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Abstract  
 

Corticotropin-releasing hormone (CRH) regulates neuroendocrine functions such as adrenal 

glucocorticoid release and has a key role in stress-related behaviours. In addition, the 

corticotropin-releasing hormone receptor 1 (CRHR1) critically controls behavioural 

adaptation to stress and is causally linked to stress-related emotional disorders. However, 

there are still unanswered questions. In this study, single-nucleus sequencing was conducted 

to resolve the heterogeneity of midbrain CRHR1 neurons encompassing dopaminergic, 

GABAergic and glutamatergic neurons, which was further substantiated by immunostaining. 

Anterograde and retrograde tracings revealed strong projections of extended amygdala CRH 

neurons into the VTA and SN. Chemogenetic and optogenetic manipulation demonstrated 

that activation of CRH neurons in the interstitial nucleus of the posterior limb of the anterior 

commissure (IPACL), resulted in maladaptive behaviour, arousal and place aversion. 

Systemic injection of the CRHR1 antagonist R121919 was sufficient to reverses these 

behaviours indicating a direct role of CRH and CRHR1 in these circuits contributing to the 

behavioural outcomes. Overall, this study uncovered a novel CRH circuit originating from 

the IPACL, which is a part of extended amygdala innervating the SN. This circuit is 

modulated by the CRH/CRHR1-system and is involved in the regulation of arousal and place 

aversion behaviour.  
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1. Introduction 
 

1.1 The battle against mental disorders, where we are? 
 

With the dramatic rise in mental disorders and mental illnesses, psychiatry has become one of 

the fastest growing medical disciplines. For many years, scientists have fought hard in order 

to find a blink of light in the treatment of psychiatric disorders. On the way of discovery, 

there were many proposed targets that ultimately failed in clinical trials. This raised the 

question whether there is a gap in the technology or whether the approach of identifying 

possible markers or targets has been oversimplified. There are still too many mysteries in the 

understanding of stress, emotion and the development of psychiatric diseases.  

Emotions dynamically integrate internal states and environmental stimuli to enable the rapid 

selection of situationally appropriate behaviours. There are many faces of emotional 

responses: ranging from positive to negative ones. Aim of this study is to discuss the dark 

side of emotions which is a fundamental reason for the development of psychiatric diseases. 

Throughout life, inevitably, there are stones in the way. Those stones could be any kind of 

events or circumstances that generated negative feelings. These adverse events are the fire 

that forges an individual’s character. Unfortunately, these adverse events might be too heavy 

to carry in some cases, and alternatively lead to diseases. To understand the current progress 

in psychiatric research, one has to travel back in time. In 1921, Kraepelin, regarded as the 

contemporary father of psychiatry, published the article “Psychological work experiments” 

establishing ‘descriptive psychiatry’ and which laid the foundation for modern psychiatry 1. 

For the next 3 decades research on psychiatric diseases followed two main research 

directions: The first focus was on designing different scales for diagnosis of mental disorders 
2. The second focus of the field was on psychopathology and the abnormal morphology of the 

brain 3-5. With more and more different rating scales popping up 6-8, scientists also started to 

better describe the pathology of psychiatric diseases 9-11. The focus on developing anti-

psychotic drugs also emerged with the increasing comprehension of molecular mechanism 

underlying psychiatric diseases 12,13. From the end of the second millennium, focus in 

psychiatric research changed again towards circuits of emotion which currently dominated 

the main stage. In addition, brain imaging emerged as a new direction of the field 14-17. In the 

21st century, neurogenetics became the star in the psychiatric field, and within this period 

numerous potential targets for the treatment of psychiatric diseases have been identified by 
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genome-wide association studies (GWAS) giving new hope to patients 18-23. Unfortunately, 

despite enormous efforts invested into the field, until today, we still haven’t been able to find 

resounding biomarkers for complex diseases like major depression or bipolar disorder 24,25. 

Now, entering the post-genomic era, newly developed genetic and viral tools, optogenetics 

and advanced in vivo imaging techniques make it possible to characterize the activity, 

connectivity and function of specific cell types within complex neuronal circuits and to 

specifically manipulate different neuronal systems within an individual 26-28.   

