allows for adaptation to hormonal responses in different tissues as a 

regulatory mechanism.   

 

1.2.3.1 THYROID HORMONE RECEPTOR KNOCKOUTS AND MUTATIONS 
 

To study the role of TRs more closely, knockout mice for either TRα or TRβ have been generated. 

TRα knockout mice present with bradycardia, as shown in prolonged QRS- and QT-times, as well 

as a decrease in body temperature and mild hypothyroidism (Wikström et al., 1998). Additionally, 

a homozygous knockout leads to growth retardation and a short lifespan, as TRα knockout mice 

die within 5 weeks (Fraichard et al., 1997).   

  In contrast, TRβ knockout mice show dysfunction of the HPT axis and elevated TSH levels, 
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as well as resistance to thyroid hormones (O’Shea & Williams, 2002), which highlights the role of 

TRβ in the TH mediated negative feedback loop control of the HPT axis (Lezoualc’h et al., 1992). 

In humans, resistance to THs due to a mutation in TRβ (RTHβ) has been known for a long time, 

ever since it was first described in 1967 (Refetoff et al., 1967). Patients suffering from RTHβ 

present with increased levels of THs but normal TSH levels (Pappa & Refetoff, 2021). However, 

resistance to THs due to a mutation in TRα (RTHα) is a disorder that has only been described 

recently (Bochukova et al., 2012). RTHα patients show growth retardation, intellectual deficits, 

dysmorphic facies, dyspraxia and skeletal dysplasia (Moran & Chatterjee, 2015). Due to the 

relatively new discovery, a mouse model for RTHα with a mutation in TRα1, TRα1R384C, was 

generated to define the phenotype. This mutation causes a 10-fold decreased binding affinity to 

T3, which results in a dominant-negative effect, since the receptor still binds to TREs but does 

not have any effect on the transcription of TR target genes. Due to its decreased binding affinity 

to T3, the receptor is not completely unfunctional and can be reactivated by treatment with T3 

(Tinnikov et al., 2002). These mice have normal levels of THs but present with increased 

metabolism, which is due to overactivation of the brown adipose tissue (BAT) (Sjögren et al., 

2007). However, they also have decreased body temperature, which can be attributed to 

increased tail heat loss (Warner et al., 2013). Additionally, the mice show increased anxiety and 

locomotor deficiencies (Venero et al., 2005), indicating central effects on the brain. However, the 

exact locations for these actions remain unknown. 

 

1.3. AIMS OF THIS STUDY 

 

THs have strong effects on brain function, as evidenced by their ability to regulate body 

temperature (Johann et al., 2019; Sentis et al., 2021) and mood (Fischer & Ehlert, 2018; Lekurwale 

et al., 2023), as well as neurodevelopmental defects and anxiety observed in TRα1 mutant mice 

(Venero et al., 2005), but locations are not defined, as TRα1 mutants show a full body mutation 

and further research is needed to identify the role of specific brain regions. Additionally, TRα1 

mutant phenotype might be caused by an overlap of developmental and acute effects. Since 

many locations of central TH actions still remain unknown, this thesis aims to investigate the 

precise location where THs act to modulate behaviour and metabolism (Fig. 4). Previous studies 

show the involvement of the hypothalamus in the control of body temperature (Johann et al., 

2019; Sentis et al., 2024), but other central effects of THs are not as precisely understood. 

Mutations in the TRα1 causing inhibited binding of T3 leads to deficiencies in locomotion activity, 
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as well as anxious behaviour and hypermetabolism (Mittag, Wallis, et al., 2010). The exact 

mechanism of how TH signalling can exert these effects is still only partially understood.  

  In order to better understand the mechanisms behind central TH actions, it is necessary 

to identify which brain regions are responsible for the effects observed in TRα mutant mice or 

patients suffering from thyroid associated diseases. 

 

Figure 4: Study aims. The aim of this study is to identify brain regions that are activated by T3 and that are 

the neuroanatomical location of central T3 effects. Figure created with Biorender.com. 

The main questions posed are: 

1. Which brain regions show neuronal activation with systemic T3 treatment? 

2. What are the effects of inhibition of TH signalling in these regions on behaviour and 

metabolism? 

3. Which neuronal populations mediate the observed effects? 
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2. MATERIALS AND METHODS 
 

2.1 MATERIALS 
 

2.1.1 CHEMICALS, DRUGS, AND REAGENTS 
 

Table 1 contains a list of all chemicals, drugs, and reagents used in this study. 

Table 1: Chemicals, drugs, and reagents  

Item Catalog no. Origin 

3,3’-Diaminobenzidine D5637-5G Sigma Aldrich Chemie GmbH, Germany 

Acetic acid  3738.4 Carl Roth GmbH + Co. KG, Germany 

Anti-Fade Fluorescence Mounting 

Medium 
Ab104135 Abcam, UK 

Avidin/Biotin Blocking Kit SP-2001 BIOZOL Diagnostics, Germany 

Bepanthen eye ointment 01578675 Bayer, Germany 

β-mercaptoethanol  M6250 Sigma Aldrich Chemie GmbH, Germany 

Carprofen (Rimadyl®) Vnr462986 Pfizer Inc., USA 

Chloroform  C2432 Sigma Aldrich Chemie GmbH, Germany 

D(+)-Saccharose (C12H22O11) 9097.1 Carl Roth GmbH + Co. KG, Germany 

di-Sodium hydrogen phosphate 

dihydrate (Na2HPO4*2H2O) 
1.0658 Supelco, Inc., USA 

di-Sodium phosphate (Na2HPO4) T876.2 Carl Roth GmbH + Co. KG, Germany 

Eosin G-solution 0.5% water  X883.2 Carl Roth GmbH + Co. KG, Germany 

Ethanol ≥ 70%  T913.2 Carl Roth GmbH + Co. KG, Germany 

Ethanol ≥ 99,8% K928.4 Carl Roth GmbH + Co. KG, Germany 

Ethylene glycol 6881.1 Carl Roth GmbH + Co. KG, Germany 

Glycerol 6967.1 Sigma Aldrich Chemie GmbH, Germany 

Hydrochloric acid (HCl; 37 %)  9277.1 Carl Roth GmbH + Co. KG, Germany 

Hydrogen peroxide (30%) 216763 Sigma Aldrich Chemie GmbH, Germany 

Isoflurane  TU061219 Zoetis Inc., USA 

Mayer's hemalum solution  1.09249.1000 Sigma Aldrich Chemie GmbH, Germany 

Micromount Mounting Medium  3801731 Leica Biosystems Richmond, Inc., USA 
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Monosodium phosphate 

(NaH2PO4) 
K300.1 Carl Roth GmbH + Co. KG, Germany 

Normal donkey serum  END9010-10 BIOZOL Diagnostics, Germany 

Normal goat serum ENG9010-10 BIOZOL Diagnostics, Germany 

Nuclease-free water  P119E Promega GmbH, Germany 

Paraformaldehyde solution (32 %)  15714 VWR International, Germany 

Potassium chloride (KCl) P017.1 Carl Roth GmbH + Co. KG, Germany 

Potassium dihydrogen phosphate 

(KH2PO4) 
P018.2 Carl Roth GmbH + Co. KG, Germany 

ProLong Diamond Antifade 

Mountant with DAPI  
P36971 LifeTechnologies, USA 

QIAzol 79306  QIAGEN GmbH, Germany 

RNaseZAPTM AM9780 Th. Geyer GmbH, Germany 

Sodium chloride (NaCl) 9265.2 Carl Roth GmbH + Co. KG, Germany 

Sodium chloride (NaCl; 0.9 % 

sterile) 
6605514 

Fresenius Kabi Deutschland GmbH, 

Germany 

Sodium citrate (C6H5Na3O7) 4088.3 Carl Roth GmbH + Co. KG, Germany 

Sodium hydroxide (NaOH)  1310-73-2 Carl Roth GmbH + Co. KG, Germany 

Standard chow diet 1314 Altromin, Germany 

Tissue-Tek® O.C.T.TM Compound  4583 Sakura Finetek USA, Inc. USA 

TritonTMX-100 X100 Sigma Aldrich Chemie GmbH, Germany 

Vaseline  771055 
Balea; dm-Drogeriemarkt GmbH + 

Co.KG, Germany 

VECTASTAIN® Elite® ABC-HRP Kit, 

Peroxidase (Standard) 
PK-6100 BIOZOL Diagnostics, Germany 

Xylocaine (10 mg/mL) XYL1050 AstraZeneca, UK 
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2.1.2 CONSUMABLES AND DEVICES 
 

Table 2 lists all consumables and devices that were used in this thesis. 

Table 2: Consumables and devices  

Item Origin 

23U-Series Color Industrial Camera The Imaging Source Europe GmbH, Germany 

96-PCR plate Sarstedt AG & Co., Germany 

Absorbable suture (V396H Coated Vicryl) Ethicon, Germany 

Acculab ATL-224-I Atilon Analytical Balance 

220g x 0.0001 
Sartorius Stedim Biotech GmbH, Germany 

Adhesive clear PCR seal sheets BiozymScientific GmbH, Germany 

Alcohol pads B. Braun SE, Germany 

Anaesthesia Unit 410 High Precision Instruments, Univentor, Malta 

BD MicrolanceTM 3, 26G x ½” (0,45x13mm) Becton Dickinson GmbH, Germany 

Benchtop centrifuge MC6 Sarstedt AG & Co., Germany 

Biosphere® Plus  

(20 µL, 100 µL, 200 µL, 1000 µL) 
Sarstedt AG & Co., Germany 

Biosphere® Plus Filter Tips 

(20 µL, 100 µL, 200 µL, 1000 µL) 
Sarstedt AG & Co., Germany 

Brain matrix World Precision Instruments, USA 

Bright field microscope Axiovert 40 CFL Carl Zeiss AG, Germany 

Cell strainer (70 µm) Greiner Bio-One International GmbH, Germany 

Centrifuge 5430, 5430 R, and multifuge 3 S-R Eppendorf AG, Germany 

Ceramic beads (1.4 mm, 325g) VWR International, USA 

Climate incubator MKKL1200 Flohr Instruments, Netherlands 

Combitips advanced® (0.1 mL, 0.5 mL, 5 mL) Eppendorf AG, Germany 

Cotton swabs  Nobamed, Germany 

Cover glasses Th. Geyer GmbH, Germany 

Cryostat CM3050 S Leica Biosystems, Germany 

Dräger Isoflurane Vapor® 19.3 Drägerwerk AG & Co. KGaA, Germany  

Dremel® 200 Multitool System Dremel, USA 

Duomax 1030 Heidolph Instruments, Germany 

ECGenie Clinic System Mouse Specifics Inc., USA 
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ER-4000 receiver plates PhilipsRespironics, USA 

EVOS® FL Auto Imaging System Thermo Fisher Scientific Inc., Germany 

Feather disposable scalpel Feather Safety Razor Co., Ltd., Japan 

FisherbrandTM Homogenizer Bead Mill 24 Fisher Scientific GmbH, Germany 

G2 E-Mitter PhilipsRespironics, USA 

Glass capillaries (1.14 mm; 504949) World Precision Instruments, USA 

Glucometer Bayer, Germany 

Green Line Sealsafe Plus Tecniplast S.p.A, Italy 

Heating pad Themolux® Witte + Sutor GmbH, Germany 

Hood 
Waldner Laboreinrichtungen GmbH & Co. KG, 

Germany 

Infrared camera T335 FLIR Systems Termisk Systemteknik, Sweden 

Inject® FLuerSolo B. Braun SE, Germany 

Inveon preclinical PET/CT system Siemens, Germany 

Magnetic Hotplate Stirrer VMS-C4 VWR International, Germany 

Magnetic stirrer (Rct basic) IKA®-Werke GmbH & Co. KG, Germany 

Microscope slides Superfrost® Plus Thermo Fisher Scientific Inc., Germany 

Microtest plate transparent, flat bottom,  

96 well 
Sarstedt AG & Co., Germany 

Microtome Blade MB35 Premier Epredia Netherlands B.V., Netherlands 

Multipette 8-channel (0.5-10 µL) Eppendorf AG, Germany 

Multipette® E3 Eppendorf AG, Germany 

NanoDropTM One C Thermo Fisher Scientific Inc., Germany 

Nanoliter 2020 injector World Precision Instruments, USA 

Parafilm Sigma Aldrich Chemie GmbH, Germany 

PCR strip of 8 200 µL Sarstedt AG & Co., Germany 

Permanent suture (EH7823H) Ethicon, Germany  

Pestle Th. Geyer GmbH, Germany 

pH-meter (PB-11) 
Sartorius Lab Instruments GmbH & Co. KG, 

Germany 

Pipette controller Brand GmbH + Co. KG, Germany 

Pipette Research® Plus 

(0.5-10 µL, 2-20 µL, 10-100µL, 20-200 µL, 

100-1000 µL) 

Eppendorf AG, Germany 
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Precision balance VWR International, Germany 

PV-1 Grantbio Grant Instruments Ltd, UK 

QuantStudio Applied Biosystems realtime 

PCR sytem 
Thermo Fisher Scientific Inc., Germany  

Razor blades World Precision Instruments, Germany 

Rectal thermometer probe BAT-12 Physitemp Inc., USA 

SafeSeal tube (1.5 mL, 2 mL, 5 mL) Sarstedt AG & Co., Germany 

Screw cap micro tube 2 mL Sarstedt AG & Co., Germany 

Serological Pipette  

(5 mL, 10 mL, 25 mL, 50 mL) 
Sarstedt AG & Co., Germany 

SPECTROstar Nano Microplate Reader BMG Labtech, Germany 

Staining jar Isolab Laborgeräte GmbH, Germany 

Stereo microscope VWR® VisiScope® SZB250 VWR International, Germany 

Stereotaxic apparatus (963205A, 957) Kopf®, USA 

TC dish 100, standard Sarstedt AG & Co., Germany  

TC plate, 6 well, standard F Sarstedt AG & Co., Germany 

TC plate, 24 well, standard F Sarstedt AG & Co., Germany 

Thermocycler PTC-200 Biozym Scientific GmbH, Germany 

Thermomixer 5436 Eppendorf AG, Germany 

Tissue punch Fine Science Tools, USA 

Titramax 100 Heidolph Instruments, Germany 

TSE PhenoMaster TSE Systems, Germany 

Tubes (15 mL, 50 mL) Sarstedt AG & Co., Germany  

Twin mouse carrier MEDRES, Germany 

Water bath Polyscience, USA 

Weighing pans neoLab® neoLab Migge GmbH, Germany 
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2.1.3 COMMERCIALLY AVAILABLE KITS 
 

Table 3 consists of commercially available kits that were used for analysis in this study. 

