
 

 

UNIVERZA V LJUBLJANI 

SKUPNI INTERDISCIPLINARNI PROGRAM DRUGE STOPNJE KOGNITIVNA 

ZNANOST 

V SODELOVANJU Z UNIVERSITÄT WIEN, 

UNIVERZITA KOMENSKÉHO V BRATISLAVE 

IN EÖTVÖS LORAND TUDOMÁNYEGYETEM 

 

 

 

 

 

 

 

 

 

 

 

Maja Zupančič 

 

Development of hypothalamic dopaminergic neurons and their 

role in anxiety-like behaviour in mice 

 

 

Master’s thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ljubljana, 2019 



 

 

UNIVERZA V LJUBLJANI 

SKUPNI INTERDISCIPLINARNI PROGRAM DRUGE STOPNJE KOGNITIVNA 

ZNANOST 

V SODELOVANJU Z UNIVERSITÄT WIEN, 

UNIVERZITA KOMENSKÉHO V BRATISLAVE 

IN EÖTVÖS LORAND TUDOMÁNYEGYETEM 

 

 

 

 

 

 

 

 

 

 

 

Maja Zupančič 

 

Development of hypothalamic dopaminergic neurons and their 

role in anxiety-like behaviour in mice 

 

 

Master’s thesis 

 

 

 

 

 

 

Mentor: Univ. Prof. Dr. Tibor Harkany 

Co-mentor: Assistant Prof. Dr. Erik Keimpema 

 

 

 

 

 

 

Ljubljana, 2019



i 

 

Acknowledgements 

 

I would like to express my sincere gratitude to my mentor Professor Tibor Harkany, without 

whom this thesis would not have been possible. My sincere thanks for giving me a chance to 

work in his group in the Department of Molecular Neurosciences, at the Center for Brain 

Research, and introducing me to the field of neuroscience research. I am very grateful for 

taking his valuable time to provide me with encouragement and constructive feedback all 

throughout my stay here. In the end, I would also like to thank him for giving me a chance to 

work alongside such excellent colleagues. 

Heartfelt thanks to Professor Erik Keimpema and Professor Roman Romanov for taking their 

time to introduce me to the techniques and methods done in the lab. I appreciate all the 

scientific support and fruitful discussions. 

In the end, I would also like to thank the rest of the group for sharing with me their expertise 

and positive energy. I am grateful for all the valuable friendships formed during this time.  

  



ii 

 

Abstract 

 

Anxiety by itself serves as an adaptive and necessary response to threat. However, when it 

becomes disproportionate and persistent, it may lead to development of anxiety disorders. The 

lifetime prevalence of anxiety disorders is as high as 28% in adults, which makes them one of 

the most common psychiatric ailments. Anxiety disorders have both biological and 

environmental basis, however their complete pathology is so far still not explored. Due to the 

anatomical similarities and comparable behavioural responses, anxiety-like behaviour and its 

underlying mechanisms are often studied using animal models, most often rodents. Subcortical 

brain areas, including the hypothalamus and amygdala, as well as neurotransmitter systems 

involved in anxiety, are in mice and humans highly similar. Previous research done on 

transgenic animals and dopamine related diseases has linked dopaminergic signalling as one of 

the neurotransmitter systems implicated in anxiety-like behaviour.  

Single cell transcriptome data of the hypothalamic area in the juvenile mouse revealed a novel 

subgroup of dopaminergic neurons (“PeVNd” neurons), located in the periventricular nucleus 

of the hypothalamus. They are also present in the periventricular nucleus of the adult human 

brain. Their axonal projections terminate, among other regions, in the amygdala, thus their 

involvement in anxiety-like behaviour is considered. The aims of this thesis are to investigate 

the presence and location of hypothalamic “PeVNd” neurons in embryonic mouse and human 

fetal tissue, determine their birth place and furthermore explore their involvement in anxiety.  

Using in utero electroporation technique, performed on mouse embryos, we were able to 

fluorescently label a subpopulation of hypothalamic progenitors, lining the wall of the third 

ventricle. Due to methodological limitations the electroporation was limited to the dorsal part 

of the hypothalamus, thus we were at this point unable to confirm this hypothalamic neurogenic 

niche as the birth place of “PeVNd” neurons. We performed immunohistochemistry on mouse 

tissue of different developmental stages to investigate the presence and location of “PeVNd” 

neurons. By tracing their migratory routes from very early embryonic time-point to neonatal 

stages, we show that these neurons are in the mouse brain present already at embryonic day 9.5-

10.5, and are by embryonic day 14.5 confined to the periventricular space of the hypothalamus. 

So far, with our initial experiments we were not able to confirm the presence of “PeVNd” 

neurons during human fetal development. We need to perform further experiment and, if 

possible, obtain additional samples. Due to the time limitations, we were so far not able to 

investigate the role of “PeVNd” neurons in relation to anxiety. We were only able to test a 

methodologically similar experimental design, of which we show our preliminary results. After 

establishing this technique, we will use it for future experiments involving in vivo manipulation 

of “PeVNd” neurons. 

 

 

Keywords: anxiety, hypothalamus, “PeVNd” neurons, periventricular nucleus  
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Razvoj hipotalamičnih dopaminergičnih nevronov in 

njihova vloga pri pojavu anksioznega vedenja pri miših 

Povzetek 

Anksiozne motnje so prisotne pri 28 % odraslih, kar jih uvršča med najpogostejše duševne 

motnje. Anksiozne motnje v času odraščanja lahko pustijo dolgoročne posledice in so velik 

dejavnik tveganja za razvoj depresije in drugih psihiatričnih motenj kasneje v življenju. Zato je 

razumevanje, kako napake in motnje med razvojem, vključno z oblikovanjem možganskih 

povezav, vplivajo na pojav anksioznosti, ključnega pomena. 

Anksioznost je definirana kot kompleksno, neprijetno fiziološko in psihološko stanje, ki se 

pojavi kot pretiran odgovor na potencialno nevarno situacijo. Anksioznost delimo na adaptivno, 

ki igra vlogo obrambnega mehanizma pred potencialno nevarnimi situacijami v vsakdanjem 

življenju, in patološko anksioznost. Slednja se kaže kot pretiran strah in kronična anksioznost, 

ki ni več del koristnega, adaptivnega odziva in vodi do pojava anksioznih motenj.  

Anksiozne motnje so skupina duševnih bolezni, ki so definirane s skupino specifičnih 

vedenjskih in psiholoških znakov. Pri vseh so prisotni pretiran strah, skrb in izogibanje 

določenim situacijam ali objektom, brez prisotnosti prave nevarnosti. Anksioznost je 

karakterizirana s spektrom kognitivnih (npr. težave pri koncentraciji, strah pred izgubo nadzora, 

strah pred smrtjo), fizioloških (npr. mišična napetost, potenje, težave pri spanju, povišan srčni 

utrip, težave z dihanjem, slabost, vročinski vali, tresavica, mišična utrujenost, nemirnost) in 

vedenjskih (npr. izogibanje določenim situacijam in stimulusom) simptomov. Najpogostejše 

anksiozne motnje, vključene v peti izdaji »Diagnostičnega in statističnega priročnika duševnih 

motenj« (DSM-IV, ang. The diagnostic and Statistical Manual of Mental Disorders, Fifth 

Edition), so ločitvena anskiozna motnja, selektivni mutizem, specifična fobija, socialna 

anksiozna motnja, panična motnja, agorafobija in generalizirana anksiozna motnja.  

Vedenjski in fiziološki znaki strahu in anksioznosti niso prisotni le pri ljudeh, ampak jih lahko 

opazimo tudi pri številnih drugih živalskih vrstah, vključno pri miših. Uporaba laboratorijskih 

miši za raziskovanje anksioznosti je bistvenega pomena, saj nam omogoča preučevanje 

patologije in vpletenih mehanizmov anksioznih motenj, ki jih ni možno preučevati pri ljudeh. 

Kljub nekaterim anatomskim in funkcionalnim razlikam, ki obstajajo med mišmi in ljudmi, so 

z anksioznostjo povezana subkortična možganska področja, vključno s hipotalamusom in 

amigdalo, evolucijsko zelo ohranjena. Živčni prenašalci in sistemi, vpleteni v procesiranje 

anksioznosti, so vsaj v prej omenjenih možganskih regijah med vrstama funkcionalno 

homologni. Prav tako so si vedenjski in fiziološki odzivi anksioznosti pri miših in ljudeh zelo 

podobni. Pri obeh vrstah se pojavijo povišani krvni tlak in srčni utrip, mišična napetost, 

izogibanje grožnji ali potencialno nevarni situaciji, otrpnjenje, boj ali beg odziv, uriniranje in 

defekacija.  

Za preučevanje anksioznosti se uporabljajo številne vedenjske paradigme, vključno s testom 

odprtega območja, testom dvignjenega prekrižanega labirinta, svetlo/temnim raziskovalnim 

testom in testom socialne interakcije. Pomembno je poudariti, da pri uporabi vedenjskih testov 

anksioznosti merimo le z anksioznostjo povezane parametre, kot so vedenjski in fiziološki 
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odzivi (npr. izogibanje grožnji, aktivnost miši v določenih prostorih, uriniranje/defekacija), in 

da določenih aspektov človeške anksioznosti pri živalih ne moremo meriti (npr. občutek žalosti 

in samomorilne misli). Torej, s testi anksioznosti opazujemo in merimo le z anksioznostjo 

povezano vedenje in ne same anksioznosti.  

Nedavna analiza sekvenciranja RNA na ravni ene celice, narejena na področju hipotalamusa 

mladostne miši (postnatalni dan 14-28), je razkrila novo podskupino dopaminskih nevronov, ki 

se nahajajo v periventrikularnem jedru hipotalamusa. Omenjena podskupina periventrikularnih 

dopaminskih nevronov (»PeVNd«), je prisotna tudi v hipotalamusu odrasle miši in človeka, 

vendar je njihova vloga do sedaj še nepoznana. Živčna vlakna nevronov »PeVNd« projicirajo 

v amigdalo (neobjavljeni rezultati gostiteljskega laboartorija), zato predvidevamo vlogo 

omenjenih nevronov v regulaciji anskioznosti.  

Cilji te magistrske naloge so a) določiti izvor nevronov »PeVNd« v možganih mišjih zarodkov, 

b) ugotoviti lokacijo in migracijski vzorec nevronov »PeVNd« med zarodnim in zgodnjim 

postnatalnim mišjim razvojem, c) preveriti prisotnost nevronov »PeVNd« v človeškem 

zarodnem tkivu in d) raziskati vlogo nevronov »PeVNd« pri pojavu anksioznega vedenja pri 

miših. Za dosego ciljev so bile uporabljene različne metode, vključno z in utero eletroporacijo, 

imunohistokemijo, in vivo metodami z gensko spremenjenimi mišmi ter vedenjskimi testi 

anksioznosti.  

Z uporabo in utero electroporacije, ki smo jo izvedli na mišjih zarodkih, smo uspeli 

fluorescentno označiti del populacije predniških celic (ang. progenitor cells), ki objemajo steno 

tretjega ventrikla v hipotalamusu. Z elektroporacijo smo uspeli označiti le predniške celice v 

dorzalnem predelu tretjega ventrikla, zato na podlagi sedanjih rezultatov ne moremo zaključiti, 

ali nevroni »PeVNd« izvirajo iz hipotalamične nevrogenske cone (ang. neurogenic niche).  

Imunohistokemijo smo uporabili za vizualizacijo nevronov »PeVNd« pri embrionalnem in 

postnatalnem razvoju mišjih možganov. Pokazali smo, da so ti nevroni pri miših prisotni že v 

zelo zgodnjem razvojnem obdobju, pri embrionalnem dnevu 9.5-10.5. Prav tako smo pokazali, 

da so od embrionalnega dneva 14.5 dalje omejeni na področje periventrikularnega jedra v 

hipotalamusu. Immunohistokemijo smo prav tako izvedli na možganskem tkivu človeških 

zarodkov. Zaradi časovnih omejitev smo izvedli le preliminarne eksperimente, zato trenutno ne 

moremo potrditi prisotnosti nevronov »PeVNd« med razvojem človeškega zarodka.  

Kljub časovni omejitvi, ki nam je prepreči.a raziskati vlogo nevronov »PeVNd« v anksioznosti, 

sem uspela izvesti metodološko podoben eksperiment, ki mi je omogočil, da sem se naučila 

pravilno izvesti stereotaksično injekcijo in behaviouristični test.  

 

 

 

 

  

Ključne besede: anksioznost, hipotalamus, nevroni »PeVNd«, periventrikularno jedro   
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1 Introduction 

Anxiety disorders are one of the most common psychiatric ailments in children and adolescents. 

They are often recognized by parents only when their full-blown clinical picture has already 

evolved, thus leaving them untreated for a significant amount of time. Children and adolescents 

with anxiety disorder are more prone to problems in school and have difficulties in social 

interactions. Furthermore, anxiety disorders during childhood are a risk factor for development 

of depression, and other anxiety disorders [1, 2]. Since anxiety has a severe negative impact on 

individual’s quality of life [3] and is a common comorbidity in many neurodevelopmental 

disorders [4, 5], it is crucial to test if developmental changes are causal to priming the onset of 

anxiety [6-9].  

 

1.1 Adaptive vs pathological anxiety and fear 

Anxiety is defined as a complex and unpleasant emotional state that occurs in response to a 

potentially dangerous situation, where the stressor is not always clearly defined [8, 9]. Even 

though, excessive fear is often present together with anxiety and they both serve as alerting 

signals, they are distinguished as two separate emotional states. They have partially overlapping 

neuronal circuits as mechanistic backbones and can both produce similar behavioural and 

physiological responses, but are distinguished by their origin, intensities, duration times and 

response patterns [10-14].  

Fear is elicited in response to real external threats and usually presents as an acute and 

temporary response. In contrast, anxiety is a longer-lasting emotional state that usually lasts 6 

or more months. It is a generalized response to an unknown or potentially, even hypothetically 

dangerous situation [10-14].  