Integration of different regulatory components is important for an individual to appropriately 

respond to stress and maintain homeostasis. In this regard, the neuropeptide corticotropin-

releasing hormone (CRH), expressed and secreted from parvocellular neurons of the 

paraventricular nucleus (PVN) in the hypothalamus, represents a final common path 

integrating the neuroendocrine stress response in the brain and therefore plays a critical role 

in the regulation of stress-related circuits 29,30.   

 

1.2 The Corticotropin-releasing hormone (CRH) system  
 

1.2.1 CRH as a neuropeptide in the central nervous system  

Mature CRH or CRF (corticotropin-releasing factor) is a 41 amino acid peptide centrally 

expressed in the brain. CRH is released from the paraventricular nucleus of the hypothalmus 

(PVN) travels to the anterior pituitary and triggers the release of ACTH into the general 

circulation. ACTH further travels to the adrenal cortex which then secrets corticosterone (in 

rodents) or cortisol (in humans) which travels back to the brain initiating a series of feedback 

responses. CRH is critically involved in various different stress-related behaviours and the 

regulation of the HPA-axis 31,32. Dysregulation of the HPA-axis is reported to be one of the 

main phenotypes accompanying psychiatric diseases and in particular of depression 33,34. 

CRH is related with arousal responses in primates and blocking CRH action by a CRHR1 

antagonist in mice attenuates stress responses 35.  
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1.2.2 The CRH-family and its receptors 
 

The CRH family contains 4 different ligands and 2 different receptors. CRH and its relatives, 

the urocortins 1–3, which interact with their specific receptors (CRHR1, CRHR2), have 

emerged as central components of the physiological stress response. Both the CRH cDNA 

and the gene were characterized in human, sheep, rat, and mouse after the first discovery 36-41. 

The CRH gene is located differently between human (chromosome 8) and mouse 

(chromosome 3). In contrast to many other neuropeptides, no other neuropeptide is encoded 

by the CRH precursor 42. 

CRH paralogues and orthologs were discovered in different species: Sauvagine from the skin 

of the South American tree frog Phyllomedusa sauvagei; urotensin I from the urophysis of 

the teleost fish species Cyprinus carpio. These paralogues and orthologs have been reported 

to elicit similar biological effects as CRH 43,44. Urocortin 1 (UCN1), the CRH ortholog in 

mammals was identified by the Vale group. Similar to CRH, synthetic UCN1 stimulates 

secretion of ACTH in vivo and in vitro 45. Urocortin 3 (UCN3) and urocortin 2 (UCN2) were 

identified later in 2001. At the first place they have been named stresscopin and stresscopin-

related peptide.  

CRH or UCNs are difficult to detect as proteins are rapidly sorted into large, dense core 

vesicles (LDCV) of the peptides and transported to their site of action 46.  The currently most 

reliable detection with high spatial resolution is on the mRNA level via in situ hybridization. 

The other way is to inhibit microtubule polymerization via colchicine in order to trap the 

neuropeptide at the soma of neurosecretory cells.  

CRH shows the most widespread expression in the brain compared with the other CRH-

related peptides 47-50. CRH is strongly expressed in the paraventricular nucleus (PVN) of the 

hypothalamus, where it regulates the activity of the HPA axis. In addition, CRH is expressed 

in the olfactory bulb, shell of the nucleus accumbens (NAc), the neocortex, piriform cortex, 

scattered interneurons of the hippocampus, the central amygdala (CeA); mainly the 

centrolateral division, the interstitial nucleus of the posterior limb of the anterior commissure 

(IPAC), and different divisions of the bed nucleus of striatal terminus (BNST). In the brain 

stem, CRH is expressed in Barrington’s nucleus, in the laterodorsal tegmental nucleus, in the 

nucleus parabrachialis, and very strongly in the brain stem inferior olive (IO). CRH 

expression has also been detected in the cerebellum 51-53. Until now, the identity of CRH 
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neurons throughout the CNS has only been partially revealed. In the hippocampus, CRH is 

exclusively expressed in a population of γ-aminobutyric acid (GABA)-ergic interneurons that 

innervate CA1 and CA3 pyramidal neurons. Most hippocampal CRH neurons show the 

appearance of basket cells and co-express parvalbumin (PV) but neither calbindin nor 

cholecystokinin (CCK) 54. In the neocortex, CRH neurons appear either as small basket cells, 

descending basket cells, or double bouquet cells. These cells are also GABAergic but show 

more diversity with respect to colocalization of markers. The majority of CRH neurons co-

express somatostatin (SOM) in a layer-dependent manner. In contrast to the hippocampus, 

neocortical CRH neurons are largely PV negative. While only few CRH neurons co-express 