Table 3: Commercially available kits  

Item Catalog no. Origin 

Corticosterone ELISA RE52211 Tecan, Switzerland 

Glycogen assay kit MAK016 Sigma Aldrich Chemie GmbH, Germany 

GoTaq® qPCR Mastermix M7112 Promega GmbH, Germany 

RevertAid First Strand cDNA 

Synthesis kit 
K1621 Thermo Fisher Scientific Inc., Germany 

RNeasy® FFPE kit 73504 QIAGEN GmbH, Germany 

RNeasy® fibrous tissue mini kit 74704 QIAGEN GmbH, Germany 

RNeasy® lipid tissue mini kit 74804 QIAGEN GmbH, Germany 

RNeasy® mini kit 74106 QIAGEN GmbH, Germany 

Total T3 ELISA DNOV053 NovaTec Immundiagnostica GmbH, Germany 

Total T4 ELISA EIA-1781 DRG Instruments GmbH, Germany 

 

2.1.4 BUFFERS 
 

Table 4 shows all buffers used in this study with chemicals and their respective concentration. 

Table 4: Buffers 

Buffer Chemicals Concentration / Amount 

Cryo protection solution (CPS) 

250 mL; pH = 7.4 

Ethylene glycol 

Glycerol 

NaH2PO4 (0.1 M) 

Na2HPO4 (0.1 M) 

75 mL 

75 mL 

19 mL 

81 mL 

Phosphate buffered saline (PBS)  

(10x) pH = 7.4 

KCl 

KH2PO4 

Na2HPO4 

NaCl 

27 mM 

17.6 mM 

188.8 mM 

1370 mM 

Sodium citrate buffer for antigen 

retrieval pH = 6.0 
C6H5Na3O7 10mM 
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2.1.5 SOFTWARE 
 

Table 5 lists all software used and its purpose for this study. 

Table 5: Software 

Software Company Use 

CorVita Mouse Specifics Inc., USA 
ECG signal processing and 

analysis 

FLIR Tools 
FLIR Systems Termisk Systemteknik, 

Sweden 

Infrared photography 

analysis 

GraphPad PRISM 8 GraphPad Software Inc., USA Statistical analysis 

ImageJ 1.53k National Institute of Health, USA Hippocampal area analysis 

Microsoft Office Excel Microsoft, USA 
Data preprocessing and 

statistical analysis 

QuantStudioTM Design & 

Analysis v1.5.1 

Thermo Fisher Scientific Inc., 

Germany 
qPCR analysis 

TSE PhenoMaster Software 

V6.5.3 
TSE Systems, Germany 

Recording of indirect 

calorimetry and analysis 

Vital View 4.200.2 PhilipsRespironics, USA Recording of telemetry data 

 

2.2 METHODS 
 

Animal husbandry 

Male wild-type and tyrosine hydroxylase-Cre mice (Savitt et al., 2005) with a C57/6NCr 

background were bred at the Gemeinsame Tierhaltung (GTH) at the University of Lübeck. The 

animals started the experiments at an age of 3-6 months and were single housed with ad libitum 

access to standard chow diet (Altromin) and water following a 12/12-hour light/dark cycle at a 

constant temperature of 22°C. To monitor the wellbeing and growth of the animals, body weight 

was measured at least twice a week. In addition, food – and water intake were monitored to 

ensure sufficient nutrition by weighing left-over food and water. New food and water were 

provided at least every other week or as needed. All experimental protocols were approved by 

MLLEV (Ministerium für Landwirtschaft, ländliche Räume, Europa und Verbraucherschutz) 

Schleswig-Holstein (Germany) and adhered to the EU guidelines (210/63/EU). 
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Positron emission tomography (PET)/Computed tomography (CT) imaging 

PET-CT scans were conducted by Dr. Heiko Backes and Dr. Anna-Lena Cremer at the Max Planck 

Institute for Metabolism Research in Cologne, Germany. They were performed within subject, 

once before treatment and once after two weeks of oral treatment with T3 (0.5 mL/L drinking 

water) as described previously (Backes et al., 2011) with an Inveon preclinical PET/CT system 

(Siemens). Mice were anaesthetised using isoflurane and put on a twin mouse-carrier (MEDRES) 

before cannulation in the tail vein using a 30G cannula that is connected to polythene tubing  

(ID = 0.28 mm) fixated with glue. After PET recording was started, an injection of 7-8 MBq of  
18F-Fluorodeoxyglucose (FDG) in 50-100 μL of saline was carried out and emission data was 

recorded for 45 minutes. Afterwards, a CT scan was conducted (180 projections / 360°, 200 ms, 

80 kV, 500 µA) to correct the PET data. A standard glucometer (Bayer) was used to determine 

plasma glucose levels from tail vein blood. The data was then histogrammed in 12 x 30 s, 30 x 60 

s, 3 x 120 s and 7 x 240 s time frames and full 3D binning was used to bin it. PET images were 

constructed according to the MAP-SP algorithm, which was provided by the manufacturer. Co-

registration was done using image analysis software Vinci (Cízek et al., 2004) and a 3D mouse 

brain atlas according to the 2D Paxinos mouse brain atlas (Franklin & Paxinos, 2013).  

 

Kinetic modelling 

Kinetic modelling was conducted by Dr. Heiko Backes and Dr. Anna-Lena Cremer at the Max 

Planck Institute for Metabolism Research in Cologne, Germany. PET data from the aorta, 

identified in the first time frame image for each animal, were utilised to get an image-based input 

function. This input function was corrected for fractional volume effects, assuming a volume 

fraction of 0.619. A voxel-wise data fitting approach with a voxel size of  

0.4 mm x 0.4 mm x 0.8 mm was applied to a kinetic model to generate parametric images of the 
18F-FDG kinetic constants (K1, k2, k3, k4). Changes in glucose transport were used as an indicator 

of neuronal activation, as tissue to plasma glucose concentration ratio (CE/CP) measures 

glucose transport with  

𝐶𝐸

𝐶𝑃
=

𝐾1

𝑘2 + 𝑘3
0.26

 

(Backes et al., 2011; Jais et al., 2016) and this parameter is very robust for plasma glucose levels.  
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Stereotactic AAV injections and radiotelemetry transmitter implantation 

Before entering the experiment, mice were matched according to age and body weight and sorted 

into control and treatment groups. Coordinates for injections into the ZI were calculated with the 

use of the Mouse Brain Atlas (Paxinos & Franklin, 2004) relative to the bregma:  

anterior-posterior: 1.00 mm; medial-lateral: ± 0.75 mm; dorsal-ventral: -4.60 mm.  

Carprofen (5 mg/kg s.c.; Pfizer Inc.) was injected as pain medication before the start of the 

surgery. Mice were put on a heating pad (Witte + Sutor GmbH) for warming and a rectal probe was 

inserted to monitor body temperature. Heart rate and breathing were monitored to ensure 

successful surgery. Mice were anaesthetised using isoflurane (Zoetis Inc.), and lidocaine 

(AstraZeneca) was used for local anaesthesia before opening the scalp and drilling holes into the 

skull for injection. 500 nL of AAV serotype 1 were injected bilaterally per side using either manual 

injections or a nanoliter 2020 injector (World Precision Instruments). Wild-type mice received 

AAVs expressing either control green fluorescent protein (EGFP) (2.17 x 1012 genome copies 

(GC)/mL) or mCherry and a dominant-negative TRα1R384C (2.81 x 1012 GC/mL), all under a CMV 

promotor. Tyrosine hydroxylase-Cre mice were injected with AAVs with FLEXOn constructs 

expressing either control mCherry (2.3 x 1010 GC/mL) under a CAG promotor or a dominant-

negative TRα1R384C and mCherry (2.92 x 1012 GC/mL) under a CMV promotor (VectorBuilder 

GmbH). After closing up the incision site, mice were implanted with a radiotelemetry transmitter 

(G2 E-Mitter; PhilipsRespironics) into their abdomen to non-invasively record body temperature 

and locomotion activity. This was done by cutting into the abdominal skin after disinfection, 

separating the skin from the connective tissue and then cutting along the linea alba of the 

peritoneum to open the abdomen. The radiotelemetry transmitter was then sterilised and 

implanted into the cavity, after which both the peritoneum and the outer skin were closed 

separately with sutures. The animals were monitored while waking up in their cages and treated 

with Carprofen (5 mg/kg s.c.; Pfizer Inc.) 24 hours after the surgery. For optimal recovery, mice 

were fed with water-soaked food for 24 hours and they were allowed to recover for at least 14 days 

before any experimental recording started. 

 

2.2.1 IN VIVO METHODS 
 

Radiotelemetry recordings 

For baseline measurements of core body temperature and locomotion activity, mice were placed 

into a climate chamber (Flohr Instruments) set to 22°C and 50% humidity. Each cage was put 
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onto its own radiotelemetry receiver plate (PhilipsRespironics) that continuously recorded body 

temperature and locomotion activity every 30 seconds. Baseline recordings were conducted for 

at least 3 days. Afterwards, the temperature was set to 10°C and body temperature and 

locomotion activity was recorded for 7 hours. Mice were then allowed to rest and recover for at 

least 24 hours before being placed back into the climate chamber at 30°C to record body 

temperature and locomotion activity for 3 hours.  

 

Infrared thermography 

To measure BAT activity and tail heat loss, infrared pictures were taken using a FLIR IR camera 

(FLIR). Vaseline was applied to the back hair to reveal the skin above the interscapular brown 

adipose tissue (iBAT) for more accurate data (Oelkrug & Mittag, 2021). Mice were allowed to roam 

freely at an ambient temperature of 22°C and infrared pictures of the iBAT, tail and lower back 

were captured within a timeframe of 5 minutes to minimise stress-related increase in 

temperatures.  

 

Electrocardiograms (ECGs) 

For measurements of ECGs and related parameters, electrode towers (ECGenie Clinic System; 

Mouse Specifics Inc.) were used. Mice were allowed to acclimate to the towers for 10 minutes on 

2 consecutive days before the measurements took place. On the day of the recording, mice were 

accustomed to the tower for 10 minutes prior to the measurements. Heart rate was recorded for 

10-20 minutes (ECGenie Clinic System; Mouse Specifics Inc., USA) and the data was analysed 

using the ECGenie software (ECGenie CorVita Software; Mouse Specifics Inc., USA). 

 

Indirect calorimetry 

Measurements of oxygen consumption and oxygen and carbon dioxide exchange were conducted 

with an open respirometry climate chamber (TSE Systems). Mice were allowed to train and 

acclimate to the chambers for three days before recording. For baseline recordings, the 

temperature was set to 22°C and parameters were measured for a period of at least 7 hours. 

During this time, mice had ad libitum access to food and water. Afterwards, the temperature was 

set to 30°C and recordings took place for 6 hours with no access to food or water to measure the 
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basal metabolic rate. The respiratory quotient (RQ), as a measure for which micronutrients the 

organism uses, was calculated using the following formula: 

𝑅𝑄 =
𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑖𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 

For each measurement, body weight was recorded once before placement into the climate 

chamber and once afterwards. Data was analysed with Microsoft Office Excel (Version 2402; 

Microsoft) and the TSE PhenoMaster Software (V6.5.3; TSE Systems). 

 

Behavioural assays 

To assess the anxiety phenotype of the animals, two behavioural assays were carried out. Mice 

were allowed to acclimate to the testing room for at least 1 hour prior to the experiment. For the 

open field test, lights were set to 30 lux and the animals were placed into the centre of the field, 

facing away from the experimenter and left unrestrained for 10 minutes. For the elevated plus 

maze, the light was set to 125 lux and the mice were put into the centre of the maze, facing away 

from the experimenter and left unrestrained for 5 minutes. The data were analysed with the ANY-

maze tracking software (Stoelting Europe).  

 

Sacrifice and organ collection 

Before sacrifice, mice were allowed to acclimate to the room for at least an hour to reduce stress. 

The animals were sacrificed by cervical dislocation. Blood was collected from the trunk after 

cutting off the head and left to coagulate at room temperature for 2 minutes and then placed on 

ice for at least 30 minutes. This was followed by a centrifugation step at 1000g and 4°C for  

10 minutes. The liquid phase was then transferred to a new tube and centrifuged again. The 

resulting serum (liquid phase) was then again transferred to a new tube and stored at -20°C. 

Brains were directly transferred to 4% paraformaldehyde (PFA) (VWR International) and stored at 

4°C prior to further preparation. All other organs were snap-frozen using either liquid nitrogen or 

dry ice and stored at -80°C.  
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2.2.2 MOLECULAR METHODS 
 

Immunohistochemistry and immunofluorescence 

Fresh brains were collected after sacrifice and fixed in 4% PFA (VWR International) in H2O for 24 

hours at 4°C. After PFA fixation, brains were transferred to 30% sucrose (w/v in PBS) (Carl Roth 

GmbH + Co. KG) and incubated for at least 3 days at 4°C until they were fully saturated. 

Subsequently, the brains were frozen on dry ice and stored at -80°C. In preparation for 

immunostaining, a cryostat (Leica Biosystems) was used to cut the brains to a thickness of 40 µm 

at around -20°C. Sections were collected in 5 tubes with each tube containing sections 200 µm 

apart and then stored in cryo protection solution (CPS) at -20°C.   

For immunohistochemistry, sections were incubated with 1% hydrogen peroxide (H2O2) in PBS 

(Sigma Aldrich Chemie GmbH) for 30 minutes before blocking with 5% normal goat serum 

(BIOZOL Diagnostics) and 4 drops/mL avidin (BIOZOL Diagnostics) in 0.3% Triton X-100 (Sigma 

Aldrich Chemie GmbH) in PBS for 1 hour at room temperature. Afterwards, they were incubated 

in primary antibody (Table 6) and 5% normal goat serum (BIOZOL Diagnostics) with 4 drops/mL 

biotin (BIOZOL Diagnostics) in 0.3% Triton X-100 (Sigma Aldrich Chemie GmbH) in PBS over night 

at 4°C. Sections were then incubated in secondary antibody (Table 7) in 0.3% Triton X-100 (Sigma 

Aldrich Chemie GmbH) in PBS for 1 hour at room temperature before incubation with 10 µL/mL 

avidin and 10 µL/mL biotinylated horseradish peroxidase (HRP) (BIOZOL Diagnostics) in 0.3% 

Triton X-100 (Sigma Aldrich Chemie GmbH) in PBS for 1 hour at room temperature. Subsequently, 

sections were incubated with 0.5 mg/mL 3,3’-diaminobenzidine (DAB) (Sigma Aldrich Chemie 

GmbH) in PBS and 0.1% H2O2 (Sigma Aldrich Chemie) for 1-5 minutes at room temperature until 

colour developed. The sections were then mounted on microscope slides (Thermo Fisher 

Scientific Inc.), left to dry over night at room temperature and mounted with Micromount 

Mounting Medium (Leica Biosystems Richmond, Inc.) and coverslips (Th. Geyer GmbH). For  

c-Fos staining, an additional antigen retrieval step in 10 mM Na-Citrate was carried out for  

10 minutes at 80°C before inactivation of endogenous peroxidase activity.   

For immunofluorescence, sections were blocked with 5% normal goat serum (BIOZOL 

Diagnostics) or normal donkey serum (BIOZOL Diagnostics) in 0.3% Triton X-100 (Sigma Aldrich 

Chemie GmbH) in PBS for 1 hour at room temperature before incubation in primary antibody 

(Table 6) with 5% normal goat serum (BIOZOL Diagnostics) or normal donkey serum (BIOZOL 

Diagnostics) in 0.3% Triton X-100 (Sigma Aldrich Chemie GmbH) in PBS over night at 4°C. 