Anxiety is characterized by a range of persistent cognitive, physiological, and behavioural 

symptoms. Cognitive symptoms include difficulty to concentrate, fear of losing control, fear of 

dying, and feeling of impending doom. Physiological symptoms comprise increased sweating, 

muscle tension, increased heart rate and palpitations, shortness of breath and increased 

respiratory rate, nausea, dizziness, hot flashes or cold chills, general tiredness or fatigue, 

restlessness, and difficulty sleeping. Avoidance of a specific stimulus or situation is part of the 

behavioural symptoms [12, 15, 16].  

In everyday life, anxiety is an adaptive response, helping us to cope with stressful situations. It 

is a necessary, beneficial and essential survival trait that helps the organism to defend itself 

against potential threatening situations [9]. However, it is often present as excess fear and 

chronic anxiety, which no longer serves as an adaptive and beneficial response, thus leading to 

development of pathological anxiety disorders [10, 11, 17].  
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1.1.1 Anxiety disorders 

Anxiety disorders are a group of mental disorders, which present trait-specific behavioural and 

psychological characteristics. They all produce excessive fear, stress, worry and avoidance, 

which often occur in response to specific objects or situations and in the absence of real danger 

[5].  

Anxiety disorders can lead to the development of cardiovascular, cerebrovascular, 

gastrointestinal, and respiratory illnesses [16], and furthermore increase the risk for the 

development of depressive behaviour, alcohol and drug abuse. They are often comorbid with a 

range of other psychiatric disorders, including schizophrenia [18], bipolar disorder [18], major 

depressive disorder [19], and substance use disorders [20, 21], as well as with non-psychiatric 

disorders, such as hyperthyroidism and Cushing’s disease [22]. Additionally, they increase the 

risk for the recurrence of anxiety disorders, such as panic disorder, specific phobias and 

obsessive-compulsive disorder, also later in life [1, 2]. Anxiety is also a common co-occurrence 

with depression [2, 23] and with other neurodevelopmental and mental disorders, such as autism 

spectrum disorder [24, 25], attention-deficit disorder [26, 27], and obsessive compulsive 

disorder [27], therefore it is important to understand how disturbances in the developing brain 

circuitry could lead to anxiety.  

Anxiety disorders, which are listed in “The diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition” [14], include separation anxiety disorder, selective mutism, specific 

phobia, social anxiety disorder or social phobia, panic disorder, agoraphobia, and generalized 

anxiety disorder. As a separate anxiety disorder they also include substance or medication 

induced anxiety disorder, anxiety disorder due to another medical condition, and other specified 

or unspecified anxiety disorder [14].  

Separation anxiety is most commonly observed in children younger than 12 years. Individuals 

display excessive distress in response to separation from home or specific individuals, mainly 

family members. They are reluctant to participate in activities where they need to leave home 

alone or are away from the attachment figures. Physical symptoms, such as headaches, stomach 

aches, dizziness, and nausea, also occur [14, 27].  

Selective mutism is characterized by the inability to speak in certain social interactions, even 

though language skills are not affected and an individual is usually able to speak in front of 

family members. Affected individuals display symptoms of severe anxiety when in social 

situations. The symptoms must be present for at least one month for the disorder to be officially 

diagnosed. This anxiety disorders occurs rarely and is usually observed in young children under 

5 years [14]. The cause of selective mutism appears to be a combination of genetic and 

environmental factors, as well as personality traits (e.g. shyness or behavioural inhibition). 

Higher prevalence of selective mutism has been observed in bilingual children from immigrant 

families. Individuals diagnosed with selective mutism tend to perform lower on cognitive 

testing and have a higher risk for motor delays, as well as speech and language deficits [14, 28]. 

Specific phobias can develop at any age, most often in children between 7 and 11 years [14]. 

Individuals display persistent, usually lasting more than 6 months, and disproportionate fear 

and anxiety in regards to a specific object or situation. Panic attacks accompanying anxiety are 
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not uncommon. Individuals can have multiple specific phobias, such as fear of animals (e.g. 

spiders or insects), heights, needles, closed spaces, and others. People avoid situations or objects 

that cause anxiety which can greatly affects their quality of life. Furthermore, individuals 

diagnosed with specific phobias are a risk group for depression and they are 60% more likely 

to attempt or commit suicide than unaffected people [14].  

People with social phobia or social anxiety disorder constantly fear the possible negative 

outcomes, such as embarrassment and rejection, from other people. They feel intense anxiety 

during social interactions. As a result they either avoid social interactions altogether or suffer 

through them, feeling extreme fear and anxiety. Anxiety feelings in relation to social interaction 

generally last at least 6 months, but can last up to several years without proper treatment [14].  

Panic attack itself is not classified as a mental disorder and can be a part of several different 

disorders, including panic disorder. The onset of a panic disorder is generally between 20 and 

24 years and is defined by recurrent panic episodes [14, 22, 29]. The frequency of panic attacks 

differs between affected individuals. Some people experience daily panic attacks, while others 

experience them weekly or even monthly. The severity of the panic attacks can be determined 

based on the number of symptoms that are present during the episode. Indicative symptoms of 

panic attacks include palpitations, sweating, nausea, chest pain and shortness of breath, feeling 

of choking, tachycardia, chills or heat sensations, numbness or tingling sensations, feeling light-

headed, fear of losing control and fear of dying. To determine the severity of panic disorder and 

to assess the improvement over time, the “Panic disorder severity scale” [29] can be used. This 

questionnaire assesses the following criteria: panic attack frequency, number and severity of 

symptoms present, anticipatory anxiety about future panic attacks, presence of agoraphobia, 

interoceptive fear and avoidance, and impairment or interference in work and social 

environment [14, 22, 29].  

The diagnostic criteria of agoraphobia include severe anxiety feelings, when an individual is 

in situations from which an escape would be difficult. These situations include using public 

transportation, being in open or enclosed spaces, standing in line or being in a crowd, and being 

outside of the home alone. These situations almost always trigger feelings of anxiety and intense 

fear. Anxiety feelings are re-occurring and persistent, usually lasting more than 6 months, but 

can last through lifetime if not treated. In most cases agoraphobia develops in adults, before the 

age of 35 years, and is generally not observed in children [14, 22]. 

Generalized anxiety disorder is characterized by excess anxiety and worry that interferes with 

everyday activities and persists for more than 6 months. Diagnosed people usually report being 

anxious and nervous all of their lives. Physical symptoms that accompany generalized anxiety 

disorder include restlessness, general tiredness or fatigue, difficulty concentrating on everyday 

tasks, irritability, muscle tension and sleep problems. The age of onset is typically around 30 

years, though it can occur in younger individuals as well [14, 22]. 
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1.1.2 Prevalence and risk factors of anxiety disorders 

The prevalence of a specific disease is a measurement that takes into an account the number of 

all people affected by a specific disease in a selected period of time [14]. The lifetime 

prevalence of anxiety disorders is as high as 28 % in adults, which makes them one of the most 

common psychiatric conditions [11] and consequently a great financial burden for the health 

care system. Childhood includes all individuals up to 12 years of age. Adolescence is a 

developmental stage between childhood and adulthood and corresponds to the period roughly 

between the ages of 12 and 18 years, while adult are here defined as individuals older than 18 

years [1, 30]. The prevalence of specific anxiety disorder subtypes is summarized in Table 1 

[14].  

 

Table 1: Prevalence and treatment of anxiety disorders  [14, 31, 32]. 

Anxiety disorder Age group Prevalence [14] Typical treatment [31, 32] 

Separation 

anxiety disorder 

adults 0.9 %-1.9 % 
Psychotherapy, 

SSRI 
adolescents 1.6 % 

children 4 % 

Selective mutism all 
0.03 %-1 % (point 

prevalence) 

Individual behaviour therapy 

techniques 

Specific phobia 

adults 3 %-5 % 

Cognitive behavioural therapy 

(exposure therapy) 
adolescents 16 % 

children 5 % 

Social anxiety 

disorder 
all 2 %-5 % 

Cognitive behavioural therapy, 

SSRI, SNRI, β-blockers 

Panic disorder 

adults and 

adolescents 
2%-3% 

Cognitive behavioural therapy, 

SSRI, SNRI, benzodiazepines 
children 

less than 0.4 % 

(lifetime 

prevalence) 

Agoraphobia 
adults and 

adolescents 
1.7 % 

Cognitive behavioural therapy, 

SSRI, benzodiazepines 

Generalized 

anxiety disorder 

adults 2.9 % Cognitive behavioural therapy, 

SSRI, SNRI, pregabalin adolescents 0.9 % 

Unless stated otherwise, prevalence is given as a period of 12 months and is based on the population in the United 

States. Children are individuals up to 12 years, adolescents are aged between 12-18 years and individuals that are 

older than 18 years are considered adults.  
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Children and adolescents in particular are at a high risk for the development of anxiety 

disorders. Between 15-20 % of all children and adolescents are affected, ranking anxiety 

disorders among the most frequent childhood psychiatric disorders [1, 30]. Gender differences 

in anxiety disorder prevalence exist as well. Females are almost twice as likely to develop 

anxiety disorder over the course of their life, and are also more likely to be additionally 

diagnosed with another anxiety disorder, depression or bulimia nervosa [14, 33]. 

The development of anxiety disorders is brought by genetic, as well as environmental factors. 

The most important environmental risk factors described in the literature are early life stressor 

and negative experiences, such as death or illness in the family, physical and sexual abuse [14, 

28, 34]. Parental care is also an important factor, since individuals who experience parental 

neglect or overprotection are at a greater risk. In general, all kinds of stressful events during 

childhood [35] increase the likelihood of developing anxiety disorders. Certain personality 

traits, such as neuroticism and behavioural inhibition, are an additional risk factor [14, 34, 36]. 

Genetic factors are important for the individual’s susceptibility towards anxiety disorders as 

well. Twin studies have shown a partial heritability for several different anxiety subtypes, 

including panic disorder, social phobia, agoraphobia and generalized anxiety disorder [8, 13, 

14, 37].  

Higher occurrence of mental disorders is reported in individuals with lower socio-economic 

status, chronic physical illnesses [38], and substance abuse [39]. Both chronic 

methamphetamine [40] and cannabis use [41] have been associated with increased risk for 

anxiety disorders. It has been reported that 10 % of chronic methamphetamine users are 

diagnosed with an anxiety disorder during their lifetime [40].  

 

1.1.3 Treatment of anxiety disorders 

Currently available treatment options for anxiety disorders include pharmacological agents 

(Table 2) and cognitive behavioural therapy. First-line of treatment for each individual anxiety 

disorder is summarized in Table 1 [31, 32].  

In the past, the most commonly prescribed drugs for treatment of anxiety disorders were 

benzodiazepines. They are still widely used because of their effectiveness and rapid action. 

However, their big drawback is a propensity for addiction and abuse, as well as unwanted side 

effects such as sedation, ataxia and fatigue [11]. Nowadays, antidepressants are most commonly 

used for the treatment of anxiety disorders. Since depression is a common comorbidity they can 

be used for the treatment of both conditions simultaneously. Antidepressants, such as selective 

serotonin re-uptake inhibitors (SSRI) and serotonin-norepinephrine reuptake inhibitors (SNRI) 

alter the levels of serotonin and/or norepinephrine in the brain, respectively. Due to their 

delayed therapeutic onset, they are often prescribed in combination with benzodiazepines [32, 

42]. Other pharmacological alternatives to treat anxiety disorders include gamma-

Aminobutyric acid (GABA) analogs, atypical antipsychotics and β-blockers [16, 17, 22, 43]. 

Examples of pharmacological agents used for anxiety disorder treatment and their 

recommended daily doses are listed in Table 2.   
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Table 2: Examples of commonly prescribed pharmacological drugs for treatment of anxiety disorders, their brand 

name and recommended daily dose [31, 44, 45] 

Class Drug examples Brand names Daily dose 

SSRI 

citalopram Celexa 10-60 mg 

fluoxetine Prozac, Sarafem 20-40 mg 

sertraline Zoloft 50-150 mg 

SNRI venlafaxine Effexor, Effexor XR 75-225 mg 

Benzodiazepines 

diazepam Valium 5-20 mg 

lorazepam Ativan, Lorazepam Intensol 2-8 mg 

alprazolam Niravam, Xanax, Xanax XR 1.5-8 mg 

Atypical 

antipsychotics 
quetiapine Seroquel, Seroquel XR 50-300 mg 

GABA analogues 
gabapentin Gralise, Horizant, Neurontin 600-3600 mg 

pregabalin Lyrica, Lyrica CR 150-600 mg 

 

 

Cognitive behavioural therapy, which does not rely on the use of pharmacological drugs, is 

commonly used for situation reinforcement training of sufferers of anxiety disorders. The 

therapy typically lasts 10 to 20 weeks and is focused on reducing unhelpful and over-reactive 

responses to anxiety-inducing situations, as well as improving coping strategies and relaxation 

techniques [17, 43].  
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1.2 Brain-wide definition of the anxiety-related 

circuitry  

A simplified view of the anxiety-related circuitry (Figure 1) considers a neural interplay 

amongst different brain regions, including cortical areas and subcortical structures, such as the 

hypothalamus, thalamus, amygdala, and ventral hippocampus [5, 8, 22].  

The amygdala is an almond-shaped brain structure that plays a central role in anxiety circuitry. 

Additionally to its role in anxiety it is important for stress regulation, fear conditioning, 

decision-making and emotional memory. Structurally it can be divided into several nuclei, the 

basolateral amygdala (BLA) and central amygdala (CeA) being the most important for the 

regulation of anxiety [22, 46]. The BLA is a cortical-like structure [46], consisting of lateral, 

basal and basomedial nuclei [22]. Neurons in the BLA are predominantly glutamatergic, while 

about 20 % of them are GABAergic interneurons. In contrast, the majority of neurons in the 

CeA are GABAergic [11]. 