CCK or calretinin 55. The cell bodies of CRH neurons are relatively large in the CeA and 

have been reported to be GABAergic. In the periphery, a striking differential expression 

pattern has been observed in humans and rodents. While the human placenta shows increased 

levels of CRH expression during gestation, neither rat nor mouse placenta express any CRH 
56.  

 
1.2.3 CRH and its role in stress  
 

CRH is thought to be involved in regulating stress responses due to its role as an activator of 

the HPA axis 57-59. Perception of physical or psychological stress by an organism is followed 

by a series of events, including the release of CRH from the PVN. These neurons project via 

the external zone of the median eminence and release CRH into the hypophysial portal 

vasculature, which transports the neuropeptide to secretory corticotrope cells of the anterior 

pituitary. The activation of CRHR1 on these corticotropes stimulates the release of ACTH 

and other pro-opiomelanocortin (POMC)-derived peptides. ACTH, in turn, triggers the 

synthesis and release of glucocorticoids from the adrenal cortex (cortisol in humans, 

corticosterone in rodents). Glucocorticoids then trigger series of physiological responses in 

order to deal with the stress event. The responses to glucocorticoids include cardiovascular 

activation, energy mobilization, anti-inflammatory effects and suppression of reproductive 

and digestive functions 60-62. To restore the HPA axis to its normal state and to protect it from 

overshooting, glucocorticoids signal back via glucocorticoid (GR) and mineralocorticoid 

receptors (MR) at various feedback levels, which ultimately inhibit the secretion of CRH. In 

humans, Nemeroff and colleagues initially showed increased CRH levels in the CSF of 

depressed patients, which was confirmed by other studies 63,64. Besides major depression, 
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elevated CRH concentration can also be detected in patients with post-traumatic stress 

disorder (PTSD), which suggested that CRH could serve as a potential biomarker as well 65. 

Besides the role of CRH in controlling of HPA-axis, CRH is highly expressed in the extended 

amygdala and limbic system including the CeA and BNST as well as hippocampus which 

also implicates the involvement of CRH in the stress responses. Activation of central CRH 

circuits in rodents elicits behavioural responses similar to those observed following stress. 

These include increased anxiety-related behaviour, arousal, decreased food-consumption, 

alterations in locomotion, and diminished sexual behaviour and sleep disturbances 66-70. In 

general, central application of CRH was shown to promote primarily anxiogenic effects, as 

demonstrated in different behavioural tasks, such as the elevated plus maze, acoustic startle 

response, and social interaction test 71-75. Specific brain regions expressing CRH might be 

involved in these behaviours. Administration of CRH into the ventricles or the dorsolateral 

BNST (dlBNST) in rats generates anxiety-like behaviours. These behaviours are reduced by 

CRHR1 antagonists injected into the BNST, but not when injected into the CeA 75-78. A 

recent study showed that reward is able to inhibit CRH neurons in the PVN which might shed 

light on the treatment of stress-related disorders 79. The diverse and broad expression pattern 

of CRH peptides and receptors, as well as the high level of signalling complexity, allow this 

circuitry to effectively integrate neuroendocrine, autonomic and behavioural responses of 

stress. Moreover, another study reported that CRH might be a relevant factor in neurogenesis 

in rodents, one of the known processes disturbed in stress-related diseases such as depression. 

This again emphasizes the importance of understanding the role of CRH in contributing to the 

stress responses 80.   

 

1.2.4 CRH receptors and their role in the CNS 
 

CRH and the urocortins signal through activation of two membrane-bound G-protein-coupled 

receptors, CRHR1 and CRHR2, which share 70 % amino acid identity 81-83. CRH shows a 

much higher affinity for CRHR1 than for CRHR2 while UCN1 displays equal affinities for 

both receptors. UCN2 and UCN3, on the other hand, appear to be selective ligands for 

CRHR2 84,85.  