Afterwards, sections were incubated in secondary antibody (Table 7) in 0.3% Triton X-100 (Sigma 

Aldrich Chemie GmbH) in PBS for 1 hour and subsequently mounted on slides with ProLong 
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Diamond Antifade Mountant with DAPI (LifeTechnologies) or Anti-Fade Fluorescence Mounting 

Medium (Abcam).  

Sections were washed in either PBS or 0.1% Triton X-100 (Sigma Aldrich Chemie GmbH) in PBS in 

between incubations. All incubations were done while shaking.  

 

Table 6: Primary antibodies 

Target Host Dilution Catalog no.  Origin 

C-Fos Rabbit 1:500 89065 Novus Biologicals, USA 

GFP Rabbit 1:1000 Ab290 Abcam, UK 

GFAP Chicken 1:500 Ab4674 Abcam, UK 

mCherry Goat 1:1000 AB0040 OriGene Technologies Inc., USA 

NeuN Mouse 1:500 Ab104224 Abcam, UK 

Tyrosine hydroxylase Mouse 1:1000 T2928 
Sigma Aldrich Chemie GmbH, 

Germany 

 

Table 7: Secondary antibodies 

Target Host Conjugation Dilution Catalog no. Origin 

Goat Donkey Alexa FluorTM 594 1:800 A-11058 
Invitrogen, Thermo Fisher 

Scientific, USA 

Mouse Goat Biotin 1:250 BA-9200 
BIOZOL Diagnostics, 

Germany 

Mouse Donkey Alexa FluorTM 488 1:800 A-21202 
Invitrogen, Thermo Fisher 

Scientific, USA 

Mouse Donkey Alexa FluorTM 594 1:800 A-21203 
Invitrogen, Thermo Fisher 

Scientific, USA 

Rabbit Goat Biotin 1:250 BA-1000 
BIOZOL Diagnostics, 

Germany 

Rabbit Donkey Alexa FluorTM 488 1:800 A-21206 
Invitrogen, Thermo Fisher 

Scientific, USA 

Chicken Donkey 
DyLightTM 405 

AffiniPureTM 
1:400 703-475-155 

Jackson ImmunoResearch 

Labs, USA 
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H&E staining 

Cut sections were washed in PBS and mounted onto slides before drying for 1 hour at room 

temperature and stored at -20°C. In preparation for H&E staining, the slides were taken out of the 

freezer and left to acclimate to room temperature for 20-30 minutes. Afterwards, the sections 

were stained in hematoxylin (1:5 in dH2O; Sigma Aldrich Chemie GmbH) for 2 minutes and then 

washed in warm H2O for 15 minutes and subsequently washed in dH2O for 5 minutes while 

shaking. After washing, the sections were stained by dipping once in eosin (Carl Roth GmbH + 

Co. KG) containing 0.5 mL acetic acid (Carl Roth GmbH + Co. KG) per 100 mL. The sections were 

then washed again shortly in dH2O before destaining in 70% Ethanol (Carl Roth GmbH + Co. KG) 

for 5 minutes and dehydrating in 100% Ethanol (Carl Roth GmbH + Co. KG) for 15 seconds. After 

drying, the slides were coverslipped with Micromount Mounting Medium (Leica Biosystems 

Richmond, Inc.). 

 

Isolation of the Zona Incerta 

Right brain hemispheres of the animals were collected fresh after sacrifice and frozen on dry ice. 

For dissection of the Zona Incerta, a brain matrix (World Precision Instruments) and tissue 

punches (World Precision Instruments) were used. The brain matrix was frozen 24 hours prior to 

the dissection at -20°C and then placed into ice and frozen gel packs for cooling. A glass plate 

was put onto a mixture of ice and dry ice and cleaned with RNase ZAPTM (Th. Geyer GmbH). The 

frozen brains were placed into the brain matrix and allowed to acclimate for 2-5 minutes before 

cutting with pre-chilled razor blades (World Precision Instruments). Cut sections were then 

placed onto the glass plate and the ZI was cut out using tissue punches with the help of the Mouse 

Brain Atlas (Paxinos & Franklin, 2004). The dissected ZI was placed into pre-chilled tubes and 

stored at -80°C.  

 

Quantitative polymerase chain reaction (qPCR) 

RNA was isolated from the respective snap-frozen tissues. For hepatic RNA, liver was ground 

using mortar and pestle with liquid nitrogen. The isolation was done using RNeasy mini kits 

according to the manufacturer’s instructions (RNeasy FFPE kit, #73504 for hypothalamic brain 

sections; RNeasy mini kit, #74104 for liver; RNeasy fibrous tissue mini kit, #74704 for M. 

gastrocnemius; RNeasy lipid tissue mini kit, #74804 for adrenal glands, brain, iBAT and pituitary; 
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QIAGEN) with performance of a DNase digestion step. Concentration of RNA was measured using 

Nanodrop (Thermo Fisher Scientific Inc.). Afterwards, cDNA synthesis was carried out using 

RevertAid first strand cDNA synthesis kit (Thermo Fisher Scientific Inc.).   

For qPCR, RNA was diluted with nuclease-free water to a final working concentration of 5 ng. The 

measurements were done with GoTaq Master Mix (Promega GmbH) and a real-time PCR system 

(QuantStudio Applied Biosystems; Thermo Fisher Scientific Inc.), the protocol can be found in 

Table 8. Primer specificity was ensured by measurement of a melting curve. Standard curves were 

calculated, and primer efficiency (E) was determined using the following formula (Pfaffl et al., 

2004): 

𝐸 = 10
− 

1
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒 𝑠𝑙𝑜𝑝𝑒 

NormFinder was used to select housekeeping genes for each tissue for qPCR analysis (Andersen 

et al., 2004) (Table 9). Primer sequences for each qPCR can be found in Table 10. Data were 

analysed employing the ΔΔCt method (Livak & Schmittgen, 2001) and a design & analysis 

software (QuantStudioTM, Thermo Fisher Scientific Inc.). Primer efficiency was used for 

normalisation.  

 

Table 8: PCR method 

Temperature [°C] Time [min] Number of cycles 

50 2 1 

95 10 1 

95 

60 

0.15 

1 
40 

95 0.15 1 

60 0.3 1 

95 0.15 1 
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Table 9: Housekeeping genes 

Tissue Housekeeping genes 

Anterior pituitary Actb 

Adrenal glands Actb, Ppia 

Hypothalamus Actb, Rn18s 

Interscapular brown adipose tissue Hprt, Rplp0 

Liver Hprt, Ppid 

Muscle (M. gastrocnemius) Gapdh, Ppia 

Zona Incerta Actb 

 

 

Table 10: Genes used for qPCR with respective primer sequences 

Gene Abbreviation Sequences 5’→3’ (forward and reverse) 

18S Ribosomal RNA Rn18s 
GCAATTATTCCCCATGAACG 

GGGACTTAATCAACGCAAGC 

α 1a-adrenergic receptor Adra1a 
GAGGCATGGTGCGTATCCC 

CAGCAGCAGACCTGCAAAAA 

ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 1 
Atp2a1 

TGTTTGTCCTATTTCGGGGTG 

AATCCGCACAAGCAGGTCTTC 

ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 2 
Atp2a2 

TCCGCTACCTCATCTCATCC 

CAGGTCTGGAGGATTGAACC 

ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 3 
Atp2a3 

CGTCGCTTCTCGGTGACAG 

AAGAGGTCCTCAAACTGCTCC 

β 2-adrenergic receptor Adrb2 
GGGAACGACAGCGACTTCTT 

GCCAGGAGCATAACCGACAT 

β 3-adrenergic receptor Ardb3 
AGAAACGGCTCTCTGGCTTTG 

TGGTTATGGTCTGTAGTCTCGG 

β-actin Actb 
ACTGAGCTGCGTTTTACACCC 

TGCTCCAACCAACTGCTGTC 

Catalase Cat 
AGCGACCAGATGAAGCAGTG 

TCCGCTCTCTGTCAAAGTGTG 

Cell death inducing DFFA-like 

effector A 
Cidea 

TGACATTCATGGGATTGCAGA 

GGCCAGTTGTGATGACTAAGA 
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Corticotropin-releasing hormone Crh 
GAAAATGTGGCCCCAAGGA 

GCCACCCCTCAAGAATGAATT 

Corticotropin-releasing hormone 

receptor 
Crhr 

GGGCAGCCCGTGTGAATTATT 

ATGACGGCAATGTGGTAGTGC 

Cytochrome P450, family 11, 

subfamily b, polypeptide 1 
Cyp11b1 

AACCCAAATGTTCTGTCACCAA 

CAAAGTCCCTTGCTATCCCATC 

Cytochrome P450, family 11, 

subfamily b, polypeptide 2 
Cyp11b2 

TGGCTGAAGATGATACAGATCCT 

CACTGTGCCTGAAAATGGGC 

Deiodinase 2 Dio2 
ATGGGACTCCTCAGCGTAGAC 

ACTCTCCGCGAGTGGACTT 

Fatty acid synthase Fasn 
GGAGGTGGTGATAGCCGGTAT 

TGGGTAATCCATAGAGCCCAG 

Glucocorticoid receptor Gr 
AGCTCCCCCTGGTAGAGAC 

GGTGAAGACGCAGAAACCTTG 

Glucose-6-phosphate 

dehydrogenase 
G6dph 

ATGAAGCACACAGGCATTTGG 

TCCAGGTATAGCTGAAACAGTCC 

Glutamate ionotropic receptor 

NMDA type subunit 2A 
Grin2a 

ACGTGACAGAACGCGAACTT 

TCAGTGCGGTTCATCAATAACG 

Glycerinaldehyde-3-phosphate 

dehydrogenase 
Gapdh 

AGGTCGGTGTGAACGGATTTG 

TGTAGACCATGTAGTTGAGGTCA 

Glycerol-3-phosphate 

dehydrogenase 2 
Gpd2 

GAAGGGGACTATTCTTGTGGGT 

GGATGTCAAATTCGGGTGTGT 

Hairless Hr 
CGGAGACAATCATAGGAAGCAAG 

CCGGTCAGTACCCCTACCT 

Hypoxanthine 

phosphoribosyltransferase 
Hprt 

GCAGTACAGCCCCAAAATGG 

AACAAAGTCTGGCCTGTATCCAA 

Krüppel-like factor 9 Klf9 
TTATTGCACGCTGGTCACTATC 

CTCATCGGGACTCTCCAGAC 

Metallothionein 2 Mt2 
GCCTGCAAATGCAAACAATGC 

AGCTGCACTTGTCGGAAGC 

Myosin heavy chain 1 Myh1 
CTCTTCCCGCTTTGGTAAGTT 

CAGGAGCATTTCGATTAGATCCG 

Myosin heavy chain 4 Myh4 
CTTTGCTTACGTCAGTCAAGGT 

AGCGCCTGTGAGCTTGTAAA 
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Myostatin Mstn 
CCCAGGACCAGGAGAAGATGGGC 

TCGACCGTGAGGGGGTAGCG 

Peptidylprolyl isomerase A Ppia 
GAGCTGTTTGCAGACAAAGTTC 

CCCTGGCACATGAATCCTGG 

Peptidylprolyl isomerase D Ppid 
TCACAACAGTTCCGACTCCTC 

ACCTCTACATTTTCAAGCGTCC 

Peroxisome proliferator-activated 

receptor γ 
Pparγ 

TCGCTGATGCACTGCCTATG 

GAGAGGTCCACAGAGCTGATT 

Peroxisome proliferator-activated 

receptor δ 
Pparδ 

TCCATCGTCAACAAAGACGGG 

ACTTGGGCTCAATGATGTCAC 

Phosphodiesterase 10A Pde10a 
GGACAGAGACAAGCGAGATGA 

GGTGTGCTCTTGCTAGGCG 

Phosphoenolpyruvate 

carboxykinase 
Pepck 

ATCTTTGGTGGCCGTAGACCT 

GCCAGTGGGCCAGGTATTT 

Proopiomelanocortin Pomc 
TCATGACCTCCGAGAAGAGC 

GCCTTGGAATGAGAAGACC 

PR domain 16 Prdm16 
CCCCACATTCCGCTGTGAT 

CTCGCAATCCTTGCACTCA 

Pyruvate kinase Pyrk 
TCAAGGCAGGGATGAACATTG 

CACGGGTCTGTAGCTGAGTG 

Ribosomal protein lateral stalk 

subunit P0 
Rplp0 

TCGGGTCCTAGACCAGTGTTC 

AGATTCGGGATATGCTGTTGGC 

Ryanodine receptor 1 Ryr1 
CAGTTTTTGCGGACGGATGAT 

CACCGGCCTCCACAGTATTG 

Sarcolipin Sln 
GAGGTGGAGAGACTGAGGTCCTTGG 

GAAGCTCGGGGCACACAGCAG 

Stearoyl-Coa desaturase 1 Scd1 
TTCTTGCGATACACTCTGGTGC 

CGGGATTGAATGTTCTTGTCGT 

T-box 19 Tbx19 
TCTCGCCTGCTTAACGTGG 

CCAGCCCTGTGACACTAATCTT 

Thyroid hormone receptor α 1 Tra1 
GTGACTGACCTCCGCATGAT 

ATCCTCAAAGACCTCCAGGAA 

Thyroid hormone receptor β 1 Trb1 
ACACCTTATCCAGGCCACTT 

GTGGTACCCTGTGGCTTTGT 
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Thyroid hormone receptor β 2 Trb2 
CCAGAGGTACACGAAGTGTGC 

AGGTTTCCAGGGTAACTACAGG 

Thyroid stimulating hormone β Tshb 
GGGCAAGCAGCATCCTTTTG 

GTGTCATACAATACCCAGCACAG 

Thyrotropin-releasing hormone 

receptor 
Trhr 

GTCAGTGAAATGAACCAAACCG 

CACAATGCCCAGTCCACAAATA 

Tyrosine aminotransferase Tat 
TGCTGGATGTTCGCGTCAATA 

CGGCTTCACCTTCATGTTGTC 

Uncoupling protein 1 Ucp1 
ACTCAGGATTGGCCTCTACG 

CCACACCTCCAGTCATTAAGC 

Uncoupling protein 2 Ucp2 
CGAAGCCTACAAGACCATTGC 

GTTGGCTTTCAGGAGAGTATCTTTG 

Uncoupling protein 3 Ucp3 
GAGATGGTGACCTACGACATCA 

GCGTTCATGTATCGGGTCTTTA 

 

Serum T3, T4 and corticosterone  

Total T3 (NovaTec Immundiagnostica), total T4 (DRG Diagnostics) and corticosterone (Tecan) 

serum concentrations were measured with enzyme-linked immunoabsorbent assays (ELISA) 

according to the manufacturers’ instructions. A standard curve was generated using the mean 

absorbance values of the provided standards and their concentrations. Interpolation of this curve 

was used to determine the concentrations of the samples. If sample concentration was too high, 

a dilution with saline was performed.  