The BLA receives inputs regarding sensory information from auditory, somatosensory, visual 

sensory association cortical centers, prefrontal cortex and thalamus, as well as contextual 

information from the hippocampus. BLA forms feedback connections with the cortical areas 

and ventral hippocampus, and it additionally projects to the bed nucleus of stria terminalis 

(BNST) [13, 46]. The feedback projections from the BLA to the hippocampus promote anxiety-

like behaviours [9]. The integrated information from the BLA is via excitatory glutamatergic 

projections sent to the BNST and amygdala’s main output nucleus – the CeA [9, 47]. In addition 

to the information received from the BLA, the CeA integrates information also from the 

prefrontal cortex, thalamus and hippocampus [22], as well as excitatory noradrenergic, 

serotonergic and dopaminergic inputs. The locus coeruleus and its noradrenergic system has 

been in the past most closely associated with stress response, since it is consistently activated 

during stress or anxiety. It is crucial in the anxiety circuitry due to its excitatory noradrenergic 

projections to the CeA, prefrontal cortex (PFC), BNST, hippocampus and hypothalamus. Its 

activation leads to increased noradrenergic inputs to target regions and increased attention and 

arousal [48]. The BNST, often considered as part of the “extended amygdala” forms important 

reciprocal connections with the CeA, and is additionally innervated by other limbic structures, 

including the hippocampus. The BNST projects to different brainstem regions and 

hypothalamic nuclei, thus regulating the anxiety response. Different sub-regions of the BNST 

mediate different responses. For example, projections from different sub-regions to the ventral 

tegmental area (VTA) can either promote or dampen anxiety response [13, 49]. 

The projections from the CeA target various brainstem regions, such as locus coeruleus, 

periaqueductal gray, and parabrachial nucleus, as well as the paraventricular hypothalamic 

nucleus and lateral hypothalamus [22] to facilitate anxiety response. Targeted regions are 

responsible for the facilitation of hormonal, physiological and behavioural anxiety responses, 

such as release of stress hormones, respiration rate changes, freezing behaviour, fight/flight 

responses and avoidance of open spaces [13, 22, 47]. The activation of the neurons in the 

paraventricular hypothalamic nucleus leads to the activation of the hypothalamic-pituitary-

adrenal (HPA) axis, while projections to the brainstem regions activate the autonomic nervous 
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system [13]. The hypothalamus-pituitary-adrenal (HPA) axis, which is one of the major 

components of the stress response, is in detail discussed later in this chapter. 

 

 

Figure 1: A simplified view of the anxiety-related brain circuitry with emphasis on the connections with the 

amygdala. For the simplicity, not all connections are shown. The BLA receives sensory information from cortical 

areas and thalamic relay, as well as contextual information from the hippocampus. Processed information is then 

sent to the central amygdala (CeA) which is additionally innervated by thalamic nuclei, the hippocampus and the 

bed nucleus of the stria terminalis (BNST). The CeA sends its projections to the BNST, hypothalamus and several 

midbrain regions, including the periaqueductal grey (PAG) and locus coeruleus (LC). This promotes different 

physiological and behavioural anxiety-related responses. Abbreviations: PFC: prefrontal cortex, CeA: central 

amygdala, BLA: basolateral amygdala, BNST: bed nucleus of stria terminalis, PAG: periaqueductal grey, LC: 

locus coeruleus, PVN: paraventricular hypothalamic nucleus.  

 

1.2.1 Dopaminergic neurotransmission in the anxiety circuitry  

Dopamine neurotransmission in the brain is disrupted in many psychiatric and neurological 

disorders, the most prominent ones being Parkinson’s disease, schizophrenia, sleep-related 

disorders and attention-deficit hyperactivity disorder [5, 50]. Altered dopamine levels during 

development or adulthood are also implicated in mental disorders, such as psychosis [51], 

depression [52, 53], and anxiety disorders [54, 55].  

Not only the dopaminergic system, but also other neurotransmitters and neuromodulators are 

implicated in the anxiety-related circuitry [13, 22], but are, however, beyond the scope of this 

work. Thus, only the role of dopamine in the amygdala circuitry will be discussed in detail.  

Animal studies have shown that the dopaminergic system is activated during chronic stressful 

stimuli [56], leading to increased dopaminergic inputs in target regions, including in the 

amygdala [57]. Depletion of dopamine in the amygdala is associated with increased anxiety-
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like behaviours, however more complex effects are observed when investigating different sub-

regions of the amygdala. Stereotaxic injections of different dopamine receptor agonists in the 

BLA leads to an increased in anxiety behaviour [5, 22, 58], while the injections of the antagonist 

in the same region have anxiolytic effects [59]. The opposite was shown for the CeA, where 

injections of dopamine receptor antagonists resulted in an anxiogenic behaviour [60]. The 

effects of altered dopamine levels have also been investigated using knockout models. Animal 

knockout studies of mice lacking a specific dopamine receptor also linked the dopaminergic 

system to depression and anxiety-like behaviours. Mice lacking dopamine receptor D3 [61] or 

D4 [62] display increased anxiety-like behaviour. In general, animal studies linked dopamine 

depletion in the amygdala to increased anxiety phenotype, while an anxiolytic role of dopamine 

in CeA and an anxiogenic role in BLA is suggested [22].  

Human studies implicated the dopaminergic system in the modulation of anxiety as well, by 

associating a specific D2 receptor allele [55] and dopamine transporter polymorphism [63] with 

increased anxiety phenotypes. A single case study involving a patient with neuroendocrine 

tumors also reported a possible involvement of dopamine in anxiety. Due to the secretions from 

the tumor, the levels of catecholamines, including dopamine, were elevated. The patient had 

hypertension, headache, tremors, as well as symptoms of anxiety and depression [64].  

 

1.2.2 Circuit modifications in patients with anxiety disorders 

Many different studies examined structural changes and activity patterns in the brain of anxiety 

disorder patients. Findings of the most commonly studied anxiety disorders are summarized 

below.  

Functional neuroimaging studies observed increased activation of the amygdala in response to 

fearful or anxiogenic situations in individuals diagnosed with anxiety disorders, such as social 

anxiety disorder, specific phobia, and panic disorder, as well as in individuals with obsessive 

compulsive disorder and post-traumatic stress disorder (PTSD) [65, 66]. This hyperactivity in 

the amygdala was diminished in patients that were successfully treated with pharmacological 

agents or cognitive behavioural therapy [65]. Structural changes in the amygdala have also been 

observed. Patients with panic disorder [67, 68] and specific phobia had reduced amygdala 

volume [65, 66], while the opposite was reported in patients with generalized anxiety disorder, 

where an increase in amygdala volumes was observed [69]. Furthermore, lesions in the 

amygdala of humans result in an inability to recognize fear-inducing stimuli, and electrical 

stimulation of the amygdala in humans leads to feeling of fear and anxiety [70].  

Increased activation in the hippocampus was observed in patients with panic disorder, as well 

as with PTSD. However similar was not reported in other anxiety disorders [65]. Decreased 

hippocampal volumes have been observed in patients with social anxiety disorder [71] and 

generalized anxiety disorder [65], while no significant changes were observed in patients with 

panic disorder [72].  
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Hyperactivation in the thalamic region was observed in patients with social anxiety disorder 

[73] and specific phobias [74], and was diminished after treatment [65, 74]. Across different 

anxiety disorders, no changes in the thalamus size were observed [74].  

Changes in activity of the cortical regions have also observed. Decreased activation in the 

medial PFC (mPFC), but no structural changes, were observed in generalized anxiety disorder, 

while increased volume in mPFC was reported in social anxiety disorder [65]. In patients with 

panic disorders or social anxiety disorder an increased activity in the anterior cingulate cortex 

(ACC) was observed [65]. When subjects with panic disorder were presented with images of 

low and high anxiety situations increased activity in the rostral ACC was observed. Similar was 

described in patients with social phobia, where an increase in the activation of the rostral part 

of ACC was observed in response to facial expressions of fear and disgust, as well as in response 

to negative comments [66]. In addition to activity changes, grey matter volume of the ACC was 

decreased in patients with panic disorder and social phobia [65]. Insular cortex is another 

important region involved in the processing of emotional situations. In patients with panic 

disorder, social anxiety disorder and generalized anxiety disorder increased activation in the 

insula was observed. In addition to the hyperactivation in the insula, structural changes were 

reported as well. In patients with social anxiety disorder the insula was diminished in size when 

compared with healthy individuals [65, 70].  
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1.3 Hypothalamus 

1.3.1 Location and anatomical structure of the hypothalamus 

The hypothalamus, a brain region located just ventral from thalamus (Figure 2), is present in 

all vertebrates and is phylogenetically one of the oldest cerebral structures with a highly 

conserved anatomical structure [75].  

 

 

Figure 2: Sagittal view of the mouse brain (adapted from “The Gene Expression Nervous System Atlas 

(GENSAT) Project” [76]. Hypothalamus (red) is located below the thalamus.  

 

The hypothalamus is structurally a very complex brain area with many anatomically and 

functionally distinct nuclei, which form intra-regional connections, as well as connections with 

other brain regions. Anatomically, adult mammalian hypothalamus can be divided into four 

different areas from anterior to posterior (Figure 3) [77, 78]. Each area is composed of 

distinctive nuclei and is associated with different roles.  

1) The preoptic area is important for the regulation of body temperature, reproduction 

and electrolyte balance control. Nuclei found in this region are anteroventral 

periventricular nuclei, medial preoptic nuclei and lateral preoptic area (Figure 3) [78, 

79]. The preoptic area is often classified together with the anterior region [78].  

2) The anterior hypothalamus is also called supraoptic or chiasmatic region. Main 

functions of the nuclei found in this region are circadian rhythmicity, temperature 

regulation and food intake. It comprises the suprachiasmatic, periventricular, 

paraventricular (PVN) and supraoptic nuclei and anterior hypothalamic area (Figure 3) 

[78-80]. As I show later, the periventricular nucleus is a small nucleus surrounding the 
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third ventricle that extends from the anterior towards the posterior hypothalamus. Its 

borders are less clearly defined and is one of the least studied hypothalamic nucleus. It 

is known to play a role in the release of different peptides from the anterior pituitary 

gland [81, 82]. 

3) The tuberal hypothalamus is involved in appetite, stress responses, aggression and 

regulation of hormonal release from the pituitary gland. It consists of the arcuate, 

ventromedial, dorsomedial nuclei and median eminence (Figure 3) [79, 80].  

4) The most posterior region of the hypothalamus is called the mammillary or posterior 

hypothalamus. It includes the posterior and different mammillary nuclei (Figure 3) and 

is involved in arousal, stress responses, as well as in memory and learning [79, 80, 83]. 

 

 

Figure 3: Coronal sections through the mouse brain at different levels of the hypothalamus: preoptic area, 

anterior, tuberal and mammillary hypothalamus. Adapted from Atlas of the developing mouse brain [84]. Nuclei 

found at different hypothalamic areas are shown. The periventricular nucleus (PeVN, shown in blue colour) is 

surrounding the third ventricle. Abbreviations: AHA: anterior hypothalamic area, ARC: arcuate nu., avPeVN: 

anteroventral periventricular nu., DMH: dorsomedial hypothalamic nu., LM: lateral mammillary nu., LPO: lateral 

preoptic area, ME: median eminence, MM: medial mammillary nu., MPO: medial preoptic nu., PeVN: 

periventricular nu., PH: posterior nu., PM: premammillary nu., PVN: paraventricular nu., SCN: suprachiasmatic 

nu., SON: supraoptic nu., SuMM: supramammillary nu., VMH: ventromedial hypothalamic nu., VTM: ventral 

tuberomammillary nu 
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1.3.2 Biochemical structure and function in the hypothalamus  

The hypothalamus is responsible for maintaining the homeostasis of the body and acts as an 

interface between the central nervous system and peripheral endocrine systems, autonomic 

nervous system, and essentially all tissues. It connects the nervous and endocrine system via 

the pituitary gland [83, 85]. 

The hypothalamus has a very complicated biochemical structure with many different excitatory 

and inhibitory neurotransmitters, including dopamine [86], glutamate [86, 87], acetylcholine 

[88] and GABA [86, 89]. In addition to the conventional neurotransmitters, hypothalamic 

neurons also produce numerous neuropeptides and hormones [77].  

The neuroendocrine neurons found in the hypothalamic regions are separated into two groups: 

the magnocellular and parvocellular system (Figure 4). Neuroendocrine cells are specialized 

neurons that synthesize and store various neurohormones, which are released into the blood 

circuitry [90]. By classical knowledge, magnocellular and parvocellular neurons differ in the 

hormone types produced and their release site. Mixed phenotypes [91], which exist as well, will 

not be discussed.  

 

 

Figure 4: Overview of hypothalamic neuroendocrine systems: magnocellular and parvocellular nuclei. The 

magnocellular neurons (green) project directly to the neurohypophysis, while the parvocellular neurons (blue) 

release their neurohormones in the portal capillary system of the median eminence to target the adenohypophysis. 

The parvocellular system is demonstrated with two images, because the nuclei involved are anatomically spread 

from anterior to tuberal hypothalamus. Abbreviations: ARC: arcuate nucleus, Avp: vasopressin, Crh: 

corticotropin-releasing hormone, DA: dopamine, Ghrh: growth-hormone releasing hormone, ME: median 

eminence, Oxt: oxytocin, PeVN: periventricular nucleus, PVN: paraventricular nucleus, SON: supraoptic nucleus, 

Sst: somatostain, Trh: thyrotropin-releasing hormone.  

 

Magnocellular neurosecretory neurons (Figure 4) are large neuroendocrine cells found mostly 

in the PVN and supraoptic nuclei [92]. They project to the posterior pituitary (also called 

neurohypophysis), where they release oxytocin or vasopressin directly into the blood. Oxytocin 

is mostly known for its role in lactation and stimulation of uterine contractions. Vasopressin, 
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on the other hand, has an important function in the kidney, where it influences water 

reabsorption to maintain bodily fluid homeostasis. It also influences vasoconstriction to 

increase blood pressure [93]. In addition to their role in the neuroendocrine system, vasopressin 

and oxytocin are also synthesized in non-neuroendocrine cells. In such case, they are not 

released into the blood circuitry but are released within the hypothalamus or other brain regions 

within the central nervous system. Their central release is associated with various aspects of 

social behaviour, including maternal care, defensive or aggressive behaviour and sexual 

behaviour [94].  