 

Glycogen assay 

The hepatic glycogen concentration was measured using a glycogen assay kit which is 

commercially available (Sigma Aldrich Chemie GmbH) with ground liver tissue according to the 

manufacturer’s instructions. A standard curve was created by plotting the mean absorbance 

values of the provided standards against their concentrations. The sample concentrations were 

then determined by interpolating the data using linear regression. Finally, the sample 

concentrations were normalised to tissue weight. 
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Hippocampal volume 

Brain sections were stained using H&E staining for visualisation of the hippocampus. Single areas 

(as) were determined using the ImageJ software (Version 1.53k; National Institue of Health). Single 

volumes (Vs) were calculated using the following formula: 

𝑉𝑠 = 𝑎𝑠 ∗ 200 µ𝑚 

Total hippocampal volume was determined by adding up all single volumes. 

 

2.3 STATISTICS AND SOFTWARE 
 

Prior to conducting statistical analysis, data were preprocessed using Excel (Microsoft). During 

preprocessing, data were normalised, and outliers were identified. Group comparisons were 

then made using GraphPad Prism 8 (GraphPad Software Inc.) or Excel (Microsoft) with paired 

and unpaired Student’s t-test, ANCOVA or two-way ANOVA with Šídák's multiple comparison 

post hoc test. Further details are provided in Supplementary Table 1. Significance levels were 

defined as: *p < 0.05, **p < 0.01, ***p < 0.001. The results are expressed as mean ± standard 

error of the mean (SEM). Figures were designed using GraphPad Prism 8 (GraphPad Software 

Inc.) and Biorender.com. 
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3. RESULTS 
 

3.1 THYROID HORMONE ACTIONS IN THE BRAIN 
 

THs can not only act locally at target tissues but also centrally in the brain to have a myriad of 

effects (Warner & Mittag, 2012). While some of these effects, such as body temperature 

regulation (Sentis et al., 2024), have already been attributed to brain regions, others still remain 

elusive and the regions responsible for them are still unknown. 

 

3.1.1 ACTIVATION OF THE ZONA INCERTA BY TREATMENT WITH THYROID HORMONES 
 

To identify candidate regions for central thyroid hormone effects, PET/CT scans were conducted. 

Male mice were treated with 0.5 mg/L T3 in the drinking water for two weeks and brain scans with 

a 18F-FDG radiotracer were carried out both before and after treatment. Radiotracer uptake 

visualised neuronal activation of brain regions by T3. With the help of the mouse brain atlas 

(Paxinos & Franklin, 2004), areas of the PET/CT scans could be annotated to brain regions. Among 

other areas including the hippocampus and the lateral hypothalamus, the Zona Incerta showed 

increased glucose uptake and therefore activation after T3 treatment (Fig. 5A). To further validate 

this, mouse brain sections were stained for c-Fos, a marker for early neuronal activation. Without 

T3 treatment, no c-Fos positive cells could be observed in the Zona Incerta. However, when mice 

were treated orally with 0.5 mg/L T3 for 24 h, neurons in the Zona Incerta were positive for c-Fos, 

indicating activation. Interestingly, this effect disappeared when the animals were treated with T3 

for 12.5 days (Fig. 5B), as c-Fos only shows early activation and reduces expression with time 

(Hoffman et al., 1993).  
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Figure 5: Neuronal activation of the Zona Incerta by treatment with T3 (0.5 mg/L) (A) PET/CT scans of 

mouse brains after oral T3 treatment (n = 12). Highlighted areas indicate increased glucose uptake and 

therefore neuronal activation (data generated in collaboration with Dr. Heiko Backes and Dr. Anna-Lena 

Cremer, MPI Cologne). (B) Staining for c-Fos in mice treated with T3 for different periods of time. Circled 

region shows the Zona Incerta. Adapted from Maier et al., 2024, in press. 

Among all the brain regions activated, the ZI showed the highest amount of glucose uptake with 

the highest significance (Table 11). 

Table 11: Glucose uptake of different brain regions upon T3 treatment. Mice were treated with 0.5 mg/L 

T3 in the drinking water for 14 days. Shown is the glucose uptake at day 0 (before treatment) and at day 14 

(after treatment) sorted from highest to lowest difference in glucose uptake. CPu = Caudate putamen;  

Hip = Hippocampus; LH = Lateral hypothalamus; MeP = Posterior medial amygdaloid nucleus;  

Pir = Piriform cortex; S1BF = Primary somatosensory barrel field; ZI = Zona incerta. Data generated in 

collaboration with Dr. Heiko Backes and Dr. Anna-Lena Cremer, MPI Cologne. Table adapted from Maier et 

al., 2024, in press. 

Brain region Day 0 Day 14 Difference % Difference p 

ZI 0.209705 0.2425832 0.0328782 15.67831 0.0004731 

S1BF 0.2159847 0.2472484 0.0312637 14.4749605 0.000623 

Hip2 0.2003379 0.2259333 0.0255954 12.7761148 0.002525 

MeP 0.1863625 0.209289 0.0229265 12.3020994 0.003927 

Hip1 0.2032275 0.2250936 0.0218661 10.7594199 0.0101 

Hip3 0.2161788 0.2389415 0.0227627 10.5295709 0.01522 

Pir 0.1887197 0.2075368 0.0188171 9.97092513 0.0213 

Cpu 0.1857101 0.2042011 0.018491 9.95691672 0.007964 

LH 0.2061208 0.2256911 0.0195703 9.49457794 0.01035 
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3.1.2 WHAT ARE THE EFFECTS OF CENTRAL TRα1 SIGNALLING IN THE ZONA INCERTA? 
 

To analyse the effects of TH signalling specifically in the ZI, TRα1 signalling has been inhibited by 

injection of an AAV expressing a dominant-negative TRα1 into the ZI. Additionally, a 

radiotelemetry transmitter was implanted into the abdomen of the animals to non-invasively 

record core body temperature and locomotor activity for several days. For ideal expression of the 

virus, the animals were single housed to recover for two weeks before any data were recorded. 

After radiotelemetry measurements, infrared pictures were taken of iBAT, ear, tail and lower back, 

and an electrocardiogram was conducted. Furthermore, oxygen consumption was measured at 

22°C, as well as at 30°C under fasting conditions to guarantee that BAT does not contribute to 

energy expenditure. Lastly, both an open field test and an elevated plus maze were carried out to 

analyse the animals’ behaviour. After recovery for at least 48 hours, the mice were sacrificed by 

cervical dislocation (Fig. 6).   

  For analysis of metabolic pathways, as well as other molecular effects, several organs 

were collected after sacrifice: brain, pituitary, liver, iBAT, adrenal glands, and muscle (M. 

gastrocnemius). The organs were all snap-frozen and prepared for further analysis.  

 

 

Figure 6: Experimental in vivo design to explore the effects of central TRα1 signalling in the Zona 

Incerta. Figure generated with Biorender.com. Adapted from Maier et al., 2024, in press. 
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3.1.2.1 EFFECTS OF TRα1 SIGNALLING INHIBITION ON BODY WEIGHT AND FOOD 

INTAKE 
 

The injected AAVs express either EGFP (control virus) or mCherry (using an IRES after the 

dominant-negative TRα1) under the CMV promotor. By staining for either reporter gene, it was 

possible to validate the injection sites in each animal after sacrificing. mCherry or EGFP were 

expressed in neurons in the ZI, indicating successful injection, and some colocalization with 

tyrosine hydroxylase could be observed, which shows infection of dopaminergic neurons 

(representative, Fig. 7A).   

  In addition to validating the injection sites, it was also necessary to validate the inhibition 

of TRα1 signalling. For this, the ZI was isolated from the right brain hemispheres and gene 

expression for TR target genes was measured (Denver et al., 1997; Siemes et al., 2023; Thompson 

& Potter, 2000; Waters et al., 1997). This analysis showed significant reduction of Krüppel-like 

factor 9 (Klf9), as well as a trend for decreased expression of hairless (Hr). No difference could be 

observed in stearoyl-CoA denaturase (Scd1) or phosphodiesterase 10A (Pde10a) (Fig. 7B). 

Analysis of gene expression revealed significant increase in expression of thyroid hormone 

receptor α1 (Tra1) in mice lacking ZI TH signalling (p = 0.0023), and roughly 10 times higher 

expression of Tra1 than thyroid hormone receptor β1 (Trb1) in controls. Thyroid hormone receptor 

β2 (Trb2) was not detectable (Fig. 7C). 
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Figure 7: Validation of virus expression and successful TRα1 signalling inhibition. (A) Staining of 

representative brain sections for either mCherry or GFP, and tyrosine hydroxylase as marker for the Zona 

Incerta. Circled area indicates Zona Incerta, scale bar is 1000 µm. (B) qPCR analysis of TR target genes in 

the Zona Incerta for control (n = 5) vs. dominant-negative TRα1 (n = 4-5) animals. (C) qPCR analysis of TRs 

in the Zona Incerta for control (n = 5) vs. dominant-negative TRα1 (n = 5) animals. Graphs show mean ± SEM; 

*p < 0.05, **p < 0.01 with unpaired Student’s t-test, n.d.: not detectable. Actb: β-actin; Hr: Hairless;  

Klf9: Krüppel-like factor 9; Pde10a: Phosphodiesterase 10A; Scd1: Stearoyl-CoA denaturase 1; Tra1: Thyroid 

hormone receptor α1; Trb1: Thyroid hormone receptor β1; Trb2: Thyroid hormone receptor β2. Figure was 

adapted from Maier et al., 2024, in press. 

  Co-staining for NeuN and GFAP, as markers for neurons and astrocytes respectively, as 

well as EGFP as a marker for injected control AAV showed co-localisation of NeuN and EGFP, but 

not GFAP (Fig. 8). This validates the serotype of the AAV and specificity to neurons instead of 

astrocytes, showing that injection of the AAV results in infection of neurons and that any observed 

effect is mediated by neurons and not astrocytes. 
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Figure 8: Cell-type specific infection of injected AAV. Representative staining of brains injected with 

control AAV for EGFP, NeuN and GFAP. Arrows show GFP-positive and therefore infected cells. Figure was 

adapted from Maier et al., 2024, in press. 

 Throughout the experiment, body weight, as well as food and water intake, were recorded 

to analyse the effects of TH signalling inhibition in the ZI. The results showed no difference in body 

weight change, as the starting weight and the end weight of the animals did not differ between 

the groups. However, due to growth of the animals, both groups weighed significantly more at the 

start of the experiment compared to the end (controls: p = 0.0016; dominant-negative TRα1:  

p = 0.0232) (Fig. 9A). In addition, there was no observable difference between food intake (Fig. 9B) 

or water intake (Fig. 9C). 

 

Figure 9: Body weight and food and water intake of mice with inhibited thyroid hormone signalling in 

the Zona Incerta. (A) Start (two weeks post injections) and end weight of all animals. (B) Food intake 

throughout the experiment. (C) Water intake throughout the experiment. Data is represented as mean ±SEM 

for control (n = 10) vs. dominant-negative TRα1 (n = 9) animals; *p < 0.05, **p < 0.01 with paired Student’s  

t-test. Adapted from Maier et al., 2024, in press. 

 Since it is known that the PVN is involved in the regulation of TH release (Fekete & Lechan, 

2014), total T3 and T4 levels were measured in the serum to rule out an effect of the infection on 
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the nearby PVN. The results showed that there was no difference in circulating TH levels between 

the two groups (Fig. 10A+B), which supports the findings, that the HPT axis is not affected. 

  

 

Figure 10: Circulating thyroid hormone levels of mice expressing a dominant-negative TRα1 

compared to control mice. (A) Total T3 level in the serum. (B) Total T4 level in the serum. Data is 

represented as mean ± SEM (n = 8 per group). Figure was adapted from Maier et al., 2024, in press. 

  Taken together, expression of a dominant-negative TRα1R384C via AAV injection 

successfully downregulated TH signalling in the ZI without affecting the PVN and therefore 

circulating T3 and T4 levels. This inhibition did not alter body weight and had no effect on food 

and water intake. 

 

3.1.2.2 EFFECTS OF TRα1 SIGNALLING INHIBITION ON THERMOREGULATION 
 

Since THs are well-known to affect body temperature, as hyperthyroid patients often present with 

heat intolerance (De Leo et al., 2016) and hypothyroid patients often display cold intolerance 

(Chaker et al., 2017), body temperature was recorded non-invasively for several days using 

radiotelemetry transmitters. These transmitters also allowed for recording of locomotion activity. 

Body temperature and locomotion were recorded at different ambient temperatures: 22°C, 10°C 

and 30°C. No differences could be observed at either temperature. At 22°C, body temperature 

showed a difference of about 1°C between light and dark phases (Fig. 11A). Locomotion activity 

also did not differ, and as expected, was higher during the dark phases compared to the light 

phases (Fig. 11B). At 10°C, body temperature did not differ significantly between the groups (Fig. 

11C). Again, locomotion activity was not altered by ZI TH inhibition (Fig. 11D). At 30°C, body 

temperature showed no difference between the groups (Fig. 11E). There was also no difference 

in locomotion activity (Fig. 11F). 
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Figure 11: Effects of Zona Incerta thyroid hormone signalling inhibition on core body temperature and 

locomotion. (A-B) Core body temperature (A) and locomotion activity (B) at 22°C ambient temperature for 

control (n = 10) vs. dominant-negative TRα1 mice (n = 9). Grey areas indicate dark phases. (C-D) Core body 

temperature (C) and locomotion activity (D) at 10°C ambient temperature for control vs. dominant-negative 

TRα1 animals. (E-F) Core body temperature (E) and locomotion activity (F) at 30°C ambient temperature for 

control vs. dominant-negative TRα1 animals. Data is represented as mean ± SEM, n = 4 per group unless 

otherwise stated. Adapted from Maier et al., 2024, in press. 

 In addition to core body temperature measurements with radiotelemetry transmitters, 

infrared thermography was conducted at an ambient temperature of 22°C to analyse 
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temperatures of iBAT and tail (Fig. 12A). All temperatures were normalised to the lower back 

temperature. iBAT temperature did not differ between the groups, indicating no difference in BAT 

activity (Fig. 12B). This was further validated by gene expression analysis of thermogenic markers 

in the iBAT. The only marker that was differentially expressed was cell death inducing DFFA like 

effector A (Cidea), which showed slightly decreased gene expression with ZI TH signalling 

inhibition (Fig. 12C), indicating a lower level of browning in the iBAT (Rosell et al., 2014). 

Furthermore, inhibition of TH signalling in the ZI had no effect on tail temperature (Fig. 12B), 

suggesting no difference in tail heat loss.  

 

Figure 12: iBAT activity and tail heat loss in mice expressing a mutant TRα1 or control GFP.  

(A) Representative infrared images of iBAT and tail. (B) iBAT and tail temperatures normalised to lower back 

temperature with infrared thermography for control animals (n =10) vs. dominant-negative TRα1 animals  

(n = 9). (C) Normalised gene expression of thermogenic genes in iBAT for control (n = 9-10) and dominant-

negative TRα1 (n = 8-9) mice. Data is represented as mean ± SEM; *p < 0.05 with unpaired Student’s t-test. 