Parvocellular neurosecretory neurons (Figure 4) are smaller neurons, producing different 

releasing or release inhibiting hormones, which act at the anterior pituitary to induce or inhibit 

the release of effector hormones. They are found in several different hypothalamic nuclei, 

including in the PVN, supraoptic, periventricular and arcuate nuclei [90]. Their axons project 

to the capillary system of the median eminence, found at the base of the brain. Neurohormones 

released in the hypothalamo-pituitary circulation reach the anterior pituitary (also known as 

adenohypophysis), where they stimulate or inhibit the secretion of pituitary hormones. 

Neurohormones synthesized and secreted by parvocellular neuroendocrine cells are 

corticotropin-releasing hormone (CRH), growth-hormone releasing hormone, thyrotropin-

releasing hormone, somatostatin, dopamine (DA) and gonadotropin-releasing hormone [90, 

95]. Their role is summarized in Table 3. As is the case with oxytocin and vasopressin, the 

neurohormones produced by parvocellular cells can also be synthesized by non-endocrine 

neurons. In such case, their products do not target the anterior pituitary, but are instead released 

locally to modulate neuronal activity [90, 96].  

Overall, the hypothalamus plays a role in many essential processes of the body such as 

temperature regulation, food and water intake, sexual behaviour, sleep cycle, emotional 

responses and aggression via the release of various hormones and releasing factors [83]. While 

the amygdala is traditionally seen as the central region for anxiety processing [5], the 

hypothalamus is implicated in anxiety-like behaviour as well. It is one of the key regions 

involved in the stress response [8, 48, 97]. Furthermore, developmental defects of the 

hypothalamus, which effect the final number of neurons in the hypothalamus, cell 

differentiation and maturation, or neuronal integration into appropriate hypothalamic 

circuitries, are also linked to sleep disorders, depression, and anxiety disorders [75].  
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Table 3: Neurohormones of the parvocellular neuroendocrine system and their influence on the anterior pituitary 

hormone release [90, 95].  

Neurohormone Role 

Corticotropin-releasing 

hormone 

Release of adenocotricotropic hormone: stress and anxiety 

response 

Growth-hormone 

releasing hormone 

Release of growth hormone: cell growth, reproduction, 

metabolism 

Thyrotropin-releasing 

hormone 

Release of thyroid-stimulating hormone: thyroid hormone 

production 

Somatostatin 
Inhibition of hormone release (e.g. growth hormone, thyroid 

stimulating hormone) 

Dopamine 
Inhibition of prolactin production: influence on milk production, 

metabolism, immune system regulation 

Gonadotropin-releasing 

hormone 

Release of follicle-stimulating hormone and luteinizing hormone: 

sex hormones production 

 

1.3.3 Stress response and the HPA axis 

Stress activates a network of brain and peripheral systems (Figure 5) to elicit appropriate 

physiological and behavioural responses. The main components of the stress response are 

activation of the hypothalamus-pituitary-adrenal axis (HPA) and autonomic nervous system. 

Stress response is present also during anxiety and its dysregulation has been observed in 

different psychiatric disorders, including in patients with anxiety disorders [98, 99].  

The HPA axis (Figure 5) is triggered by the activation of the CRH-positive parvocellular 

neuroendocrine neurons of the PVN in the hypothalamus. These neurons secrete CRH into the 

portal circulation, which leads to the release of adrenocorticotropic hormone (ACTH) from the 

anterior pituitary into the blood stream [100]. In addition to CRH, vasopressin of parvocellular 

origin is also released from the PVN to further stimulate ACTH release [101]. ACTH acts on 

the adrenal gland to promote secretion of glucocorticoids (mainly cortisol in humans) – the final 

effectors of the HPA axis. They prepare the body to deal with stress via a series of metabolic, 

cardiovascular and behavioural processes. Elevated levels of glucocorticoids also serve as an 

inhibitory feedback signal for the hypothalamus and anterior pituitary to cease the stress 

response [102]. The CRH-secreting neurons in the PVN facilitate stress response not only 

through the CRH release, but also via volumetric transmission that activates cortical areas 

through noradrenergic neurons from the locus coeruleus [96].  

The HPA axis is regulated by different brain regions, including brainstem nuclei, prefrontal 

cortex, hippocampus, amygdala and different hypothalamic nuclei. The brainstem not only 

regulates the autonomic responses to provide fast responses to stress, such as increased heart 

rate and blood pressure [100], but also influence the neuroendocrine response via its activation 
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of the HPA axis or activation of other brain regions that project to it. Several different brainstem 

regions are involved in the stress response activation via their projections to the PVN. The locus 

coeruleus provides excitatory noradrenergic projections to the amygdala [103] and to the PVN. 

In addition, serotonergic neurons from the raphe nuclei [102] and excitatory glutamatergic 

projections from the periaqueductal grey [100] provide input to the PVN, which activates the 

HPA axis [102]. Additionally, the mesolimbic dopaminergic pathways, which is activated in 

response to stress, projects to different limbic regions, including the amygdala and 

hippocampus, and consequently leads to increased dopamine levels in the target areas [56, 104].  

The hippocampus inhibits the release of CRH through its GABAergic projections to the CRH-

secreting neuroendocrine neurons in the PVN [105]. Additionally, it also has an inhibitory 

action on the autonomic response. It does not have any major projections that target the 

brainstem directly, but it does, however, project to the mPFC, which projects to the brainstem 

areas [102]. 

The amygdala is activated in response to stress. It is innervated by various brain structures, 

including by the projections from the hippocampus, dopaminergic projections from the ventral 

tegmental area [106] and noradrenergic projections from the locus coeruleus [85, 103]. To 

regulate stress responses, the amygdala projects to cortical regions, brainstem and the 

hypothalamus, where it can directly activate the PVN to stimulate the CRH release [102].  

CRH secretion from the PVN is regulated also via intra-hypothalamic glutamatergic and 

GABAergic connections. Both preoptic area and dorsomedial nuclei are activated in response 

to stress and provide inhibitory GABAergic projections to the PVN to inhibit the HPA axis 

[102]. On the other hand, glutamatergic inputs from the posterior hypothalamus and 

ventromedial hypothalamus have an excitatory effect on the CRH release [107]. The 

suprachiasmatic nucleus, the main circadian clock in mammals, plays a critical role in 

glucocorticoid release via its direct connections to the PVN and surrounding regions [108]. 

Under normal, non-stressful condition, the CRH and vasopressin secretion, and consequently 

the release of corticoids from adrenal gland, is under the control of the circadian clock [85].  
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Figure 5: A simplified representation of the stress response. For the simplicity, not all connections are shown. 

Neurons in the paraventricular nucleus (PVN) receive both extra-hypothalamic and intra-hypothalamic inputs to 

regulate the CRH release. Abbreviation: A: amygdala, VMH: ventromedial nucleus, PH: posterior nucleus, VTA: 

ventral tegmental area, PVN: paraventricular nucleus, SCN: suprachiasmatic nucleus, ME: median eminence, 

DMH: dorsomedial nucleus, POA: preoptic area, CRH: corticotropin-releasing hormone, AVP: vasopressin, 

ACTH: adrenocorticotropic hormone, DA: dopamine, NE: noradrenalin, 5-HT: serotonin, GABA: Gamma-Amino 

Butyric Acid 

 

1.3.4 Periventricular nucleus 

We suggest the involvement of an additional hypothalamic nucleus in the stress and anxiety 

response – the periventricular nucleus (Figure 6). Recent single cell transcriptome analysis [86] 

of the hypothalamic area in the juvenile mouse (postnatal day 14-28) revealed a particular 

subgroup of dopaminergic neurons, termed here “periventricular dopaminergic neurons” 

(“PeVNd”). In the juvenile mouse, as well as in the adult human hypothalamus, the “PeVNd” 

cells are located in the periventricular nucleus of the hypothalamus [86]. It has been shown 
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(unpublished data from host laboratory) that the amygdala is one of the projection sites of 

“PeVNd” neurons. However, the exact function of this synaptic connection is currently 

unknown.  

Periventricular nucleus is known to release dopamine into the capillary system at the median 

eminence to target the pituitary gland and modulate hormone release. Dopamine released to the 

pituitary gland serves as the main inhibitor of prolactin secretion, and it also regulates the 

release of other pituitary hormones [109]. Dopamine-producing neurosecretory neurons in the 

periventricular nucleus receive input from the suprachiasmatic nucleus, which regulates 

dopamine release [110]. We suggest the involvement of the “PeVNd” cells in stress and anxiety 

response via their direct projections to the amygdala, and possibly also via the regulation of 

CRH and vasopressin release from the PVN.  

 

 

Figure 6: Suggested role of “periventricular dopaminergic neurons” in stress and anxiety. (A) Projections 

from the “PeVNd” cells to the amygdala, as seen after viral injections. (B) Proposed role for the periventricular 

nucleus in the stress and anxiety response. Abbreviations: Pe: periventricular nucleus, PVN: paraventricular 

nucleus, A: amygdala, SCN: suprachiasmatic nucleus, ME: median eminence, CRH: corticotropin-releasing 

hormone, AVP: vasopressin, ACTH: adrenocorticotropic hormone, PPL: prolactin, DA: dopamine 
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1.4 Animal models  

Research of anxiety-related behaviour is focused mainly on the use of mammalian species as 

animal anxiety models, specifically rodents (e.g. mice and rats). Mice are very valuable for 

anxiety research since they can be used to model certain aspects of human anxiety-related 

disorders and investigate the underlying brain circuitry and mechanism, which are difficult to 

study in humans. The mouse central nervous system is best known and amenable for genetic 

manipulation to test causality between a certain neuronal component and disease penetrance. 

They are also invaluable for testing pharmaceutical compounds and their possible anxiolytic or 

anxiogenic effect [13, 111, 112]. 

 

1.4.1 Validity of animal models  

Quality of animal models is assessed by three different criteria: face validity, predictive validity, 

and construct validity. Face validity refers to the presence of the observed phenomena in both 

animal model and in humans. Specifically for the animal model of anxiety the observed anxiety-

related physiological and behavioural responses should be similar to anxiety responses present 

in humans [97, 113]. To satisfy the criteria of predictive validity, compounds with a known 

effect on the observed condition in humans should have the same effect on the animal model. 

Compounds with a known anxiolytic effect on humans should decrease anxiety-like behaviour 

in an animal model, while known anxiogenic drugs should increase it [97, 113]. Since 

benzodiazepines have a well-known effect on human anxiety, they are often used to assess the 

predictive component of an animal anxiety model. For the model to have construct validity, the 

underlying pathology of the disease, such as genetic factors or biochemical mechanisms, must 

be reflected in the model, too. Construct validity is the most difficult to achieve in anxiety 

models [97, 113]. Even though certain aspects of anxiety disorders are well explored [114], the 

entire pathology is not yet fully understood. 

 

1.4.2 Anxiety-related behaviour in mice 

Behavioural and physiological correlates of fear and anxiety are not present only in humans, 

but can be observed across many different animal species [9, 13]. Even though there are certain 

anatomical and functional differences in mouse and human brain, the subcortical structures 

implicated in mediating anxiety-like behaviour, including hypothalamus, amygdala, and 

hippocampus, are evolutionary highly conserved. They share similarities in the anatomical 

structure, as well as the role of individual structures and functional connections. The underlying 

anxiety-related pathways and circuits, neurotransmitter and neuromodulator systems exhibit, at 

least in subcortical brain structures, a strong functional homology between rodents and humans 

[5, 7, 97].  

Additionally, mice and humans both exhibit similar anxiety-associated behavioural and 

physiological reactions. Behavioural responses include avoidance of the threat or potentially 
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dangerous situation, freezing response, fight or flight responses, urination and defecation. 

Physiological responses comprise of increased blood pressure and heart rate, autonomic 

hyperarousal, and muscular tension [7, 8]. Furthermore, compounds that are used to treat 

anxiety disorders in humans, such as benzodiazepines, also have an anxiolytic effect on rodents, 

and anxiogenic compounds, including caffeine, can induce symptoms of anxiety in both 

humans and rodents [7].  

 

1.4.3 Commonly used behavioural tests to detect and grade 

anxiety  

There is a wide range of behavioural paradigms used to study the underlying anxiety-related 

brain areas and mechanism, as well as for assessing the anxiolytic effects of new 

pharmaceuticals. Only the most commonly used anxiety models will be discussed here [112].  

The open field exploration test consists of a brightly lit chamber of either square or circular 

shape that is surrounded by walls. Each tested animal is placed in the middle of the arena and 

is left to freely explore the novel place. Mice naturally prefer to spend more time near the walls 

of the arena, since the centre represents the open and potentially dangerous place. Anxiety-

related behaviour is measured by the time spent close to the walls compared to control animals. 

The Open field exploration test is a model often used not just for anxiety and fear research but 

also for studying animal behaviour, such as locomotor activity, in general. This test is also very 

successfully used to test the effects of anxiolytics, such as benzodiazepine receptors agonists 

and serotonin receptor agonists that are used in clinical settings [112, 115].  

The elevated plus maze consists of four intersecting arms, with two of them open and two 

closed. At the beginning of the test the animal is placed on the platform in the middle of the 

intersection between the arms. Animals can freely explore the maze, while their behaviour is 

recorded. They can either enter the open arms of the maze, which represents a novel 

environment and a potentially dangerous situation, or stay in the closed and safe arms. Rodents 

naturally prefer closed and protective areas, but are at the same time very curious and 

explorative animals. The parameters measured during the elevated plus maze test includes the 

number of entry times and the duration in the closed or open arms. The time spent in the central 

square is generally excluded from the measurements. A modification of the Elevated plus maze, 

called Zero maze, is a circular maze with closed and open arms that due to its shape does not 

have the middle, intersecting platform. The anxiety-like behaviour is measured by the time 

spent in the closed areas of the maze, compared to control animals [112, 115, 116].  

The light/dark exploration test includes an arena with two compartments. One compartment 

is closed and painted black, while the other is brightly lit and open. Animal is positioned inside 

the brightly lit compartment and left to explore the arena, while its movement is recorded. The 

number of entries and the time spent in each compartment are measured. Anxious animals don’t 

explore the dark compartments as much, and spend more time in the bright area [115].  

Alternative animal anxiety models include social tests (e.g. separation-induced ultrasonic 

vocalizations, social competitions and social interaction) and tests based on fear of a predator 
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(e.g. cat exposure test, cat odor test, rat exposure test, anxiety/defense test battery) [112]. 

During the social interaction test, two animals are placed together in one cage. The total time 

the animals spend engaged in social activities is measured. This test is better suitable for testing 

social interactions between males, since previous research has demonstrated inconsistencies 

when testing female animals. This test required for the testing animals to be exposed to each 

other for 10 minutes per day, for two days prior to the test. Prior to the test the animals need to 

be acclimated to the testing cage as well [115].  

It is important to note, that when using a certain anxiety model, we can only observe and 

measure anxiety-related parameters, such as certain set of behavioural and physiological 

responses (e.g. threat avoidance and general activity of the mouse, freezing, 

urination/defecation). There are however aspects of human anxiety pathology, such as sadness 

and suicidal thought, that are not accessible in animal models. It is important to understand that 

these tests measure anxiety-related or anxiety-like behaviour and not anxiety itself [7, 97, 117]. 
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2 Aims and hypothesis 

 

In this project, I am focusing on the fetal and neonatal specification of a particular dopamine 

cell population (“PeVNd” neurons) in the periventricular nucleus of mouse hypothalamus [86], 

because the dopaminergic system and amygdala, which is one of many synaptic targets of 

“PeVNd” neurons, are synaptically connected to facilitate anxiety response [54, 55].  

I aim to a) determine the birth place of “PeVNd” neurons in mouse fetal brain, b) investigate 

their location and migratory routes during embryonic and early postnatal development in mice, 

c) determine their presence in human embryonic tissue, and d) analyse their role during 

development in relation to anxiety-like behaviours in mice, using in vivo chemogenetic 

manipulations.  

It was previously shown that the lower dopaminergic input to amygdala [5], depletion of 

specific dopaminergic receptors [61, 62], and brain alterations during development, including 

improper brain circuitry establishment, can lead to increased anxiety-like behaviour [75]. Thus 

we hypothesize that “The silencing of “PeVNd” neurons during development leads to an 

anxiogenic phenotype in mice”.  

Some of the above mentioned in vivo experiments rely on relatively complex combinations of 

mouse genetic and chemogenetic manipulations with suitable viral vectors. Therefore, only an 

account of critical preliminary experiments using standardized (and methodologically 

established) neural systems using Cre driver mice is presented in this work. The goal of such 

preliminary experiments is to learn and establish the protocols that would be used for the 

selective targeting of “PeVNd” cells in future experiments. Through these studies, which 

combine viral particle delivery, cell-type specific recombination events, loss- or gain-of-

function and causality to behavioural phenotypes (induction or loss of anxiety), I have gained 

a significant methodological repertoire for the future analysis of “PeVNd” cells, which, 

unfortunately, falls beyond the timeline of this thesis. 
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3 Materials and methods 

3.1 Animals and animal tissue  

The majority of the experimental work was performed on mice. Tissue collection from live 

animals conforms to the 2010/63/EU directive and was approved by the Austrian Ministry of 

Science and Research (Ethical approval number: 66.009/0145-WF/II/3b/2014). Since Austrian 

legislation only requires the Head of Department to have a permit and FELASA (Federation of 

European laboratory animal science associations) documentation, all employees are able to 

work with animal tissues conforming to the permit after a short training. All experimental 

procedures were planned and executed in such a way that the minimal required number of 

animals was used, and that the suffering of the animals was minimized. All experimental 

animals were kept under standard housing conditions. Mice were housed in a temperature-

controlled room with a 12-hour dark-light cycle and had free access to water and food at all 

times. Mice used for in utero electroporation experiment were on CD1 background, while all 

the remaining animals used in this study were on C57BL6/J background.  

 

3.1.1 Embryonic and neonatal mouse tissue collection 

Timed pregnancies were carried out by grouping the male mouse with one or two females. In 

the following days the females were checked for the presence of a viscous vaginal plug, which 

indicated that the mating has occurred. The day of the vaginal plug was termed as embryonic 

(E) day 0.5. The day the pups were born was considered as postnatal (P) day 0. For the 

collection of embryonic tissues, the pregnant mouse was sacrificed when embryos reached the 

desired embryonic age. The animal was anesthetized with Isoflurane (Forane®, AbbVie 

GmbH) and sacrificed by cervical dislocation. An incision was made at the abdominal area to 

expose the abdominal cavity and the uterus. The uterus was extracted and placed in cold 1xPBS. 

Embryos were carefully extracted and the entire embryo (for E9.5 – E12.5) or just the head of 

the embryo (for E14.5 and older) was collected. Embryos younger than E12.5 were extracted 

using the dissecting microscope. Postnatal tissues were collected by decapitating the pubs and 

extracting the brain from the skull. After collection, both embryonic and early postnatal samples 

were immediately immersion fixed in cold 4% paraformaldehyde (PFA) for 2-24 hours with 

shaking, depending on the sample size.  

Phosphate buffered saline solution (PBS) was prepared as a 10x stock solution. 1 L of 10X PBS 

solution was prepared by dissolving 80 g NaCl (Merck), 2 g KCl (Merck), 14.4 g 

Na2HPO4x2H20 (Merck) and 2.4 g KH2PO4 (Merck) in 800 mL of distilled water. The final 

volume was adjusted to 1 L with distilled water. The 1xPBS solution was prepared by mixing 

one part of 10xPBS with 9 parts of distilled water and adjusting the pH to 7.4.  

For 1 L of 8 % paraformaldehyde (PFA) solution 80 g of powdered PFA (Sigma-Aldrich) was 

added to 800 mL of distilled water. Three drops of 5 M NaOH were added to the solution. The 

solution was heated to 60 °C for approximately 1 hour or until the powder was dissolved. Final 
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volume was adjusted with distilled water to 1 L. The solution was filtered using filter paper and 

stored at 4 °C for up to two months.  

4 % PFA solution was prepared by mixing equal part of 8 % PFA and 2xPBS (4 parts 10xPBS 

and 1 part distilled water) and adjusting the pH to 7.4. The solution was stored at 4 °C for up 

to two weeks.  

3.1.2 Adult mouse brain collection 

Adult mouse brains were extracted after performing a transcardial perfusion. This step is 

necessary to quickly and uniformly fix and preserve the brain. Since adult mouse brain is much 

bigger in size than embryonic tissue only immersion fixation of the tissue is not sufficient.  

The animal was deeply anesthetized with Isoflurane. After ensuring that pain reflex was absent 

(no response to pinching the paws), the mouse was positioned on its back and its limbs were 

pinned to the surface of a styrofoam box. The abdominal areas was exposed by lifting the skin 

and making incisions through the skin using blunt-end scissors. The opening of the abdominal 

area was extended to expose the ribcage, and the sternum was lifted to visualize the diaphragm. 

The diaphragm membrane was carefully cut through, while extra care was taken to ensure no 

other internal organs were cut and damaged in this process. The heart was exposed by lifting 

and clamping away the sternum. A butterfly needle (BD Vacutainer®, Safety-Lok™, 23 gauge) 

was inserted in the left ventricle of the heart and a cut was made to the right atrium. Mice were 

first flushed with 10-15 mL of warm 1xPBS at the rate of 3-4 mL/min. If the needle was inserted 

correctly, the colour of the liver started fading as the blood was flushed from the system. After 

the PBS flush, the solution was changed to 4 % PFA and approximately 50-60 mL were flushed 

through the circulation. The PFA flush was performed at the rate of 3-4 mL/min. The brain was 

extracted from the skull and additionally fixed with immersion fixation in cold 4 % PFA for 24 

hours, while shaking.  

 

3.2 Human tissue 

Human tissue was obtained in collaboration with Prof. Dr. Gabor Kovacs (Neurology 

Department, Vienna, Austria) and the Brain Bank of the Institute of Neurology, Medical 

University of Vienna, Austria. The use of fetal human brain samples was approved by the 

Ethical Committee of the Medical University of Vienna (Ethical approval number: 1316/2012).  

The collection, processing and cutting of the human tissue was performed by trained technicians 

from the Department of Neurology (Vienna, Austria) and was in accordance with institutional 

guidelines. Samples were fixed in 10 % formalin for extensive period of time and embedded in 

paraffin tissue blocks. Samples were cut into 4 µm thick sections and collected on glass slides 

(StarFrost®, Waldemar Knittel GmbH, Braunschweig, Germany).  

All human samples received were further processed in the host laboratory (Center for Brain 

Research, Vienna). Details about human samples analysed (3 cases in total) are summarized in 
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Table 4. Samples were categorized into early (14-16 gestational weeks) [118] and middle (16-

28 gestational weeks) [118] pregnancy period.  

 

Table 4: Description of human fetal cases analysed in this study  

Developmental period Age (GW) Case number/disease Gender 

Early gestation period 

(14-16 GW)  

15w1d A33-11, healthy F 

Middle gestation period 

(16-28 GW) 

20w6d A192-11, healthy M 

24w1d A184-08, healthy M 

GW: gestational weeks, w: weeks, d: days, M: male, F: female 

 

3.3 Cryosectioning  

After collection and fixation, samples were cryoprotected with 30 % sucrose solution for 2-4 

days, depending on the tissue size. Tissues were positioned inside a cryomold (Tissue-Tek® 

Cryomold), embedded with optimal cutting temperature compound (OCT, Tissue-Tek® O.C.T. 

™ Compound, Sakura) and frozen with dry ice. Frozen tissue blocks were cut into 16 µm thick 

sections using the cryostat (CryoStar™ NX70 Cryostat). Sections were collected on SuperFrost 

Plus™ (Thermo Fisher Scientific) glass slides and stored at -20 °C until use. 

For 1 L of 30 % sucrose solution, 300 g of sucrose (Merck) was dissolved in 800 mL of 1xPBS. 

Once dissolved, the volume was adjusted with 1xPBS to 1 L.  

 

3.4 In utero electroporation 

In utero electroporation is a technique widely used for investigation of gene function, cell 

proliferation, tracing cell migrations and maturation during mouse development. This technique 

enables researches to deliver plasmid DNA (e.g. plasmids coding for fluorescent reporter 

proteins) of choice into targeted brain regions or cell group population. It can be performed on 

embryos at different developmental stages, without terminating the pregnancy. Since this 

technique enables us to label the progenitor cells lining the ventricular wall, it is suitable for 

studying cell origin and migration patterns [119, 120].  

For this study, in utero electroporation technique was used to investigate the birth place of 

“PeVNd” neurons in mice. Since extensive surgical skills are required for a successful in utero 

electroporation method, the surgery was performed in collaboration with Pradeep Bhandari 

(Shigemoto Group, Institute of Science and Technology, Vienna, Austria).  

Timed pregnant mouse (E13.5) was anesthetized with an intraperitoneal injection of ketamine 

(90 mg/kg, MSD Animal Health) and xylazine (4.5 mg/kg, Ani medica) mixture. Ketamine and 

xylazine cocktail was prepared in 1xPBS. To confirm the deep anaesthesia, the animal was 
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pinched by the tail and paw to check for pain reflexes. After animal failed to respond to 

pinching, it was transferred to a surgical table. The mid-abdominal skin area was disinfected 

with 75 % ethanol (EtOH, Merck) to maintain aseptic conditions. Mouse abdominal cavity was 

cut opened to expose the uterus. Using ring forceps one of the uterine horns was carefully 

extracted and placed on a wet sterile surgical pad. Sterile 1xPBS was added to the exposed 

uterine horn to prevent drying out during the surgery. With the help of a sharp capillary pipette 

1-1.5 µL of coloured DNA solution was slowly injected in the lateral ventricle of an embryo. 

The DNA solution was prepared beforehand as a mixture of pCAGGS-mCherry plasmid (final 

concentration of 1-2 µg/µL, donated by Dr. Katsuhiko Tabuchi) and 0.1 % FAST Green Dye 

(Sigma) in 1xPBS. The injection procedure was repeated for every embryo except for the one 

embryo at each end of the uterine horn. After waiting 2-3 minutes to ensure that the DNA 

mixture diffused from the lateral ventricle to the third ventricle, an electric impulse of 30 volts 

was applied with Nepagene electroporator (NEPA21) to electroporate the plasmid in the 

progenitor cells lining the wall of the third ventricle. After the electroporation, the uterine horns 

were soaked in sterile 1xPBS and then carefully placed back into the abdominal cavity. The 

muscle and skin incisions were sutured and the mouse was placed on a heated pad (35 °C) for 

recovery. The whole procedure was performed within 30-45 minutes. The mouse was carefully 

monitored during the next couple of days to ensure a successful recovery. The electroporated 

embryos further developed in the womb until they reached the desired embryonic age, at which 

point the mouse was sacrificed by cervical dislocation and the embryos were collected.  

All further and analysis of the collected tissue were performed in the host laboratory. Collected 

embryos were fixed, cryosectioned and used for immunohistochemical detection with anti-

mCherry, anti-Onecut3 and anti-Tyrosine Hydroxylase antibodies.  