Adra1a: α 1a-adrenergic receptor; Adrb2: β 2-adrenergic receptor; Adrb3: β 3-adrenergic receptor;  

Cidea: Cell death-inducing DFFA-like effector A; Dio2: Deiodinase2; Hprt: Hypoxanthine 

phosphoribosyltransferase; Pparγ: Peroxisome proliferator-activated receptor γ; Prdm16: PR domain 16; 

Rplp0: Ribosomal protein lateral stalk subunit P0; Ucp1: Uncoupling Protein 1. Figure was adapted from 

Maier et al., 2024, in press. 
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  In conclusion, inhibition of TH signalling in the ZI did not affect thermoregulation, as core 

body temperature, as well as iBAT and tail temperature were not significantly altered. 

Furthermore, it did not result in differentially expressed thermogenic genes except for Cidea in 

the iBAT and had no effect on locomotion activity. 

 

3.1.2.3 EFFECTS OF TRα1 SIGNALLING INHIBITION ON ENERGY EXPENDITURE 
 

The ability of THs to alter energy metabolism is already well established (Mullur et al., 2014). To 

investigate whether TH signalling in the ZI has any effect on energy expenditure, oxygen 

consumption was measured under resting conditions at 22°C, as well as under fasting conditions 

at 30°C using an indirect calorimetry system (TSE). The analysis showed no significant differences 

at 22°C (Fig. 13A+C) for increased normalised oxygen consumption (p = 0.12; Fig. 13B). Inhibition 

of ZI TH signalling also had no effect on the respiratory quotient (RQ) (Fig. 13D). At 30°C, oxygen 

consumption was elevated with ZI TH signalling inhibition as shown by normalising to body weight 

(p = 0.003; Fig. 13F) and ANCOVA analysis (p = 0.028; Fig. 13G). The RQ was again not affected 

(Fig. 13H). In addition to elevated oxygen consumption and therefore increased energy 

expenditure, dominant-negative TRα1 animals lost 4% of body weight during the fasting period, 

while the control animals only lost 2.8% (p = 0.04; Fig. 13I).  
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Figure 13: Effect of Zona Incerta thyroid hormone signalling inhibition on energy expenditure at 

different ambient temperatures. Indirect calorimetry (A-D) at 22°C with ad libitum access to food and 

water and (E-I) at 30°C under fasting conditions. Control (n = 4-10) vs. dominant-negative TRα1 animals  

(n = 4-9). (A+E) Oxygen consumption over time measured in 20-minute intervals. (B+F) Oxygen 

consumption normalised to body weight; **p < 0.01 with Welch’s t-test. (C+G) ANCOVA of oxygen 

consumption vs. body weight; *p < 0.05 with ANCOVA. (D+H) Respiratory quotient (RQ). (I) Body weight loss 

at 30°C under fasting conditions for 6 hours. *p < 0.05 with unpaired Student’s t-test. Data is represented 

as mean ± SEM. Adapted from Maier et al., 2024, in press. 

 To further characterise the metabolic phenotype of the dominant-negative TRα1 mice, 

expression analysis of metabolic genes has been conducted in the muscle and the liver. 
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Examination of m. gastrocnemius showed significantly decreased expression of Sarcolipin (Sln) 

(p = 0.002), a gene expressing an inhibitor of the sarco endoplasmic reticulum calcium ATPase 

(SERCA), while SERCA genes ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1-3 

(Atp2a1, Atp2a2 and Atp2a3) were not affected. Other genes involved in calcium flux or muscle 

growth were also not altered (Fig. 14A). In the liver, no significant difference was found in gene 

expression of glucose and fatty acid metabolism genes (Fig. 14B). Moreover, hepatic glycogen 

content did not differ between the groups (Fig. 14C).  

  Collectively, these results show that inhibition of TH signalling in the ZI led to increased 

energy expenditure at 30°C and therefore increased body weight loss during fasting periods. 

While there was no difference in metabolic markers in the liver, it affected expression of Sln in the 

muscle. 

 

Figure 14: qPCR analysis of muscle and liver and glycogen content in mice expressing a dominant-

negative TRα1 or control GFP. (A) Relative gene expression in m. gastrocnemius for control (n = 10) vs. 

dominant-negative TRα1 animals (n = 8). (B) Relative gene expression in the liver for control vs. dominant-

negative TRα1 animals (n = 9 per group). (C) Glycogen content in the liver normalised to liver weight. Data 

is represented as mean ± SEM; *p < 0.05 with unpaired Student’s t-test. Atp2a1: ATPase 

sarcoplasmic/endoplasmic reticulum Ca2+ Transporting 1; Atp2a2: ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ Transporting 2; Atp2a3: ATPase sarcoplasmic/endoplasmic reticulum Ca2+ Transporting 3; 

Fasn: Fatty acid synthase; Gapdh: Glycerinaldehyde-3-phosphate dehydrogenase; Gpd2: Glycerol-3-

phosphate dehydrogenase; G6pdh: Glucose-6-phosphate dehydrogenase; Hprt: Hypoxanthine 

phosphoribosyltransferase; Mstn: Myostatin; Myh1: Myosin heavy chain 1; Myh4: Myosin heavy chain 4; 

Pepck: Phosphoenolpyruvate carboxykinase; Pparδ: Peroxisome proliferator-activated receptor δ;  

Ppia: Peptidylprolyl isomerase A; Ppid: Peptidylprolyl isomerase D; Pyrk: Pyruvate kinase; Ryr1: Ryanodine 

receptor 1; Sln: Sarcolipin; Ucp3: Uncoupling protein 3. Figure was adapted from Maier et al., 2024, in 

press. 
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3.1.2.4 EFFECTS OF TRα1 SIGNALLING INHIBITION ON THE BEHAVIOURAL PHENOTYPE 
 

Since the ZI has been implicated in the modulation of anxiety and fear generalisation (Z. Li et al., 

2021; Venkataraman et al., 2019), two behavioural tests were conducted to test for possible 

anxiety behaviour, namely an open field test and an elevated plus maze. For the open field test, 

mice were observed for 10 minutes. While inhibition of TH signalling in the ZI did not have a 

significant effect on time spent in the centre or in the outer zones of the open field during the first 

5 minutes (Fig. 15A), it resulted in significantly more time spent in the outer zone during the last 5 

minutes (p = 0.039; Fig. 15B). Moreover, there was no observable difference in mean speed or 

distance (Fig. 15A+B) between the two groups. In the elevated plus maze, mice were observed for 

5 minutes and ZI TH signalling inhibition caused significantly more time spent on the open arms 

(p = 0.03), where control animals spent 6% of time and dominant-negative TRα1 animals 22%. 

However, no difference in entry ratio of the open or closed arms could be observed (Fig. 15C).  
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Figure 15: Effects of Zona Incerta thyroid hormone signalling inhibition on anxiety behaviour. (A) First 

5 minutes of the open field test. Relative time spent in the centre vs. the outer zone of the open field, as well 

as mean speed and distance. (B) Last 5 minutes of the open field test. Relative time spent in the centre vs. 

the outer zone of the open field, as well as mean speed and distance. (C) Elevated plus maze. Relative time 

spent in different areas of the elevated plus maze and entry ratios of open and closed arms. Data is 

represented as mean ± SEM for control (n = 6) vs. dominant-negative TRα1 animals (n = 5); *p < 0.05 with 

unpaired Student’s t-test. Adapted from Maier et al., 2024, in press. 
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 To analyse anxiety and stress on a molecular level, circulating glucocorticoid levels were 

measured in the serum. The results showed increased levels of corticosterone in mice with 

inhibited ZI TH signalling (p = 0.003; Fig. 16A). However, gene expression levels of the 

glucocorticoid receptor (Gr) and its target genes in the liver did not reveal any significant 

differences (Fig. 16B), and Gr was also not differentially expressed in the muscle (Fig. 16C). 

 

Figure 16: Serum glucocorticoid levels and qPCR analysis of liver and muscle in mice expressing a 

mutant TRα1 or control GFP. (A) Level of corticosterone in the serum of control vs. dominant-negative 

TRα1 animals (n = 9 per group). (B) Relative gene expression of glucocorticoid receptor target genes in the 

liver for control (n = 9-10) and dominant-negative TRα1 animals (n =8-9). (C) Relative gene expression of the 

glucocorticoid receptor in the muscle for control (n = 10) vs. dominant-negative TRα1 mice (n = 8). Data is 

represented as mean ± SEM; **p < 0.01 with unpaired Student’s t-test. Cat: Catalse; Gapdh: 

Glycerinaldehyde-3-phosphate dehydrogenase; Gr: Glucocorticoid receptor; Hprt: Hypoxanthine 

Phosphoribosyltransferase; Mt2: Metallothionein 2; Ppia: Peptidylprolyl isomerase A; Ppid: Peptidylprolyl 

isomerase D; Tat: Tyrosine aminotransferase. Figure was adapted from Maier et al., 2024, in press. 

  To investigate the cause for the rise in serum corticosterone, genes involved in the HPA 

axis were analysed in the hypothalamus, the anterior pituitary and the adrenal glands. The results 

showed no effect of ZI TH signalling inhibition on the expression of hypothalamic corticotropin-

releasing hormone (Crh) (Fig. 17A), nor corticotropin-releasing hormone receptor (Crhr), T-box 19 

(Tbx19) or proopiomelanocortin (Pomc) in the anterior pituitary (Fig. 17B) or cytochrome P450, 

family 11, subfamily b, polypeptide 1 and 2 (Cyp11b1 and Cyp11b2) in the adrenal glands  

(Fig 17C). Additionally, there was no difference in gene expression of thyrotropin-releasing 

hormone receptor (Trhr) in the anterior pituitary. However, expression of thyroid stimulation 

hormone subunit β (Tshb) was elevated (Fig. 17B). 
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Figure 17: Effects of Zona Incerta thyroid hormone signalling inhibition on the HPA axis. (A) Relative 

gene expression of HPA axis related genes in the hypothalamus. (B) Relative gene expression of genes 

related to the HPA and HPT axes in the anterior pituitary. (C) Relative gene expression for genes involved in 

glucocorticoid synthesis in the adrenal glands. Data is represented as mean ± SEM for control (n = 5-6) and 

dominant-negative TRα1 (n = 5) animals. *p < 0.05 with unpaired Student’s t-test. Actb: β-actin;  

Crh: Corticotropin releasing hormone; Crhr: Corticotropin releasing hormone receptor;  

Cyp11b1: Cytochrome P450 family 11 subfamily b member 1; Cyp11b2: Cytochrome P450 family 11 

subfamily b member 2; Ppid: Peptidylprolyl isomerase D; Pomc: Proopiomelanocortin; Rn18s: 18S 

ribosomal RNA; Tbx19: T-box 19; Trhr: Thyrotropin releasing hormone receptor; Tshb: Thyroid stimulating 

hormone subunit β. Adapted from Maier et al., 2024, in press.  

  Since anxiety and stress can also affect heart rate and related parameters (Y.-C. Cheng et 

al., 2022), and thyroid diseases can present with changes in heart rate (Dore et al., 2023; Mittag, 

Davis, et al., 2010), ECGs were performed. The results showed no difference in overall ECG 

outcome (Fig. 18A+B, representative). Further analysis revealed no impact on heart rate  

(Fig. 18C), heart rate variability (Fig. 18D) and R amplitude (Fig. 18E). Additional parameters, such 

as interval times (Fig. 18F), also showed no effect of TH signalling inhibition in the ZI. 
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Figure 18: Electrocardiogram data for mice expressing either a dominant-negative TRα1 or control 

GFP. (A-B) Representative ECG for control vs. dominant-negative TRα1 mice. (C) Heart rate. (D) Heart rate 

variability. (E) R amplitude. (F) ECG interval lengths. Data is represented as mean ± SEM for control vs. 

dominant-negative TRα1 animals (n = 9 per group). HR: Heart rate; HRV: Heart rate variability. Figure was 

adapted from Maier et al., 2024, in press. 

 Taken together, inhibition of ZI TH signalling resulted in a partial anxiety phenotype, as it 

caused more time spent in the corners of the open field test, as well as less time spent in the 

centre in the last 5 minutes. Conversely, inhibition also led to increased time spent on the open 

arms of the elevated plus maze. While glucocorticoid receptor target genes and genes involved 

in the HPA axis were not differentially expressed, inhibition of TH signalling in the ZI resulted in 

increased serum corticosterone levels. It did not affect ECG parameters. 

 

3.2 THE ROLE OF DOPAMINERGIC NEURONS IN THE ZONA INCERTA 
 

The ZI consists of several different neuron populations, such as γ-aminobutyric acid (GABA)ergic 

neurons (Lin et al., 1990), glutamatergic neurons (Heise & Mitrofanis, 2004) and dopaminergic 

neurons (Wagner et al., 1995). It remains unknown which neurons mediate the effects of central 

TRα1 action in the ZI. 
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3.2.1 THE EFFECT OF T3 ON ZONA INCERTA DOPAMINERGIC NEURONS 
 

Since previous studies have shown that dopaminergic neurons in the ZI have an impact on energy 

expenditure and body weight (Folgueira et al., 2019), the cell number of these neurons was 

analysed under different conditions. The ZI of wild-type, TRα1R384C mutants and T3 treated wild-

type mice was stained with tyrosine hydroxylase to visualise the dopaminergic neurons (Fig. 19A). 

The results showed that there was no difference between the conditions in terms of cell count, 

as it ranged from 250 to 300 in all groups (Fig. 19B). 

 

Figure 19: Dopaminergic neurons in the Zona Incerta. (A) Representative images of staining for tyrosine 

hydroxylase in the ZI of wild-type, TRα1R384C mutant and T3 treated wild-type animals. (B) Cell count of 

dopaminergic neurons in the ZI. Data is represented as mean ± SEM (n = 3 per group). Adapted from Maier 

et al., 2024, in press. 

 

  



- 48 - 
 

3.2.2 WHAT ARE THE EFFECTS OF TRα1 SIGNALLING IN DOPAMINERGIC NEURONS OF 

THE ZONA INCERTA? 
 

To further analyse TRα1 signalling in the ZI in more detail, the previous experimental set-up has 

been adjusted to allow for specific infection of dopaminergic neurons. For this, tyrosine 

hydroxylase-Cre mice were used instead of wild-type mice, and the AAV injected into the ZI 

contained a FLEXOn construct to express the dominant-negative TRα1R384C only upon Cre 

recombination in dopaminergic neurons. As in the previous experimental set-up, animals 

recovered for 14 days post surgery, which consisted of AAV injection and implantation of a 

radiotelemetry transmitter, before data was recorded. Radiotelemetry measurements were 

carried out at 22°C, 30°C and 10°C, and infrared photography, as well as ECGs and behaviour 

tests were conducted at 22°C. For energy expenditure, indirect calorimetry was carried out at 

22°C during fasting conditions (Fig. 20). All animals were sacrificed by cervical dislocation and 

brain, pituitary, iBAT, liver and muscle (M. gastrocnemius) were collected for further molecular 

analysis. 

 

Figure 20: Experimental design to investigate the role of dopaminergic neuron thyroid hormone 

signalling in the Zona Incerta. Figure created using Biorender.com. Adapted from Maier et al., 2024, in 

press. 
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 Confirmation of injection sites was achieved by staining for mCherry, a marker gene 

expressed by both the control virus and the dominant-negative TRα1 virus, as well as tyrosine 

hydroxylase to visualise co-localisation and show infection of the targeted neurons. The images 

showed mCherry positive cells in the Zona Incerta of all animals (Fig. 21A) and double staining 

with tyrosine hydroxylase (Fig. 21B), indicating expression of the virus in dopaminergic neurons. 

 

 

Figure 21: Virus injection site confirmation. (A-B) Representative images of staining for mCherry and 

tyrosine hydroxylase, circled area indicates ZI. Scale bar is 1000 µm (B) Close up image of ZI. Scale bar is 

400 µm. Adapted from Maier et al., 2024, in press. 

 

3.2.2.1 BODY WEIGHT, FOOD INTAKE AND WATER INTAKE 
 

Body weight, food intake and water intake were recorded throughout the experiment to 

characterise the general phenotype of mice with inhibited dopaminergic neuron TH signalling in 

the ZI. The data showed no difference in body weight or body weight change (Fig. 22A), and also 

no effect on food intake (Fig. 22B). Interestingly, inhibition of thyroid hormone signalling resulted 

in an increased water intake from 4.5 g (control) to 5.1 g (dominant-negative) per day  

(Fig 22C, p = 0.0451). 
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Figure 22: Effects of thyroid hormone signalling inhibition in the dopaminergic neurons of the Zona 

Incerta on body weight and food and water intake. (A) Body weight at start (2 weeks post AAV injection) 

and end of experiment. (B) Food intake per day. (C) Water intake per day. Data is represented as mean 

 ± SEM for control vs. dominant-negative TRα1 animals (n = 4 per group); *p < 0.05 with unpaired Student’s 

t-test. Figure was adapted from Maier et al., 2024, in press. 

 

3.2.2.2 THERMOREGULATION 
 

Dopaminergic neurons of the ZI have been implicated in the control of body temperature 

(Folgueira et al., 2019). Therefore, core body temperature, as well as locomotion activity, was 

recorded for several days at different ambient temperatures. The results showed no significant 

differences in body temperature at 22°C (Fig. 23A), 10°C (Fig. 23C) or 30°C (Fig. 23E) between the 

two groups. Furthermore, inhibition of dopaminergic neuron TH signalling in the ZI did not affect 

locomotion activity at either ambient temperature (Fig. 23B+D+F). 
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Figure 23: Body temperature and locomotion activity at different ambient temperatures in mice 

lacking thyroid hormone signalling in Zona Incerta dopaminergic neurons or control mice. (A-B) Core 

body temperature (A) and locomotion activity (B) at 22°C ambient temperature for control vs. dominant-

negative TRα1 animals, grey areas indicate dark phases. (C-D) Core body temperature (C) and locomotion 

activity (D) at 10°C ambient temperature for control vs. dominant-negative TRα1 animals. (E-F) Core body 

temperature (E) and locomotion activity (F) at 30°C ambient temperature for control vs. dominant-negative 

TRα1 animals. Data is represented as mean ± SEM (n = 4 per group). Adapted from Maier et al., 2024, in 

press. 
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 In addition to radiotelemetry measurements, infrared thermography was conducted at 

22°C. Infrared pictures were taken of the iBAT, tail and lower back (Fig. 24A). The results again 

showed no effect of dopaminergic neuron TH signalling inhibition in the ZI on iBAT and tail 

temperatures (Fig. 24B).  

 

Figure 24: Infrared thermography of iBAT and tail in mice expressing either a mutant TRα1 or control 

mCherry in the dopaminergic neurons of the Zona Incerta. (A) Representative infrared images of iBAT 

and tail. (B) iBAT and tail temperatures normalised to lower back temperature with infrared thermography. 

Data is represented as mean ± SEM for control vs. dominant-negative TRα1 animals (n = 4 per group). iBAT: 

Interscapular brown adipose tissue. Figure was adapted from Maier et al., 2024, in press. 

 Taken together, these results show that inhibition of TH signalling in the dopaminergic 

neurons of the ZI did not affect core body, iBAT and tail temperature or locomotion activity. 

 

3.2.2.3 ENERGY EXPENDITURE 
 

Since previous results showed an effect of general TH signalling inhibition in the ZI on energy 

expenditure, oxygen consumption was measured for dopaminergic neuron specific inhibition of 

TH signalling at 22°C under fasting conditions. The results showed no significant difference in 

oxygen consumption (Fig. 25A-B). Furthermore, the RQ did not differ between the groups (Fig 

25C). Unlike with general TH signalling inhibition, there was no effect on body weight loss during 

fasting conditions (Fig. 25D).  

  In conclusion, inhibition of TH signalling in the dopaminergic neurons of the ZI did not 

affect energy expenditure. 
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Figure 25: Effects of thyroid hormone signalling inhibition in the dopaminergic neurons of the Zona 

Incerta on energy expenditure at 22°C under fasting conditions. (A) Oxygen consumption. (B) Oxygen 

consumption normalised to body weight. (C) Respiratory quotient. (D) Body weight loss after a fasting 

period of 6 hours. Data is represented as mean ± SEM for control vs. dominant-negative animals (n = 4 per 

group). Adapted from Maier et al., 2024, in press. 

 

3.2.2.4 BEHAVIOUR 
 

In order to characterise the effect of dopaminergic neuron TH inhibition in the ZI on the behaviour 

phenotype, two anxiety behaviour tests were carried out. There were no significant differences 

between the groups in the open field test in terms of time spent in the centre or the outer zones, 

as well as time spent immobile or mobile (Fig. 26A). Furthermore, inhibition of TH signalling did 

not lead to any difference in mean speed (Fig. 26B), or distance travelled (Fig. 26C). In addition to 

the open field test, the animals were also subjected to an elevated plus maze. This test further 

showed no effect on exploratory behaviour, as there was no difference between the groups in time 

spent on open or closed arms (Fig. 26D). On a molecular level, inhibition of TH signalling in the 

dopaminergic neurons of the ZI did not lead to any change in serum levels of the glucocorticoid 

corticosterone (Fig. 26E). 
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Figure 26: Anxiety behaviour and glucocorticoids in mice lacking thyroid hormone signalling in Zona 

Incerta dopaminergic neurons or control mice. (A) Relative time spent in different areas of the open field. 

(B) Mean speed in the open field. (C) Distance travelled in the open field. (D) Relative time spent in different 

areas of the elevated plus maze. (E) Level of corticosterone in the serum. Data is represented as mean ± 

SEM for control vs. dominant-negative TRα1 animals (n = 4 per group). Figure was adapted from Maier et 

al., 2024, in press. 

 In addition to behavioural anxiety tests, ECGs were conducted to measure any change in 

heart rate or related parameters. Inhibition of TH signalling in the dopaminergic neurons of the ZI 

did not have an effect on any parameter recorded in the ECG (Fig. 27A+B). Moreover, there were 

no significant differences in related parameters, such as heart rate (Fig. 27C), heart rate variability 

(Fig. 27D), R amplitude (Fig. 27E) or interval length (Fig. 27F).  
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Figure 27: Effects of thyroid hormone signalling inhibition in the dopaminergic neurons of the Zona 

Incerta on electrocardiogram data. (A-B) Representative ECG for control vs. dominant-negative TRα1 

mice. (C) Heart rate. (D) Heart rate variability. (E) R amplitude. (F) ECG interval lengths. Data is represented 

as mean ± SEM for control vs. dominant-negative TRα1 animals (n = 4 per group). HR: Heart rate; HRV: Heart 

rate variability. Adapted from Maier et al., 2024, in press. 

 In conclusion, inhibition of dopaminergic neuron TH signalling in the ZI did not lead to any 

changes in anxiety, as there were no differences in the open field test and the elevated plus maze. 

Furthermore, glucocorticoid levels did not differ, and ECGs showed no difference between the 

two groups. 
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4. DISCUSSION 
 

It has previously been established that THs do not solely act in the periphery but can also act 

centrally in the brain to have many effects on the organism, in addition to their effects on brain 

development (Alcaide Martin & Mayerl, 2023). While some of these effects have already been 

studied and a corresponding brain region for its T3 action has been identified, some effects 

remain poorly understood. Therefore, this thesis aimed to investigate which brain region is 

responsible for some of the other T3 mediated effects. 

 

4.1 EFFECTS OF THYROID HORMONES ON THE BRAIN 
 

To first gather more information regarding which brain regions were affected by T3, PET/CT scans 

of mouse brains were conducted before and after T3 treatment. This gives insight into which brain 

regions show neuronal activation upon interaction with THs and could be responsible for some 

of the observed central effects. The results showed activity in several regions throughout the 

brain. Different areas of the hippocampus showed activation. The hippocampus is known to be 

involved in memory and imagination (Knierim, 2015), which gives rise to speculation about 

possible effects of THs in the hippocampus. Recent studies showed that hypothalamic TRα1 

signalling controls the central regulation of body temperature (Sentis et al., 2024), which is in line 

with the findings of this study, showing that the lateral hypothalamus (LH) is activated upon 

treatment with T3. Most interestingly, they showed that the ZI was activated, indicating a possible 

role of the ZI in T3 mediated central effects. Moreover, the ZI had the highest increase in glucose 

uptake in the PET/CT scans among all activated brain regions, suggesting a high sensibility to T3.  

  The ZI is a brain region in the subthalamus that receives inputs from many different 

regions and vice versa projects to multiple areas in the brain, such as the thalamus and 

hypothalamus, as well as the brain stem and spinal cord (Mitrofanis, 2005; Romanowski et al., 

1985) (Fig. 28). It is a relatively large region with neuronal populations that express a multitude of 

neuronal markers, including parvalbumin, tyrosine hydroxylase, GABA, glutamic acid 

decarboxylase (GAD) and somatostatin (Kolmac & Mitrofanis, 1999; Nicolelis et al., 1995).  
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Figure 28: Efferent connections of the Zona Incerta. The Zona Incerta, located in the subthalamus, 

projects to many regions throughout the brain, including the cortex, cerebellum, thalamus, hypothalamus, 

brain stem and spinal cord. Figure created with Biorender.com. 

The precise function of the ZI still remains largely unknown. Due to its connections to the cerebral 

cortex, many have proposed an involvement of the ZI in motor function and movement 

(Chometton et al., 2021), which also stems from projections to the spinal cord. In fact, studies in 

mice have shown that glutamatergic neurons of the ZI regulate motor symptoms found in 

Parkinson’s disease (PD) (L.-X. Li et al., 2021). Moreover, deep brain stimulation of the ZI in PD 

patients ameliorates typical PD symptoms, such as bradykinesia, tremors and muscle rigidity 

(Ossowska, 2020). Interestingly, PD patients receiving ZI deep brain stimulation also reported that 

it mitigated their anxiety (Burrows et al., 2012), suggesting a possible role of the ZI in mood 

control, which is in agreements with the findings of this study. Furthermore, the ZI has been 

implicated in behaviour (Wang et al., 2020), food seeking motivation (Ye et al., 2023), pain (J. Li et 

al., 2023), visceral activity and arousal (Mitrofanis, 2005).  

  One of the neuron populations found in the ZI are dopaminergic neurons. These neurons 

produce dopamine, which is an important neurotransmitter (Juárez Olguín et al., 2016), and have 

been the target of some studies of ZI function.   

  It has been shown that hypothyroidism can cause alterations in neurotransmitter levels, 

such as GABA (Salas-Lucia, 2024), and that hyperthyroidism can affect connectivity between 

brain regions (Liu et al., 2020; W. Zhang et al., 2014), indicating that THs may also play a role in 

modulation of neuron populations. While the ZI consists of mainly inhibitory neurons, it also 

contains dopaminergic neuron populations (Björklund et al., 1975). Therefore, brains of mice 

with different TRα1 genotypes were stained for dopaminergic neurons, to elucidate the role of THs 

in the modulation of dopaminergic neuron populations. However, there was no difference in 

dopaminergic neuron cell number between wild-type mice, TRα1 mutant mice and T3 treated 
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wild-type mice. It can be concluded, that THs do not affect the cell number of dopaminergic 

neurons in the ZI, neither during development, nor during adult life. In addition, selective 

inhibition of TH signalling in only dopaminergic neurons of the ZI did not result in any effect that 

was tested for, indicating that dopaminergic neurons of the ZI are not involved in TH mediated 

central effects. Apart from dopaminergic neurons, there are several other neuronal populations, 

such as parvalbumin neurons, GABAergic neurons and glutamatergic neurons (Kolmac & 

Mitrofanis, 1999; Nicolelis et al., 1995). Further studies are needed to identify the neuron 

population that is responsible for the TH mediated effect in the ZI. While there are several studies 

on the effects of ZI stimulation, most of them are general and not specific to a type of neuron (Lu 

et al., 2021). However, a recent study showed that stimulation of GABAergic neurons of the ZI 

improved motor function in a mouse model of PD (F et al., 2023), implicating GABAergic neurons 

as a promising target for further research.  

  In summary, this study shows that THs activate multiple brain regions, among which is 

the ZI, a region in the subthalamus. The ZI contains dopaminergic neuron populations, which are 

not regulated by THs, as TH status does not affect the number of dopaminergic neurons. 

 

4.2 EFFECTS OF TRα1 SIGNALLING IN THE ZONA INCERTA ON BODY WEIGHT AND 

THERMOREGULATION 
 

It is important to note that THs can exert many of their effects directly in the brain. THs are 

transported past the blood brain barrier via transporters, mainly the monocarboxylate transporter 

8 (MCT8) (Bernal et al., 2015). Precise locations for central actions of THs and their connection to 

a defined phenotype still remain elusive. A recent study has shown that stimulation of 

dopaminergic neurons in the ZI results in body weight loss and an increase in iBAT activation, as 

evidenced by elevated iBAT temperature and levels of uncoupling protein 1 (UCP1) (Folgueira et 

al., 2019). Based on these findings and the phenotype of hypothyroidism, it was expected to find 

a decrease in body temperature and iBAT activation when TH signalling is inhibited in the ZI.  

  In order to investigate this, AAVs expressing the dominant-negative TRα1 were injected 

into the ZI, which causes inhibition of TH signalling specifically in the ZI. In contrast to what was 

expected, this inhibition did not lead to any significant changes in body weight or body 

temperature, neither core body temperature, nor BAT or tail temperature, showing that the ZI is 

not involved in the regulation of body temperature through BAT activation. This is in line with a 

recent study, which implicates the hypothalamus as the region for regulation of body temperature 

through central TH action (Sentis et al., 2024).  
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  THs are important regulators of metabolism, as hypo- and hyperthyroidism often cause 

unwanted fluctuations in weight (Chaker et al., 2017; De Leo et al., 2016). This is due to their 

influence on many regulatory pathways. THs can influence metabolism on many levels, such as 

in the liver, the muscle and the BAT. Therefore it can alter thermogenesis and body weight, as well 

as regulation of cholesterol and triglycerides, and carbohydrate metabolism (Mullur et al., 2014). 

In terms of regulation of body weight specifically, THs affect energy expenditure and alter the 

basal metabolic rate (BMR) (Kim, 2008), which in turn leads to alterations in body weight. 