 

3.5 Immunohistochemistry 

Immunohistochemistry is a well-known and widely used technique, based on the principle of 

antibody to antigen binding. An antibody, also termed immunoglobulin, is an important part of 

the immune system. Antibodies are produced by specialized immune cells as a response to a 

presence of foreign particles (e.g. viruses and bacteria). The part of the foreign particle that is 

recognized by the antibody is called antigen. Antigens are structurally usually peptides, proteins 

or polysaccharides. One way of generating antibodies is by injecting an animal with the desired 

antigen and extracting the antibody from the animal’s blood. As such antibodies are very 

specific, they are widely used in clinical and research settings [121, 122]. For the visualization 

of targeted cell or cell structure, not only an antibody but the use of a reporter molecule is 

necessary as well. Depending on the reporter molecule used, the immunoreaction can be 

observed with 1) light microscope, if an enzyme producing a chromogenic reactions is used, 2) 

fluorescent microscope, if fluorophore labels are used, or 3) electron microscope, if electron-

dense labels are used. Immunohistochemistry method can be, based on the antibodies used, 

categorized as either direct or indirect. For the direct approach the use of a labelled antibody, 

which is linked to a reporter molecule (e.g. fluorophores and enzymes), is necessary. Indirect 

approach uses labelled secondary antibody that recognizes and binds to the primary antibody, 
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which is bound to the antigen. Since there are several secondary antibodies that recognize and 

bind the same primary antibody this leads to a signal amplification and higher sensitivity, thus 

making this method generally preferred [122].  

Immunohistochemistry was used to localize and identify cells of interest in mouse and human 

brain samples. It was performed on cryosections of mouse tissues, as well as on paraffin 

embedded human fetal sections.  

 

3.5.1 Immunohistochemistry of mouse tissues 

Selected slides containing cryosections of mouse tissue were thawed on room temperature for 

a few minutes and washed 1xPBS to remove the OCT. Sections were incubated with a blocking 

solution (Table 5) for one hour at room temperature to minimize non-specific 

immunoreactivity, followed by incubation with primary antibody solution (Table 5) for 72 

hours at 4 °C. Primary antibodies used for this study, their concentration and supplier, are listed 

in Table 6. All the following steps were conducted at room temperature. Sections were washed 

several times with 1xPBS to remove the primary antibodies and were afterwards incubated with 

the secondary antibody solution (Table 5), containing appropriate secondary antibodies that 

recognize and bind to the primary antibodies used. Sections were extensively washed with 

1xPBS every 20-30 minutes for 3-4 hours, quickly washed with distilled water and left to air 

dry completely before they were mounted with the mounting medium Entellan (Merck). 

Sections were imaged using a confocal laser-scanning microscope (Zeiss LSM800).  

 

Table 5: Details about the blocking-, primary antibody- and secondary antibody-solution, used for 

immunohistochemistry 

Solution 

Blocking solution 5 % normal donkey serum (NDS, Jackson ImmunoResearch), 2 % 

bovine serum albumin (BSA, Sigma-Aldrich) and 0.3 % TritonX-

100 (Sigma-Aldrich) in 1xPBS 

Primary antibody 

solution 

selected primary antibodies, 2 % NDS, 0.1 % BSA, and 0.3 % 

TritonX-100 in 1xPBS 

Secondary antibody 

solutions 

appropriate secondary antibodies (1:300, carbocyanine (Cy) 2-, 3- 

or Cy5-tagged, Jackson ImmunoResearch), 2% BSA and Hoechst 

33342 (1:5000, Sigma-Aldrich) in 1xPBS 
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Table 6: Details about primary antibodies used for immunohistochemistry of mouse tissues  

Antibody Source Concentration Supplier 

Anti-Tyrosine hydroxylase rabbit 1:500 Millipore, Cat. Number: 

AB152 

Anti-Tyrosine hydroxylase mouse 1:500 Millipore, Cat. Number: 

MAB318 

Anti-Onecut3 guinea pig 1:5000 Private antibody, provided 

by Frederic Clotman 

Anti-mCherry chicken 1:1000 EnCor Biotech, Cat. 

Number AB2572308  

Anti-Secretagogin rabbit 1:5000 Gift from L. Wagner 

 

3.5.2 Immunohistochemistry of human tissues 

Human fetal brain sections were deparaffinised by submersion in xylene (Carl Roth) for 20 

minutes. This step was repeated several times with fresh xylene until the paraffin was removed. 

Tissues were rehydrated with decreasing EtOH concentrations (95 % EtOH, 80 % EtOH, 70 % 

EtOH, and 50 % EtOH in distilled water) for 5 minutes in each solution, followed by a quick 

incubation in distilled water. Antigen retrieval was performed by submerging the tissues in an 

antigen retrieval solution (Dako Target Retrieval Solution, Agilent) and heating the solution for 

1 hour. The solution was left to cool down for additional 30-60 minutes before the sections 

were washed with 1xPBS. All further steps (blocking step, incubations with primary and 

secondary antibody solution, washing steps) were performed in the same way as for mouse 

samples. However, different concentrations of primary antibodies were used and additional 

antibodies against same target were tested. Primary antibodies used for immunohistochemistry 

of human samples are summarized in Table 7.  

 

Table 7: Details about primary antibodies used for immunohistochemistry of human tissues 

Antibody Source Concentration Supplier 

Anti-Tyrosine Hydroxylase rabbit 1:300 Millipore, Cat. Number AB152 

Anti-Tyrosine Hydroxylase mouse 1:300 Millipore, Cat. Number: 

MAB318 

Anti-Onecut3 guinea pig 1:1000 Private antibody, provided by 

Frederic Clotman 

Anti-Onecut3 rabbit 1:100 Abcam, Cat. Number: 

AB221052 
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3.6 Stereotaxic viral injection 

Stereotaxic surgery is an in vivo method, used for delivery of recombinant adeno-associated 

viruses (AAVs) or lentiviruses into tissue of choice. Both AAVs and lentiviruses are used to 

introduce brain region specific genetic manipulations in animals. The site of viral release in the 

brain can be determined using known stereotaxic brain coordinates in relation to Bregma 

landmark (Figure 7). The spread of the infected area is influenced by the animal species and 

the type of virus used. Additionally, viruses diffuse further in younger animals, thus the affected 

volume is larger. The spread can also be affected by co-injection of substances and changes in 

injection protocol [123]. Although stereotaxic surgery enables us to achieve spatial specificity 

(brain area targeted), the infection isn’t cell-specific by itself. Cell-type selectivity can be 

achieved, for example, by using targeted recombinant genes under cell-type specific promoters. 

For expression in neurons, Synapsin promoter is widely used [123, 124].  

 

 

Figure 7: Anatomical landmarks on the rodent skull. Intersection between coronal and sagittal suture is Bregma 

landmark, while an intersection between sagittal and lambdoid suture is the Lambda landmark.  

For this study, we injected a viral construct, containing the sequence for an excitatory Designer 

Receptor Exclusively Activated by Designer Drug (DREADD in the locus coeruleus of 

Secretagogin-Cre (3 months) mice. In such mice, Cre is under the Secretagogin promoter. The 

injected virus was AAV8-hSyn-DIO-hM3D(Cq)-mCherry (Addgene Viral Service, Cat. 

Number: 44361). The viral construct contains the sequence for excitatory DREADD, which is 

expressed only in the presence of Cre recombinase. By using the above mentioned mouse line, 

viral construct and site-specific injection, we were able to express neuron-specific (hSyn 

promoter) excitatory DREADD (hM3D) in Secretagogin expressing neurons located in the 

locus coeruleus. The stereotaxic coordinates used for targeting the locus coeruleus are listed in 

Table 8. 

Stereotaxic viral injections were performed under the guidance of an expert technician. The 

mouse was anesthetized with isoflurane and positioned in a stereotaxic frame (Narishige). The 

head of the mouse was fixed using ear bars and the skin on top of the head was cleaned with 70 

% EtOH. A small midline incision on the top of the head was made with a scalpel. The skin 

and muscle tissue were pushed aside at the incision site to expose the skull and visualize 

Bregma and Lambda anatomical landmarks (Figure 7). During the surgery the skull was kept 

moist with sterile PBS: The correct coordinates of the injection site were determined using a 
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stereotaxic atlas and anatomical landmarks. The site of the injection was marked. With a hand-

held drill the bone was thinned at the marked spot and the remaining bone fragment was cleared 

away using a tip of a needle. A Quintessential Stereotaxic Injector (Stoelting) was positioned 

above the targeted site using the stereotaxic coordinates. The micropipette (Drummond) 

containing viral particles was slowly lowered to the correct z-coordinate to reach the target site, 

followed by injection of 125 µL of the virus at speed 50-100 nL/min. The micropipette was 

withdrawn 5 minutes after injection and the injection site was cleaned with cotton swabs. 

Afterwards the skin was sutured and an antibiotic mixture was applied. The animal was kept 

warm until full recovery from the anaesthesia. After it was given an analgesic, the animal was 

returned into a clean cage and carefully monitored for the next couple of days. Additional 

analgesic was given during the next two days after surgery.  

 

Table 8: Stereotaxic coordinates for bilaterally targeting locus coeruleus, relative to Bregma.  

Targeted region A(+) -P (-) (mm) ML (mm) DV(mm) 

Locus coeruleus -5.4 mm +/- 0.9 mm -4.8 mm 

A: anterior, P: posterior, M: medial, L: lateral, D: dorsal, V: ventral 

 

3.7 Open field exploration test  

Three weeks after performing stereotaxic viral injections, male (n=3) and female (n=3) Scgn-

mice were tested in an open field exploration test. Each animal received an intraperitoneal 

injection of clozapine N-oxide (CNO, 3 mg/kg of body weight) 15 minutes before starting the 

behavioural test. The CNO is a synthetic ligand used to activate the DREADD construct.  

Mice were positioned in the middle of a brightly lit enclosed arena (70x70 cm) and left to freely 

explore the area for 5 minutes. A 10 cm wide zone next to the border of the testing area was 

considered as the periphery. The remaining part was the central area. The parameters measured 

during the test were a) total distance travelled, b) time spent exploring the inner (central) area 

or c) periphery (close to the walls) of the chamber. The arena was cleaned with EtOH prior 

testing another animal.  

The assays were recorded and a Smart Video Tracking System (Harvard Apparatus) was used 

for data processing offline. The data was analysed with GraphPad Prism, using unpaired student 

t-test.  
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4 Results 

4.1 Investigating the birth place of “PeVNd” neurons 

The in utero electroporation was used to determine the birth place of “PeVNd” neurons. In total, 

5 pregnant mice on CD1 background were used. The surgery was always performed on E13.5 

embryos, while the tissue collection was done at different time-points. Embryos were collected 

at E14.5 (n=4), E15.5 (n=16) and E18.5 (n=12). 

To determine if the in utero electroporation was successful, immunohistochemistry was 

performed on cryosections of all the collected embryos. Antibody against mCherry was used to 

amplify the mCherry signal present after the in utero electroporation. None of the E14.5 

embryos examined had mCherry signal anywhere in the brain. mCherry signal was detected 

only in one of the E18.5 embryos, where it was present in the cortical area and not in the desired 

target area. Of the all E15.5 embryos, 7 were mCherry positive. Two of those had mCherry 

signal in the cortical and hippocampal regions (Figure 8: A1 and A2), while in the remaining 5 

the signal was detected in the hypothalamic regions. Tissue of these 5 embryos was used for 

further analysis.  

E15.5 embryos, positive for mCherry in the hypothalamus were used for additional 

immunohistochemistry to detect the “PeVNd” neurons, using antibodies against Onecut3 and 

Tyrosine Hydroxylase. In the investigated tissues, mCherry signal was detected only in the 

dorsal part of the hypothalamus (Figure 8: A3, B), while the “PeVNd” neurons were located in 

more ventral region. No co-localizations between mCherry and “PeVNd” cells were observed 

(Figure 8).  
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Figure 8: In utero electroporation with mCherry construct. (A) Representative images of E15.5 mouse brain 

after in utero electroporation. Representative images of mCherry positive cells (red) in (A1-A2) hippocampal or 

(A3) hypothalamic regions. (B1-B5) Representative images of successfully transfected embryos with mCherry in 

the hypothalamic region, stained for Onecut3 (OC3, green) and Tyrosine Hydroxylase (TH, white) to detect 

“PeVNd” cells (solid arrowheads) in the periventricular space. Scale bar=100 µm. Abbreviations: LV: lateral 

ventricle, HYP: hypothalamus, 3V: third ventricle.  
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4.2 Location and migratory routes of “PeVNd” 

neurons during embryonic and neonatal mouse 

development 

Immunohistochemistry was used to determine the onset and migration pattern of “PeVNd” 

neurons in mice. Mouse tissue of different embryonic and neonatal stages was examined. One 

pregnant mouse was sacrificed for each embryonic developmental stage. For the postnatal 

stage, 4 different pubs were collected and examined.  

The earliest developmental time-point used to immunohistochemically detect Onecut3- and 

Tyrosine Hydroxylase-positive neurons was E9.5 (Figure 9). Only one embryo (n=1) was 

examined for this particular time-point. Several Onecut3-positive cells were observed in the 

diencephalic neuroepithelium. In this area also a cell positive for Onecut3 and Tyrosine 

Hydroxylase was observed. In E10.5 embryos, Onecut3-positive cells were located in the 

hypothalamic, as well as in extra-hypothalamic regions (Figure 10). In the hypothalamus, 

Onecut3-positive cells were found in the preoptic area and in the posterior hypothalamus. 

Additionally, Onecut3-positive cells were observed in the epithalamus, thalamus, and in the 

neural tube. Onecut3- and Tyrosine Hydroxylase-positive neurons were found in the preoptic 

area, thalamus, posterior hypothalamic nucleus, as well as in the neural tube (Figure 10). In 

E12.5 embryos, Onecut3-positive cells were located in several brain regions, including in the 

epithalamus, thalamus and hypothalamus (Figure 11). Onecut3 and Tyrosine Hydroxylase 

double labelled cells were located in the preoptic area and paraventricular hypothalamic nucleus 

(Figure 11). Onecut3- and Tyrosine Hydroxylase-positive cells were found in the 

periventricular area of the hypothalamus at E14.5 (Figure 12), E18.5 (Figure 13) and P3 (Figure 

14). Thus, double positive cells in this region at E14.5 or later were termed the “PeVNd” 

neurons (“periventricular dopaminergic neurons”).  
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Figure 9: The Onecut3- and Tyrosine Hydroxylase-positive cells in E9.5 mouse embryo. (A1) Schematic 

representation of E9.5 mouse embryo. (A2) The dashed lines illustrate the plane of sectioning. (B) Horizontal 

sections of E9.5 embryo were stained for Onecut3 (red) and Tyrosine Hydroxylase (green). Nuclei were 

counterstained with Hoechst (blue). (B1-B3) Onecut3-positive neurons found in the developing brain. (B2’) 

Onecut3- and Tyrosine Hydroxylase-positive cell (solid arrowheads) observed in diencephalic neuroepithelium. 