Additionally, THs influence intake of fat and carbohydrates and can affect body composition 

(Roef et al., 2012). Furthermore, hypothyroid obese patients show a decrease in leptin levels (El 

Amrousy et al., 2022), and TSH directly affects the secretion of leptin (Menendez et al., 2003), 

indicating a relationship between THs and leptin, a hormone that is involved in the control of body 

weight (Klok et al., 2007). By modulating UCP1 expression, THs affect thermogenesis, another 

important factor for energy expenditure (Sentis et al., 2021).   

Mice heterozygous for TRα1R384C show a decreased core body temperature when housed at 

room temperature, which is caused by increased heat loss via the tail (Warner & Mittag, 2014). 

THs are known to influence body temperature by affecting thermogenesis. Thermogenesis is the 

production of heat within the body through various pathways. There are different forms of 

thermogenesis, shivering thermogenesis and non-shivering thermogenesis. Non-shivering 

thermogenesis can occur in different organs, such as the BAT (Himms-Hagen, 1984) and the 

muscle (Nowack et al., 2017). In the context of thermogenesis, it is important to note that the 

thermoneutral zone, a range of temperatures at which the organism does not need to use energy 

to maintain body temperature (Kingma et al., 2012), is at around 30°C in mice (Ganeshan & 

Chawla, 2017).   

  BAT is activated during cold exposure through innervation of the sympathetic nervous 

system (SNS). This elevates intracellular levels of cyclic adenosine monophosphate (cAMP), 

which in turn activates protein kinase A (PKA) to induce lipolysis of triglycerides (TAG) into free 

fatty acids (FFA). FFA are fuel for β-oxidation, where they are converted into acetyl coenzyme A 

(acetyl-CoA) that is oxidised to nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2) in the tricarboxylic acid (TCA) cycle. This is the basis for the electron 

transport chain, which creates a proton gradient. BAT expresses UCP1, a protein that uncouples 

the electron transport chain to decrease ATP production efficiency during oxidative 

phosphorylation (OXPHOS), which results in the generation of heat (Cannon & Nedergaard, 2004; 

Yau & Yen, 2020). THs regulate UCP1 content in BAT, as TH signalling induces Ucp1 expression, 

therefore being a major regulator of thermogenesis in BAT (Sentis et al., 2021). In this study, Ucp1 
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gene expression was not altered, which is in line with the findings that iBAT temperature was not 

increased. Therefore, it can be said that BAT activity is not mediated by TH signalling in the ZI. 

  Non-shivering thermogenesis does not only take place in adipose tissue but also in 

muscle via the uncoupling of the sarcoendoplasmic reticulum calcium ATPase (SERCA) activity. 

SERCA is an ATPase that hydrolyses ATP to generate energy. However, it has been shown that the 

energy produced by ATP hydrolysis is also partly dissipated as heat (Lervik et al., 2012). Given that 

the results of this thesis did not find elevated body temperature, nor increased SERCA genes, it 

can be said that muscle non-shivering thermogenesis is not controlled by ZI TRα1 signalling.  

  It has been shown previously, that THs can act in the hypothalamus to regulate energy 

balance by increasing SNS innervation (López et al., 2010). Moreover, hypothalamic TH signalling 

can also affect body temperature (Sentis et al., 2024). Therefore, it is likely that regulation of body 

weight and body temperature by THs is due to TH action in the hypothalamus, and the ZI does not 

contribute to these modulations, as shown by the results of this study.   

  In sum, while the ZI is activated by THs, TH signalling in the ZI does not influence body 

weight or body temperature. Furthermore, it does not affect BAT activity and observed body 

temperature phenotypes in full body TRα1 mutants are most likely due to TH action in the 

hypothalamus and not in the ZI. However, it remains to be seen whether the ZI could possibly play 

a role in hypothalamic based regulation of body temperature, as the ZI shows connections to the 

hypothalamus and the direct pathways of this regulation are still not fully understood.  

 

4.3 EFFECTS OF TRα1 SIGNALLING IN THE ZONA INCERTA ON ENERGY EXPENDITURE 
 

The ability of THs to modulate energy homeostasis is well established (Iwen et al., 2013, 2018; 

Vaitkus et al., 2015). TH-mediated uncoupling of the electron transport chain via UCP1 decreases 

the production of ATP, which naturally increases energy expenditure (Lowell & Spiegelman, 2000). 

Additionally, THs can affect the arcuate nucleus (ARC), which plays a key role in the control of 

energy expenditure via melanocortin type 4 receptor (MC4R) neurons and POMC neurons (Iwen 

et al., 2018; Krashes et al., 2016).   

  THs are key regulators of metabolic pathways and the BMR. The BMR is the amount of 

energy needed to sustain the body under basal conditions while awake and not affected by stress 

or other factors (Henry, 2005). T3 can increase mitochondrial activity by modulating proton leaks 

and increasing heat production, known as thermogenesis, thereby altering cellular oxygen 

consumption and ATP production (S.-Y. Cheng et al., 2010).  
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Interestingly THs are also able to affect the number of mitochondria by influencing the expression 

of PPAR gamma coactivator-1 (PGC1) and the mitochondrial transcription factor A, both 

mitochondrial transcription factors (S.-Y. Cheng et al., 2010). It is also known, that there are TRs 

located in the mitochondrial matrix (Andersson & Vennström, 1997; Casas et al., 1999).  

  TH related changes in BMR can result in weight changes (Maciak et al., 2020) and 

intolerance to heat or cold (Maeda et al., 2007). This is in line with the findings of this study, as 

inhibition of TH signalling in the ZI led to an increase in BMR. Since there was no observable 

difference in Ucp1 gene expression in the iBAT, this increase is most likely due to muscle 

metabolism. Further studies to analyse the state and number of mitochondria could give more 

insight into how ZI TH signalling alters the BMR.   

  Additionally, studies showed that SERCA is active even during resting phases and 

contributes to the resting metabolic rate (I. C. Smith et al., 2013). SERCA controls Ca2+ 

concentrations by transporting cytosolic Ca2+ back into the sarcoendoplasmic reticulum (SR). 

During this process, SERCA can generate heat. This activity is regulated in part by Sarcolipin 

(SLN), which uncouples SERCA Ca2+ transport from ATP hydrolysis. This causes accumulation of 

Ca2+ in the cytosol of skeletal muscle. Binding of SLN to SERCA induces higher ATP utilisation and 

results in increased heat generation (Bal et al., 2012; Bal & Periasamy, 2020; Pant et al., 2016; 

Sahoo et al., 2013). Studies have shown that THs can have an effect on the expression of Sln 

(Minamisawa et al., 2006; Nicolaisen et al., 2020). Interestingly, since SERCA contributes to 

resting metabolic rate, SLN also affects whole body metabolism. Overexpression of SLN in mice 

leads to decreased weight gain, while knockout of SLN induces increased weight gain (Bal et al., 

2012; Bal & Periasamy, 2020). This shows that SLN activity could protect from diet-induced 

obesity by promoting fat oxidation (Pant et al., 2016). However, the results of this study could not 

show any changes in SERCA genes, indicating that TH signalling in the ZI does not influence the 

expression of SERCA directly.  

  Previous studies have shown that T3 reduces Sln expression in atria of mice (Minamisawa 

et al., 2006), and loss of function of soleus TRα1 results in increased gene expression of Sln 

(Nicolaisen et al., 2020). Furthermore, treatment with T3 results in decreased expression of Sln 

in skeletal muscle (Johann et al., 2019), indicating that THs play a role in the regulation of Sln 

expression and therefore SERCA activity. Inhibition of TH signalling in the ZI resulted in a decrease 

in Sln expression in the m. gastrocnemius, which stands in contrast to the literature indicating 

that T3 decreases Sln expression. In this context, it is always important to note the differences 

between direct local actions of THs and central actions of THs, as action in the brain does not 

translate to local action at the organ. The most well-known example for this is the negative 
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feedback loop of T3 and T4, that have stimulating effects on organs such as the BAT but inhibitory 

effects on the hypothalamus (Ortiga-Carvalho et al., 2016). It has also been reported that 

increased energy expenditure is often due to an increased expression of Sln in skeletal muscle, 

as overexpression of Sln leads to higher energy expenditure in mice (Maurya & Periasamy, 2015). 

Interestingly, this study shows increased energy expenditure with decreased expression of Sln, 

suggesting another mechanism of energy expenditure increase is taking place. However, genes 

involved in fatty acid oxidation, glycolysis or gluconeogenesis were not differentially expressed in 

the liver and the hepatic glycogen content was also not affected. It is possible that other 

regulators of SERCA, such as phospholamban (PLN), are responsible for the modulation of 

energy expenditure (Gorski et al., 2017). It was furthermore shown that the injected AAV 

successfully targeted neurons and not astrocytes, which implies that the observed effects are 

due to a neuron population of the ZI.  

  While energy expenditure under basal conditions in this study was not altered, inhibition 

of TH signalling in the ZI resulted in increased oxygen consumption and subsequent body weight 

loss during fasting conditions at 30°C. 30°C ambient temperature is the thermoneutral zone for 

mice (Ganeshan & Chawla, 2017), in which BAT thermogenesis is not taking place (Johann et al., 

2019; Sentis et al., 2021). Therefore, measurements at thermoneutrality allow for investigation of 

energy expenditure without the influence of BAT. Additionally, mice were fasted to eliminate diet-

induced thermogenesis (Saito et al., 2020). However, this gives rise to the possibility of body 

weight loss being due to increased water loss instead of changes in body composition (Jensen et 

al., 2013). Polyuria, which is defined as an increased excretion of urine, is common in dogs with 

Cushing’s syndrome, suggesting a possible connection between elevated glucocorticoids and 

body weight loss (Wehner et al., 2021). Glucocorticoids are closely linked to mineralocorticoids, 

both of which are steroid hormones. Since mineralocorticoids influence salt intake, it is known 

that elevated levels of mineralocorticoids can induce polyuria (Kurimoto et al., 2023). The effect 

of glucocorticoids on urine excretion is less well studied, but it has been shown that 

glucocorticoids can increase the volume of urine and cause hypertension (Baylis et al., 1990; 

Haack et al., 1977). However, the observed effects often coincide with increased water intake 

(Thunhorst et al., 2007), which could not be observed in this study. By measuring urine excretion 

with metabolic cages, further studies could elucidate the role of glucocorticoids, and therefore 

possibly TH signalling in the ZI, in polyuria. However, whether polyuria is the cause of decreased 

body weight in this study cannot be verified and needs to be further tested. The data of this study 

suggests that the observed increase in energy expenditure is due to alterations in muscle 

metabolism.  
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  In conclusion, this study implicates TH signalling in the ZI in the regulation of muscle 

metabolism and therefore energy expenditure. While the precise mechanisms behind the 

increase in energy expenditure remain elusive, it has been shown that the ZI is involved in 

modulating oxygen consumption via TH action.  

 

4.4 EFFECTS OF TRα1 SIGNALLING IN THE ZONA INCERTA ON ANXIETY AND STRESS 
 

One system that THs interact with is the HPA axis, a system involved in anxiety and stress. Anxiety 

is a feeling of fear that, when excessive, can lead to the development of an anxiety disorder. 

Anxiety disorders are often characterised by intense feelings of extreme worry and can also be 

caused by high amounts of psychological stress (Bartlett et al., 2017). Patients suffering from 

anxiety disorders have been shown to present with a hyperactivity of the HPA axis, which is 

thought to be caused by chronic stress (Arborelius et al., 1999; Tafet & Nemeroff, 2016). There are 

different forms of stress, acute stress and chronic stress. Recent studies show that the 

physiological outcome of acute and chronic stress differ, as both forms result in an increase in 

energy expenditure, but only chronic stress decreases body weight, which was also observed in 

this study. In addition, chronic repeated stress does not induce an anxiety phenotype, while 

chronic variable stress does. Furthermore, corticosterone increase is higher with acute stress 

than with chronic stress, compared to control conditions (Kuti et al., 2022). THs can influence the 

production and the release of glucocorticoids by enhancing the sensitivity of the adrenal glands 

to ACTH (Sánchez-Franco et al., 1989). It has also been shown that hypothyroidism can lead to 

decreased levels of ACTH and cortisol in utero, indicating that THs play a role in the development 

of organs involved in the HPA axis (Camm et al., 2021), and that long-term hypothyroidism in rats 

leads to decreased levels of CRH and ACTH-induced cortisol release (Johnson et al., 2012). Vice 

versa, cortisol can affect THs by modulating deiodinase enzymes (Heyma & Larkins, 1982; 

Paragliola et al., 2021). These enzymes convert T4 to the more active form T3. Additionally, 

glucocorticoids can alter TH metabolism by inhibiting the pituitary directly (Ahlquist et al., 1989). 

  Moreover, THs can interact with insulin and affect glucose metabolism by enhancing 

insulin sensitivity and glucose uptake (S.-Y. Cheng et al., 2010; Mullur et al., 2014). 

  Inhibition of TH signalling in the ZI resulted in an increase in serum corticosterone, which 

indicates elevated levels of stress.   

  Interestingly, inhibition of TH signalling in the ZI did not alter Crh expression in the 

hypothalamus, Pomc expression in the anterior pituitary or GR target gene expression in the liver. 
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This indicates that the elevation in corticosterone serum levels is not due to a resetting of the HPA 

axis in its entirety but rather represents an acute phenomenon, such as an excessive endocrine 

response (Tran & Gellner, 2023).   

  Interestingly, studies showed that adult onset hypothyroidism can cause decreased 

hippocampal volumes, which is associated with altered mood and increased anxiety, as it is a 

marker for long-term alterations in glucocorticoid levels (Baumann et al., 2019; Cooke et al., 

2014; Salas-Lucia, 2024; T. Zhang et al., 2024), which would be expected in this study, as TH 

signalling is inhibited in the ZI and corticosterone levels are elevated. However, the results of this 

study showed no alterations in hippocampal volume, which could be due to the short-term 

alteration of stress in this experimental set-up. Further studies with a longer experimental 

paradigm could help clarify whether the lack of hippocampal volume alterations in this study are 

due to non-involvement of the ZI or insufficient duration of TH signalling inhibition.  

The ZI has previously been implicated in the modulation of fear generalisation and anxiety (Z. Li 

et al., 2021; Venkataraman et al., 2019), and deep-brain stimulation of the ZI in patients suffering 

from PD results in self-reported amelioration of their anxiety (Burrows et al., 2012). This is 

reflected in this study, as inhibition of TH signalling in the ZI resulted in more time spent in the 

outer zones during the last 5 minutes of an open field test. However, there was no difference in 

line crossings in the elevated plus maze, indicated no change in exploratory behaviour, which is 

usually part of classic mouse anxiety and has been observed previously during stimulation of ZI 

neurons (Hormigo et al., 2023; Sharma et al., 2024). This suggests that, although the initial 

exploratory behaviour in a novel environment is unchanged, the animals acclimate to the new 

surroundings more slowly than the controls and habituation is impaired (Bailey & Crawley, 2009). 