Scalebar=100 µm. Abbreviations: 4V: fourth ventricle, dienceph. v.: diencephalic vesicle, telenceph. v.: 

telencephalic vesicle, ov: optic vesicle, HB: hindbrain, TH: Tyrosine Hydroxylase, OC3: Onecut3 
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Figure 10: The Onecut3- and Tyrosine Hydroxylase-positive cells in the E10.5 mouse embryo. (A) Schematic 

representation of 10.5 mouse embryo. The embryos were sectioned in the coronal plane, as illustrated by the 

dashed line. (B) Schematic maps of the E10.5 coronal brain sections showing the distribution pattern of Onecut3 

positive neurons (red), as well as co-localizations between Onecut3 and Tyrosine Hydroxylase (blue). (C) 

Representative coronal sections of E10.5 embryonic brain, showing the distribution of Onecut3-positive cells (red) 

and Tyrosine Hydroxylase-positive cells (green). Nuclei were counterstained with Hoechst (blue). Onecut3-

positive neurons in the (C1, C1’) preoptic area of the hypothalamus, (C2, C4’) epithalamus, (C3) thalamus, (C5) 

posterior hypothalamic nucleus and in the (C6) neural tube. Neurons positive for both Onecut3 and Tyrosine 

Hydroxylase (solid arrowheads) are located in the (C1, C1’) preoptic hypothalamus, (C3, C3’, C3’’) thalamus, 

(C5, C5’) posterior hypothalamic nucleus and in the (C6’, C6’’) neural tube. Scalebar=100 µm. Abbreviations: 

LV: lateral ventricle, 3V: third ventricle, Cpu: caudate putamen, POA: preoptic area, Epithal: epithalamus, 

Neuroep: neuroepithelium, Thal: thalamus, ARC: arcuate nucleus, PH: posterior hypothalamic nucleus, OC3: 

Onecut3, TH: Tyrosine Hydroxylase. 
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Figure 11: The Onecut3- and Tyrosine Hydroxylase-positive cells in the E12.5 mouse brain. (A) Schematic maps 

of the coronal sections of E12.5 mouse brain, from anterior to posterior hypothalamus. Onecut3-positive cells are 

shown as red circles, while cells with both Onecut3 and Tyrosine Hydroxylase are depicted as blue circles. (B1) 

E12.5 mouse embryo. (B2) Schematic representation of E12.5 mouse embryo. The dashed vertical lines represent 

the plane of sectioning. (C) Distribution of Onecut3- (red) and Tyrosine Hydroxylase (green) positive cells in 

E12.5 mouse brain. Nuclei were counterstained with Hoechst (blue). Onecut3-positive cells located in the (C1) 

epithalamus, (C2, C5) thalamus and in the (C3, C6. C7, C8) hypothalamus. Cells co-expressing both Onecut3 and 

Tyrosine Hydroxylase (solid arrowheads) are located in the (C3, C3’) preoptic area of the hypothalamus and in 

the (C6, C6’) paraventricular hypothalamic nucleus. Scale bar=100 µm. Abbreviations: Epithal=epithalamus, 

Neuroep=neuroepithelium, LV: lateral ventricle, 3V: third ventricle, GE: ganglionic eminence, POA: preoptic 

area, AHA: anterior hypothalamic area, PVN: paraventricular hypothalamic nucleus, DMH: dorsomedial 

hypothalamic nucleus, VMH: ventromedial hypothalamic nucleus, ME: medial eminence, ZI: zona incerta, PH: 

posterior hypothalamic nucleus, ARC: arcuate nucleus, OC3: Onecut3, TH: Tyrosine Hydroxylase.  
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Figure 12: The “PeVNd” neurons in the E14.5 mouse hypothalamus. (A) Schematic maps of E14.5 mouse brain 

showing the distribution of Onecut33 positive cells (red) and “PeVNd” cells (blue), identified as double labelled 

Onecut3- and Tyrosine Hydroxylase-positive cells (B1) E14.5 mouse embryo. (B2) Schematic representation of 

E14.5 mouse embryo showing the plane of sectioning as illustrated by the vertical dashed lines. (C) Distribution 

of Onecut3-(red) and Tyrosine Hydroxylase- (green) positive cells throughout the hypothalamus of the E14.5 

mouse embryo. Nuclei were counterstained with Hoechst (blue). Onecut3-positive cells are found in different 

hypothalamic regions, from (C1, C2) anterior to (C3, C4) posterior hypothalamus. (C1-C4) “PeVNd” cells (solid 

arrowheads) are found in the hypothalamus at the level of (C1, C1’) preoptic, (C2, C3) anterior, and (C4) tuberal 

hypothalamus, and are restricted to the periventricular space of the hypothalamus. Scale bar=100 µm. 

Abreviations: DG: dentate gyrus, LV: lateral ventricle, POA: preoptic area, 3V: third ventricle, PVN: 

paraventricular hypothalamic nucleus, LHA: lateral hypothalamic area, AHA: anterior hypothalamic area, DMH: 

dorsomedial hypothalamic nucleus, ARC: arcuate nucleus.OC3: Onecut3, TH: Tyrosine Hydroxylase.  
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Figure 13: The “PeVNd” neurons in E18.5 mouse hypothalamus. (A1) E18.5 mouse embryo. (A2) A schematic 

representation of E18.5 mouse embryo. The plane of sectioning is illustrated by vertical dashed lines. (B) 

Schematic maps of E18.5 mouse brain showing the distribution of Onecut3-positive cells (red) and “PeVNd” 

neurons (blue), identified as both Onecut3- and Tyrosine Hydroxylase-positive. (C) The distribution of Onecut3 

(red) and Tyrosine Hydroxylase (green) positive cells in the E18.5 mouse hypothalamus. Nuclei were 

counterstained with Hoechst (blue). The “PeVNd” neurons (solid arrowheads) are located in the periventricular 

area of the (C1) preoptic, (C2) anterior and (C3-C6) tuberal hypothalamus. Scale bar=100 µm. Abbreviations: LV: 

lateral ventricle, POA: preoptic area, PeVN: periventricular area, 3V: third ventricle, PVN: paraventricular 

hypothalamic nucleus, AHA: anterior hypothalamic area, LHA: lateral hypothalamic area, SCN: suprachiasmatic 

nucleus, DMH: dorsomedial hypothalamic nucleus, VMH: ventromedial hypothalamic nucleus, ARC: arcuate 

nucleus, ME: medial eminence, OC3: Onecut3, TH: Tyrosine Hydroxylase.  
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Figure 14: The “PeVNd” neurons in the early postnatal mouse hypothalamus. (A) Schematic maps of early 

postnatal mouse brain showing the distribution of Onecut3 positive cells (red) and “PeVNd” cells (blue), identified 

as both Onecut3 and Tyrosine Hydroxylase-positive. (B1) Mouse brain at postnatal day 3. The white dashed lines 

illustrate the plane of sectioning. (B2) A schematic representation of a sagittal view of early postnatal mouse brain. 

The hypothalamic region is marked with a red square. The vertical dashed lines represent the plane of sectioning. 

(C) The localization of Onecut3 (red) and Tyrosine Hydroxylase (green) positive neurons in the mouse 

hypothalamus at postnatal day 3. Nuclei were counterstained with Hoechst (blue). “PeVNd” neurons (solid 

arrowheads) are found in the (C1) preoptic, (C2) anterior and (C3, C4) tuberal hypothalamus. Scale bar=100 µm. 

Abbreviations: cc: corpus callosum, vhc: ventral hippocampal commissure, PeVN: periventricular area, 3V: third 

ventricle, POA: preoptic area, hip: hippocampus, PVN: paraventricular hypothalamic nucleus, AHA: anterior 

hypothalamic area, SCN: suprachiasmatic nucleus, Rch: retrochiasmatic nucleus, VMH: ventromedial 

hypothalamic nucleus, DMH: dorsomedial hypothalamic nucleus, ARC: arcuate nucleus, ME: median eminence, 

ctx: cortex, OB: olfactory bulb, HYP: hypothalamus, OC3: Onecut3, TH: Tyrosine Hydroxylase.  
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4.3 “PeVNd” neurons during human fetal 

development 

Human fetal brain sections (Figure 15) of different developmental periods were used to detect 

Onecut3- and Tyrosine Hydroxylase-expressing cells. Human fetal cases received were 

grouped into early (14-16 gestational weeks) and middle (16-28 gestational weeks) pregnancy 

period, as previously described [118]. One case was analysed for early pregnancy periods, and 

two cases were analysed for middle pregnancy period.  

We performed immunohistochemistry using anti-Onecut3 and anti-Tyrosine Hydroxylase 

antibodies to detect the “PeVNd” neurons during human fetal development (Figure 15). 

Tyrosine Hydroxylase-positive neurons, located in the periventricular hypothalamic area, were 

detected during early and middle gestation period, while no Onecut3-positive neurons were 

observed in inspected samples.  

 

 

Figure 15: Human embryonic tissue. (A) Overview images of coronal human fetal brain or hypothalamus, 

counterstained with Hoechst (blue). Human fetal brain at (A1) 15w1d, (A2) 20w6d, and (A3) human fetal 

hypothalamus at 24w1d of gestation. (B-C) Immunohistochemically detected cells in human fetal hypothalamus, 

using anti-Onecut3 (red) and anti-Tyrosine Hydroxylase (green) antibodies. Nuclei were counterstained with 

Hoechst. (B1-B4) Representative images of Tyrosine Hydroxylase-positive cells (solid arrowheads) in the 

periventricular area during early pregnancy period (14-16 gestational weeks), and (B5-B9) middle pregnancy 

periods (16-28 gestational weeks). Scalebar=2mm (A1-A4) and 50 µm (B1-B11). Abbreviations: w: weeks, d: 

days, OC3: onecut3, TH: tyrosine hydroxylase.   
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4.4 Secretagogin – a tool for cell-type specific 

targeting of “PeVNd” neurons 

One of our goals was to test if the depletion of dopamine inputs from the “PeVNd” neurons to 

the amygdala effects anxiety-like behaviour in mice. To selectively target and silence the 

“PeVNd” cells we first needed to find a marker that could be used for this cell-type specific 

approach.  

We performed immunohistochemistry with antibodies against Secretagogin and Tyrosine 

Hydroxylase. Figure 16 shows co-localizations between Secretagogin-positive and Tyrosine 

Hydroxylase-positive neurons in the periventricular nucleus. We selected Secretagogin-Cre 

mouse for further experiments involving in vivo genetic manipulations.  

 

 

Figure 16: “PeVNd” cells in adult mouse hypothalamus. Representative images of immunohistochemically 

detected Secretagogin (red) and Tyrosine Hydroxylase (grey) neurons in the periventricular nucleus. Nuclei were 

counterstained with Hoechst (blue). Co-localizing neurons are marked with solid arrowheads. Scalebar=50um. 

Abbreviations: TH: tyrosine hydroxylase, 3V: third ventricle 

 

4.4.1 Experimental design for selective targeting the “PeVNd” 

neurons  

To study the effects of the inhibition of the “PeVNd” neurons on anxiety, we designed a set of 

experiments (Figure 17), further described below.  

Secretagogin-Cre mice will be used for selectively targeting the “PeVNd” neurons with viral 

injections. We will use a AAV8-hSyn-DIO-hM4D(Ci)-mCherry virus, which will be injected 

in the periventricular nucleus of Secretagogin-Cre mice. By using the above mentioned mouse 

line, viral construct and site-specific injection, we will be able to express neuron-specific (by 

using hSyn promoter) inhibitory DREADD (hM4D) in secretagogin-containing neurons located 

in the periventricular nucleus. Three weeks after the viral injection the animals will be tested 
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with behavioural tests to assess anxiety-like behaviour, such as the open field exploration test 

and the elevated plus maze test.  

In the open field exploration test, the anxiety-like behaviour would be assessed by measuring 

the total time spent exploring the inner (central area) or outer zones (close to the walls) of the 

testing arena. In general, anxious animals avoid the exposed middle part of the arena and prefer 

to spend more time in the peripheral zones, closer to the walls [115]. 

In the elevated plus maze test the following parameters would be measured: the time spent in 

the open arms, time spent in the closed arms, number of entries in the open arms, number of 

entries in the closed arms, and total entries. Anxious animals spend less time in the open, 

exposed arms of the maze and make fewer open arm entries [115].  

 

Figure 17: Experimental design for targeting the “PeVNd” neurons. (1) First, a set of quality control experiments 

to test the secretagogin-Cre (Scgn-Cre) are required, after which (2) the mouse line can be used for cell-type 

specific targeting of “PeVNd” neurons. Abbreviations: Scgn: secretagogin, “PeVNd”: periventricular 

dopaminergic neurons, LC: locus coeruleus, PeVN: periventricular nucleus 

 

4.4.2 Quality controlling Scgn-Cre mouse 

The Secretagogin-Cre mouse was recently generated in the host lab. So far, very little is known 

about the recombination efficiency and tightness of the construct. Therefore a number of control 

experiments (Figure 17) are necessary to validate this mouse line.  

We used a previously done experimental design [96], using the Secretagogin-Cre mice, as our 

control experiment. This was done to quality control the mouse line, and additionally to learn 

the technique required to perform successful stereotaxic injections. 

Previous study [96] used Secretagogin-Cre male mice to inject an activating DREADD 

construct into the locus coeruleus to activate the Secretagogin- expressing neurons, and test the 

effect in an open field exploration test.  