Mice carrying the TRα1R384C mutation show severe anxiety without alterations in corticosterone 

levels (Mittag, Davis, et al., 2010) in both the open field test and the elevated plus maze. However, 

in contrast to TRα1R384C expression in only the ZI, they show decreased travel distance and 

massive freezing, which implies that other brain regions involved in motor function could be 

responsible for this phenotype (Venero et al., 2005). Interestingly, a study shows that testicular 

feminization in mice results in increased anxiety, along with elevated levels of corticosterone, 

which suggests a possible role of the androgen receptor in modulation of anxiety and the HPA 

axis (Zuloaga et al., 2008). This gives rise to the assumption that the HPA axis can be regulated in 

multiple ways that are not yet fully understood and further studies looking into changes related 

to the androgen receptor would be of interest.  

In summary, this study implicates TH signalling in the ZI in the modulation of anxiety and stress, 

as inhibition of TH signalling resulted in elevated corticosterone levels and a partial anxiety 
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phenotype with impaired habituation. This phenotype is similar to that of chronic repeated stress 

rather than acute stress and is most likely due to an increased endocrine response. However, 

further studies are needed to fully understand the mechanism behind the alteration of stress and 

anxiety by THs in the ZI. To test this, it would be of interest to repeat this study with additional 

treatment with T3 to investigate the reversibility of this phenotype, as T3 treatment can reactivate 

the mutated TRα1 that was expressed in the ZI. Additionally, more behaviour tests need to be 

carried out to fully characterise the anxiety phenotype. A novel object recognition test could give 

more insights into the ability to habituate to new environments, and a marble burying test could 

further show if inhibition of TH signalling in the ZI has effects on obsessive compulsory behaviour. 

As stress often causes hypertension (Farah et al., 2004), measurements of blood pressure 

throughout the experiment could be of use. Analysis of more endpoints, such as sleeping 

patterns, pain suppression, serum ketone body levels, and changes in neurotransmission of 

serotonin and dopamine can  give more insights into the anxiety phenotype (Patchev & Patchev, 

2006). Furthermore, ACTH levels in serum and urine could elucidate the role of the HPA axis in 

the observed chronic stress-like state. By purposely stressing the animals, such as with bright 

lights or odors that originate from predators (Patchev & Patchev, 2006), it would be possible to 

more closely observe potential differences in stress responses. It would further be of interest to 

test the effects of overexpression of TRα1 to see how the phenotype changes when TH signalling 

in the ZI is increased compared to decreased TH signalling. Lastly, a conditional model for TH 

signalling in the ZI of other neuronal populations, such as GABAergic neurons or glutamatergic 

neurons, is needed to show which neurons mediate the observed effects.
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5. CONCLUSION AND OUTLOOK 
 

In summary, this thesis demonstrates the involvement of the Zona Incerta in central effects of 

thyroid hormones. Inhibition of TRα1 signalling specifically in the ZI leads to a chronic stress-like 

state, including impaired habituation and increased levels of serum corticosterone. Furthermore, 

it elevates the BMR (Fig. 29). Since many neuroanatomical substrates of central TH action are still 

poorly understood, this thesis contributes valuable information to the general understanding of 

TH action. 

 

Figure 29: Effects of thyroid hormone signalling inhibition in the Zona Incerta on the organism. 

Expression of a mutant TRα1 in the ZI results in a chronic stress-like state with increased corticosterone 

levels and BMR. BMR: Basal metabolic rate; Sln: Sarcolipin. Figure was created using Biorender.com. 

  However, the exact mechanisms behind the alterations of the stress state through TH 

signalling in the ZI remain ambiguous. The effects are most likely mediated by muscle 

metabolism, as elevation of energy expenditure can be observed during fasting at 

thermoneutrality and gene expression of genes generally involved in energy expenditure (Asahi et 

al., 2003; Bal et al., 2012; Maurya & Periasamy, 2015) is altered. Additionally, corticosterone 

levels are increased without any change in gene expression of Pomc or Crh, showing an endocrine 
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change rather than an effect on the HPA axis as a whole. Since the mutant TRα1 that was 

introduced into the ZI is reactivatable, further studies with T3 treatment need to be performed to 

elucidate the role of the ZI in central TH actions and test for reversibility of the phenotype. 

Furthermore, as the hypothalamus has been implicated as a region responsible for TH mediated 

alteration of the body temperature set point (Sentis et al., 2024), additional studies with more 

brain regions identified in the PET/CT scans need to be conducted to fully understand which brain 

regions mediate which central effects of TH.   

  By showing that the ZI is involved in TH-mediated control of mood and energy expenditure, 

this study can help to gain more insight into the cause for mood disorders in patients suffering 

from hypo- and hyperthyroidism (Bathla et al., 2016; Fischer & Ehlert, 2018; Nuguru et al., 2022). 

In addition, the presented results of this study can extend the knowledge of the hypothyroid 

phenotype in humans that sometimes includes elevated levels of glucocorticoids (Sinha et al., 

2023) and the development of anxiety disorders (Wiersinga, 2014) and can postulate a possible 

role of the ZI in these effects. It is well known that THs can influence mood, and this thesis now 

demonstrates a better understanding of the processes behind these effects. Therefore, this study 

could help find new therapies for the treatment of mood disorders, such as depression and 

anxiety disorders. 
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APPENDIX 

 

STATISTICAL ANALYSIS 

 

The following table S1 shows the used statistical tests and their respective results.Paired and 

unpaired Student’s t-tests were used to analyse statistical significance between two groups. 

Two-way analysis of variance (ANOVA) tested significance between two groups with a time 

parameter, and analysis of covariance (ANCOVA) was used to identify covariates. Šídák's post 

hoc test was used for analysis of multiple comparisons 

Supplementary Table 12: Statistical tests used in this study and their results 
 

FIgure Genotype Statistical test 

7B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Klf9 8 2.879 0.0205 
Hr 7 1.604 0.1527 
Scd1 8 1.871 0.0982 
Pde10a 8 0.1421 0.8905 

7C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Tra1 8 4.388 0.0023 
Trb1 8 0.6265 0.5484 

9A Start vs. end of 
experiment Paired Student’s t-test 

 Df t p 
Control 9 4.444 0.0016 
Dominant-negative TR α1 8 2.800 0.0232 

9B+C 
Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Food intake 17 0.2477 0.8073 
Water intake 17 1.290 0.2145 

10 Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
T3 14 1.150 0.2694 
T4 14 1.712 0.1090 

11A Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
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F (11, 187) = 
0.5134 
p = 0.8928 

F (11, 17) = 
0.009033 
p = 0.9254 

F (11, 187) =  
70.60 
p < 0.0001 

11B Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (11,187) = 
1.527 
p = 0.1245 

F (11, 17) = 
0.2821 
p = 0.6022 

F (2.833, 48.16) = 
56.20 
p < 0.0001 

11C Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (13,78) = 
0.9159 
p = 0.5407 

F (1, 6) =  
0.4115 
p = 0.5449 

F (3.637, 21.82) = 
4.857 
p < 0.0001 

11D Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (13, 78) = 
0.9957 
p = 0.4636 

F (1, 6) =  
0.03272 
p = 0.8624 

F (3.179, 19.07) = 
5.051 
p = 0.0088 

11E Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (5, 30) = 
1.587 
p = 0.1938 

F (1, 6) =  
0.1297 
p = 0.7311 

F (2.907, 17.44) = 
25.52 
p < 0.0001 

11F Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (5, 30) = 
1.559 
p = 0.2020 

F (1,6) =  
0.09601 
p = 0.7671 

F (1.814, 10.89) = 
4.778 
p = 0.0349 

12B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
iBAT 17 1.067 0.3010 
Tail 17 0.8622 0.4006 

12C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Adrb3 15 0.2435 0.8109 
Prdm16 17 0.5016 0.6224 
Adra1a 16 0.3506 0.7304 
Adrb2 16 2.062 0.0559 
Ucp1 17 1.549 0.1397 
Dio2 16 1.451 0.1660 
Cidea 16 2.219 0.0413 
Pparγ 17 0.8620 0.4007 
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13A Dominant-negative 
TRα1 vs. control 

Mixed-effects analysis with Šídák's multiple comparison 
post hoc test 

 Interaction Genotype Time 
F (21, 249) = 
0.5673 
p = 0.9376 

F (1, 17) =  
0.2171 
p = 0.6472 

F (5.145, 61.01) = 
8.262 
p < 0.0001 

13B+D Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
VO2 9 1.736 0.1166 
RQ 9 0.4224 0.6826 

13C Dominant-negative 
TRα1 vs. control ANCOVA 

 Covariate Treatment 
Df = 1 
F = 0.374923 
p = 0.550893 

Df = 1 
F = 0.931676 
p = 0.362696 

13E Dominant-negative 
TRα1 vs. control 

Mixed-effects analysis with Šídák's multiple comparison 
post hoc test 

 Interaction Genotype Time 
F (18, 239) = 
0.8123 
p = 0.6851 

F (1, 17) =  
4.024 
p = 0.0610 

F (4.236, 56.24) = 
14.81 
p < 0.0001 

13F+H+I Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test (Welch’s correction for VO2) 

 Df t p 
VO2 17 3.518 0.0029 
RQ 17 0.1602 0.8746 
Body weight loss 17 2.201 0.0418 

13G Dominant-negative 
TRα1 vs. control ANCOVA 

 Covariate Treatment 
Df = 1 
F = 5.315105 
p = 0.03827 

Df = 1 
F = 5.799781 
p = 0.028447 

14A Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Myh1 16 1.483 0.1575 
Gpd2 16 1.871 0.0797 
Ucp3 16 0.9345 0.3639 
Sln 16 3.591 0.0024 
Atp2a1 16 1.729 0.1031 
Atp2a2 16 0.8937 0.3847 
Atp2a3 16 0,3931 0.6994 
Pparδ 16 0.1503 0.8824 
Myh4 16 0.5715 0.5756 
Ryr1 16 1.100 0.2875 
Mstn 16 0.09959 0.9219 
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14B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Pepck 16 0.7296 0.4762 
Pyrk 16 0.2437 0.8105 
Fasn 16 0.7046 0.4912 
G6pdh 16 0.1253 0.9019 

14C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Glycogen 16 1.469 0.1612 

15A Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

First 5 minutes of Open Field 
Test 

Df t p 

Centre 9 0.6994 0.5020 
Outer Zone 9 0.6962 0.5039 
Mean speed 9 2.154 0.0596 
Distance 9 2.140 0.0610 

15B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

Last 5 minutes of Open Field 
Test 

Df t p 

Centre 9 2.353 0.0431 
Outer Zone 9 2.411 0.0392 
Mean speed 9 1.176 0.2697 
Distance 9 1.221 0.2531 

15C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

Elevated Plus Maze Df t p 
Open arm time 9 2.458 0.0363 
Closed arm time 9 1.861 0.0957 
Centre time 9 1.827 0.1009 
Mobile time 9 1.830 0.1004 
Open arm entries 9 1.252 0.2422 
Closed arm entries 9 1.252 0.2422 

16A Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Corticosterone 16 3.496 0.0030 

16B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Tat 15 0.8310 0.4190 
Mt2 16 1.548 0.1412 
Cat 16 0.8586 0.4032 
GR 17 0.6804 0.5054 

16C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
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GR 16 0.6939 0.4977 

17A Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Crh 8 0.6346 0.5434 
Ucp2 8 0.5498 0.5974 

17B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Tshb 8 2.610 0.0311 
Pomc 8 0.3527 0.7334 
Trhr 8 1.555 0.1586 
Crhr 8 1.581 0.1525 
Tbx19 8 1.757 0.1171 

17C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Cyp11b1 9 1.196 0.2624 
Cyp11b2 9 1.831 0.1003 

18C-F Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
HR 16 0.1565 0.8776 
HRV 16 1.107 0.2848 
R amplitude 16 0.4531 0.6565 
RR 16 0.2346 0.8175 
PQ 16 0.8408 0.4128 
PR 16 0.9387 0.3619 
QRS 16 0.1186 0.9070 
QT 16 0.1908 0.8511 
ST 16 0.1563 0.8778 
QTC 16 0.4049 0.6909 

19B  Unpaired Student’s t-test 
 Df t p 
TRα1 +/m vs. TRα1 +/+ 4 1.337 0.2521 
TRα1 +/+ +T3 vs. TRα1 +/+ 4 0.5328 0.6224 

22A Start vs. end of 
experiment 

Paired Student’s t-test 

 Df t p 
Control 3 0.6026 0.5893 
Dominant-negative TR α1 3 0.2285 0.8339 

22B+C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Food intake 6 0.5486 0.6031 
Water intake 6 2.522 0.0451 

23A Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
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F (15, 90) = 
0.5723 
p = 0.8888 

F (1, 6) =  
0.7594 
p = 0.4170 

F (15, 90) =  
12.72 
p < 0.0001 

23B Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (15, 90) = 
0.4684 
p = 0.9505 

F (1, 6) =  
0.02147 
p = 0.8883 

F (3.060, 18.36) = 
18.20 
p < 0.0001 

23C Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (6, 36) = 
0.5321 
p =0.7802 

F (1, 6) =  
0.4697 
p = 0.5187 

F (6, 36) =  
1.075 
p = 0.3954 

23D Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (6, 36) = 
0.5851 
p = 0.7398 

F (1, 6) =  
7.558 
p = 0.0333 

F (6, 36) =  
0.5863 
p = 0.7389 

23E Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (5, 30) = 
0.9180 
p = 0.4828 

F (1, 6) =  
0.6192 
p = 0.4613 

F (1.779, 10.67) = 
13.54 
p = 0.0015 

23F Dominant-negative 
TRα1 vs. control 

2-way ANOVA with Šídák's multiple comparison post hoc 
test 

 Interaction Genotype Time 
F (5, 30) = 
0.4433 
p = 0.8147 

F (1, 6) =  
0.2191 
p = 0.6563 

F (2.055, 12.33) = 
0.9965 
p = 0.3992 

24B Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
iBAT 6 0.8568 0.4245 
Tail 6 0.6971 0.5118 

25 Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
VO2 6 0.04120 0.9685 
Normalised VO2 6 0.2408 0.8177 
RQ 6 2.163 0.0738 
Fasting body weight loss 6 0.09286 0.9290 

26A-C Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

Open Field Test Df t p 
Centre 6 1.553 0.1713 
Outer zone 6 1.554 0.1712 
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Mobile 6 0.6460 0.5422 
Immobile 6 0.6460 0.5422 
Mean speed 6 0.8097 0.4490 
Distance 6 0.1089 0.9169 

26D Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

Elevated Plus Maze Df t p 
Open arm 6 0.3910 0.7093 
Closed arm 6 1.115 0.3075 
Centre 6 1.610 0.1585 

26E Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
Corticosterone 6 0.6177 0.5595 

27C-F Dominant-negative 
TRα1 vs. control Unpaired Student’s t-test 

 Df t p 
HR 6 1.584 0.1642 
HRV 6 0.9768 0.3664 
R amplitude 6 0.4545 0.6654 
RR 6 1.599 0.1610 
PQ 6 0.5116 0.6272 
PR 6 0.6639 0.5314 
QRS 6 0.6854 0.5187 
QT 6 0.7906 0.4593 
ST 6 0.9365 0.3852 
QTC 6 0.02637 0.9798 
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