We decided to perform a similar experimental design, using male (n=3) and female (n=3) 

Secretagogin-Cre mice. Mice were injected with excitatory DREADD construct in the locus 

coeruleus and were tested 3 weeks later in an open field exploration test. Male animals were 

compared to the previously described outcomes, using the same Secretagogin-Cre mouse line 

[96]. Female Secretagogin-Cre were used as an additional experiment, to test whether the effect 

of activation of Secretagogin-expressing neurons in the locus coeruleus differs between males 

and females. The results of this experiment are presented in Figure 18. 
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When tested in an open field exploration test (Figure 18), a significant difference between male 

and female mice was observed in their overall activity. Females spent significantly more time 

exploring the arena than males. Additionally, lack of movement and freezing behaviour was 

observed in males. There was no significant difference between males and females, in regards 

to the time spent in the periphery or in the center of arena.  

 

 

Figure 18: Behavioural testing of Scgn-Cre mice after viral injections with activating (hM3Dq) DREADD 

construct in the locus coeruleus. (A) Schematic representation of the arena used for the open field exploration 

test. The dashed line indicates the boundary between the periphery and center of the arena. (B) Comparison 

between male (n=3) and female (n=3) mice in an open field exploration test. Parameters measured were (B1) total 

distance traveled, (B2) percentage of time spent in the center, and in the (B3) periphery of the arena. Data are 

plotted as means ± SEM (statistical error of means) and were analysed with unpaired parametric student-t test. P 

value smaller than 0.05 was considered as statistically significant. *p ˂ 0.05.  

 

4.4.3 Future perspective  

So far, we were able to perform experiments, aimed to quality control the Secretagogin-Cre 

mouse. Due to time constraints, we were unfortunately unable to conduct further experiments, 

involving selective targeting of the “PeVNd” neurons and assessing the effects on anxiety 

(Figure 19). However, the time spent validating the Secretagogin-Cre mouse and establishing 
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a working protocol was invaluable. It gave me a chance to become proficient in the technique 

and gain the necessary knowledge to apply the technique in future experiments.  

 

Figure 19: Experimental design for targeting the “PeVNd” neurons, showing which parts were successfully done 

so far. 
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5 Discussion 

By classical knowledge neuronal identity is based on their neurotransmitter type. This has long 

been considered a key distinguishing feature for neuronal diversity [125]. However, such a view 

represents an oversimplified approach to classification, since it does not consider the role of 

additional factors, which contribute to neuronal diversity. It is known that neurons can express 

and release more than one neurotransmitter type [126, 127]. Neurons can, in addition to 

classical neurotransmitter, synthesize and release different neuropeptides that serve as an 

additional messenger molecule [128]. Thus, neurons can be further sub-classified based on the 

expression pattern of different neuropeptides [91] and transcription factors [86]. Dopaminergic 

neuronal population is, for example, a highly heterogeneous group that broadly differentiates 

based on the anatomical location and functionality. Dopaminergic neurons can be found in the 

telencephalic and diencephalic structures, as well as in the olfactory bulb [129]. High 

dopaminergic neuron diversity is also observed within the same brain region, as reported by 

several studies investigating the transcriptional landscape of dopaminergic neurons in the 

midbrain [130, 131] and hypothalamus [86]. In the later, for example, 4 different dopaminergic 

neuronal cell types were distinguished. One of the novel uncharacterized dopaminergic 

population was also the “PeVNd” neurons. As was shown by Romanov, et al. [86], the 

“PeVNd” neurons uniquely co-express Tyrosine Hydroxylase- the key enzyme in the dopamine 

synthesis, and Onecut3, a Onecut transcription factor. 

Onecut3 is a transcription factor that belongs to the larger family of transcription factors, called 

the ONECUT class. In mammals, three members of this family have been described: Onecut1, 

Onecut2 and Onecut3 [132, 133]. They are transcriptional activators [134, 135], involved in 

cell differentiation and tissue patterning [135, 136]. The role and expression patterns of 

Onecut1 and Onecut2 during development have been studied extensively in peripheral tissues, 

such as endoderm derived tissues, and partially investigated in the central nervous system. In 

the periphery, they play a role in the development of liver [132, 137], biliary tract [134] and 

pancreas [133, 138]. In the central nervous system, they are involved in the development of the 

retina [139], specification of the motor neurons in the spinal cord [135], and cellular 

reorganization of Purkinje cells in the cerebellum [140]. To our knowledge, characterization of 

these factors in the cerebrum has only been done in a small neuronal population, belonging to 

the zona incerta [141]. Their expression or role in other brain regions has not yet been described. 

One the other hand, Onecut3 hasn’t been as extensively studied as the other two members, and 

its expression in the central nervous system has only been described in the spinal cord [135] 

and in the zona incerta [141], where it was expressed in the same neuronal population as 

Onecut1 and Onecut2.  

In light of previous results [86], we used Onecut3 in combination with Tyrosine hydroxylase 

as specific markers for “PeVNd” neurons to study their onset and migration pattern during 

mouse development. 

We used in utero electroporation to first investigate if the hypothalamic neurogenic niche is the 

birth place of “PeVNd” neurons. With this technique we were able to fluorescently label a 

subset of progenitor cells lining the ventricular wall of the hypothalamus and subsequently all 

cells originating from them from the point of electroporation onward. The “PeVNd” neurons 
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are present in the adult mouse [86], and as we show from the E14.5 onwards, situated in the 

periventricular nucleus, adjacent to the third ventricle. Therefore we expected them to originate 

from the neurogenic niche in the hypothalamus. With our experiment we were, however, unable 

to confirm this.  

First of all the hypothalamus, as the most ventral part of the brain, is a very difficult brain region 

to target successfully with in utero electroporation [142]. Many studies used in utero 

electroporation to successfully target superficial brain structures, such as cortical and 

hippocampal areas [119, 143], however targeting deeper diencephalic structures is more 

difficult [142]. Our protocol yielded a very low success rate, where only a small number of 

samples could be used for further analysis. Additionally, we were able to successfully target 

only dorsal regions of the ventricular wall surrounding the third ventricle, whereas the “PeVNd” 

neurons are situated in more ventral area of the hypothalamus. Thus, there is a possibility that 

these neurons originate from the progenitors situated in the ventral portion of the hypothalamic 

neurogenic niche, which we were not able to label in our experiment.  

Another possible reason is that the electroporation was performed too late during the embryonic 

development. Generation of neurons from precursor cells in the mouse hypothalamus occurs 

between E10.5 and 16.5, with its peak between E12.5-14-5 [77, 144]. We performed in utero 

electroporation at E13.5, at which time-point the “PeVNd” are likely already born. This is 

further supported by the results of immunohistochemistry, where we show that these neurons 

are already present during mouse development at least from E10.5-12.5. We also looked at E9.5 

embryo, in which we observed only one cell positive for both markers. As this was done only 

in one embryo, we cannot yet draw any conclusions on the presence of “PeVNd” neurons before 

E10.5.  

Romanov, et al. [86] showed that the “PeVNd” neurons are also present in the periventricular 

nucleus in human adult hypothalamus. This is not surprising as hypothalamus is a highly 

conserved brain structure[83]. As the presence of these neurons was determined only in adult 

human brain, we decided to investigate them during human fetal development.  

We performed immunohistochemistry on human fetal tissue of early (14-16 gestational weeks) 

[118] and middle (16-28 gestational weeks) [118] pregnancy period. Although we observed 

Tyrosine Hydroxylase-positive neurons in all cases included in this study, we did not see any 

Onecut3-positive neurons. This can be a result of several different causes. The most obvious 

conclusion would be that there are no “PeVNd” neurons present in the analysed tissue. This 

would mean they arise during late pregnancy period or during postnatal development, which 

we could not confirm due to the unavailability of the appropriate samples. Another possibility 

is the incompatibility of the protocol used. Antibody, used to label Onecut3-positive neurons, 

was raised against mouse Onecut3 protein. Thus there is a possibility that the human epitope of 

the Onecut3 protein is not recognized by the antibody used. Since human and mouse Onecut3 

protein have a 90 % identical amino acid sequence [134], and furthermore this antibody was 

already used successfully on human adult brain samples [86], this explanation is not probable. 

Another factor that could produce negative results is also the prolonged fixation in formalin 

and embedding in paraffin, both of which result in epitope masking [145]. Thus, the paraffin 

embedded tissues require antigen retrieval protocols before immunohistochemistry can be 
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successfully performed [145]. There are many different established protocols, which can be 

used to unmask the epitopes [146-148], but due to time constraints, we were able to test only 

one. To rule out its influence on the results, we plan to perform follow up experiments with 

other antigen retrieval techniques.  

As we show, in the mouse the “PeVNd” neurons are present at least from the embryonic day 

10.5 onwards. Our further aim was to elucidate the role of these neurons. Since they were founf 

to project to the amygdala (unpublished data from host laboratory), we hypothesized their 

involvement in anxiety. This is why we wanted investigate the effect of the inhibition of this 

neuronal group on anxiety. 

In the past, cell function was often studied by performing regional lesions and ablations. Even 

though such techniques provided us with extensive knowledge on the functionality of the brain 

region, their lack of specificity always presented a big drawback, as untargeted cell populations 

and connections can also be damaged. In the recent years more precise and sophisticated genetic 

approaches were developed to tackle such drawbacks. Systems such as the Cre-lox system [149] 

enable us cell-type specific genetic manipulations. In this system, Cre sequence is placed under 

a specific promoter. Cre recombinase is a site-specific recombinase, which recognizes a specific 

DNA sequence, called loxP site. A DNA sequence, flanked by two loxP sites (“floxed”), can 

be recognized by Cre recombinase, which leads to either excision or inversion of the “floxed” 

DNA sequence. This enables us to affect gene expression in or around loxP locus [150]. By 

using Cre-driver transgenic mouse lines, where Cre expression is driven by a specific gene 

promoter, we can achieve cell type-specificity [149], which enables us to study the effects of 

gene expression. Manipulations of the cells can also be achieved with chemogenetic methods, 

such as Designer Receptors Exclusively Activated by Designer Drugs (DREADD). DREADD 

works by using a synthetic ligand, which is not present in the organism, and an engineered G-

protein coupled receptor (eGPCR). Such chemogenetically-engineered receptors do not 

respond to endogenously present molecules, but instead respond only to synthetic ligands. The 

choice of the eGPCR also affects the effect on the target cells, such as the change in membrane 

potential or activation of a specific signalling pathway. When the goal is the enhancement of 

neuronal firing, Gq-coupled DREADD is used to increase the membrane potential. On the other 

hand, Gi-coupled DREADDs are used to induce hyperpolarization and as such to inhibit 

neuronal firing [151]. Furthermore, there are many other DREADD constructs developed for 

specific use cases, but these are beyond the scope of this thesis and as such will not be discussed 

further. 

For this study, we decided to use DREADD in combination with region-specific stereotaxic 

injection to target the “PeVNd” neurons. To express DREADD receptors specifically in the 

desired neuronal population, we first needed to find a suitable marker for the “PeVNd” neurons. 

Since our data shows that Secretagogin co-localizes with a subpopulation of “PeVNd” neurons 

in adult mice, we chose Secretagogin-Cre mouse for planned in vivo genetic manipulations.  

As stereotaxic injection is a very difficult technique to perform successfully, and targeting the 

PeVN of the hypothalamus is particularly difficult because of its size and location, we decided 

to first perform validation of results obtained by Alpar, et al. [96]. This meant injecting 

excitatory DREADD construct into a larger and easier to access region – the locus coeruleus of 
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a Secretagogin-Cre mouse. Alpar, et al. [96] looked at the total distance travelled in the open 

field exploration test, which showed a significant decrease in treated male mice compared to 

control group, injected with an empty construct. When comparing male versus female mice in 

the same test, we observed a statistically significant decrease in distance travelled in male mice. 

At the same time the groups did not differ significantly in the time spent in the central or 

peripheral zones of the arena. Because of the time constraints, we were not able to perform 

injections with an empty viral construct to test the control group. As the mouse line and viral 

construct used in our experiment were the same as in the study done by Alpar, et al. [96], we 

assume that the distance travelled by the male control group will be similar to the control group 

presented in their results. This is further supported by the similar distance travelled of our male 

group and their treated group. With planned future control experiments we hope to completely 

replicate the results obtained by Alpar, et al. [96]. It is also interesting to note, that there appears 

to be a difference between male and female mice regarding the total distance travelled. The 

lower distance travelled observed in males could be explained by sexually dimorphic 

expression of CRH, which plays a key role in stress response [152, 153]. This observation is 

only preliminary and would also require the control groups to be included in the experiment, 

which is planned for the future.  

Although this experiment is not directly connected to the aims of this thesis, it gave me the 

opportunity to learn how to perform stereotaxic injections and behavioural testing on mice. I 

was able to gain invaluable knowledge and methodological expertise to continue my research 

and investigate the role of “PeVNd” neurons in relation to anxiety. These experiments are 

planned to be completed during my future work.  
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6 Conclusion 

In this study we aimed to determine the birth place of “PeVNd” neurons in mouse fetal brain, 

investigate their location and migratory routes during embryonic and early postnatal 

development in mice, determine their presence in human embryonic tissue, and moreover, 

analyse their role in relation to anxiety-like behaviours in mice.  

With our experiments performed so far, we were not able to determine the origin of the 

“PeVNd” neurons in mouse embryonic brain. We were able to investigate the presence and 

location of “PeVNd” neurons from embryonic day 9.5 to postnatal day 3 in mice. We observed 

their presence as early as at embryonic day E10.5. Additionally, we showed that these neurons 

are situated in the periventricular nucleus, which is their final location, from embryonic day 

14.5 onwards. Thus, we achieved our second goal. We also attempted to investigate their 

presence in human embryonic tissue. Our preliminary results do not show these cells to be 

present during early or middle pregnancy period. However, our results need further 

confirmation and exclusion of possible negative results due to methodological limitations. Our 

fourth aimed was also not achieved, as the experiment were not yet performed due to time 

limitations. This line of work is planned to be executed in the future.  
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