The human CRHR1 gene was mapped to chromosome 17 86,87 compared to mouse which is 

located on chromosome 11 in a region of conserved synteny 88. To date, in humans, 14 exons 
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encoding CRHR1 have been characterized, which is different from the mouse and rat genes 

that only have 13 exons. The CRHR1α variant plays a dominant role as a fully functional 

receptor, but the activity is regulated by the variant CRHR1β, also known as proCRHR1 89. 

This regulation can be achieved either by increased generation of the other splice variants 

which regulates the availability of the CRHR1α or through dimerization/oligomerization of 

CRHR1α with these variants, which can change the function of the receptor, for instance, 

ligand binding, intracellular localization and activity 90. Furthermore, soluble isoforms can 

function in a way similar to the CRH binding protein (CRH-BP) and regulate the 

bioavailability of the CRH-related ligands 91.  

CRHR1 mRNA is found throughout the CNS including the olfactory bulb, cerebral cortex, 

BNST, basolateral amygdala, hippocampus, globus pallidus, reticular thalamic nucleus, 

caudate putamen, ventral tegmental area, substantia nigra and the cerebellum. It is also highly 

expressed in the anterior pituitary where it initiates HPA axis activity in response to CRH 

binding 92,93. In humans, eight splice variants of the CRHR1 gene have been identified 

primarily in the skin, placenta, or endometrium 94. The biological identity of CRHR1 neurons 

hasn’t been revealed systematically so far but appears quite diverse depending on the region 

where CRHR1 expressing neurons are located.    

The human CRHR2 gene has  been identified on chromosome 7 and the mouse CRHR2 gene 

is located on chromosome 6 95. CRHR2 is processed differently throughout species. 

Amphibians only possess the CRHR2α variant 96, whereas primates and rodents have both 

CRHR2α and CRHR2β 97,98. Until now, the CRHR2γ variant has been identified in humans 

only 99. However, in mouse, a soluble variant of the CRHR2 was identified, which has not 

been found in other species 100. The CRHR2 variants are expressed in a tissue-specific, but 

also species-specific manner. CRHR2 variants are expressed in reverse manner comparing 

humans and rodents. For instance, CRHR2β and CRHR2γ in human are expressed in neurons 

of the brain, whereas CRHR2α is expressed in the periphery, such as in the heart, skeletal 

muscle, and skin 98. In mouse, CRHR2α is expressed in CNS neurons and CRHR2β in the 

periphery 91,101. In addition, human CRHR2α and mouse CRHR2β are expressed in the 

choroid plexus, which produces cerebrospinal fluid (CSF) 102. In mice, CRHR2α displays a 

more confined expression, with high density in the olfactory bulb, BNST, lateral septum, 

ventromedial hypothalamic nucleus, and the dorsal raphe nucleus 92,101.   
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1.2.5 CRH receptors in psychiatric diseases and clinical implications 
 

Since its discovery, the CRH system has attracted enormous scientific interest, which is 

reflected by the multitude of studies applying pharmacological administration of CRH-related 

peptides and CRHR antagonists either ICV or in a brain region-specific manner 103. These 

studies have provided valuable insights into the role of CRH-related peptides and their 

receptors modulating emotional states and behavioural responses to stress 57.  

Human genetic studies also have provided considerable support for the CRH hypothesis of 

mood and anxiety disorders 59. Although none of the recent meta-analyses of linkage scans 

for bipolar disorder provide strong support for linkage to regions containing CRH-system 

genes 104,105, some individual scans in major depressive or anxiety disorders 106 have reported 

suggestive evidence for association in some of these regions. Other studies have investigated 

the phenotype of behavioural inhibition in children of parents with anxiety disorders and 

found association with a repeat polymorphism of the gene and three single nucleotide 

polymorphisms (SNPs) of CRH 107-109. Two of these SNPs were also tested for association 

with panic disorder in a case–control study in adults, but no significant associations were 

observed. 

Testing association of genetic variation in the CRHR1 gene revealed that particularly SNPs in 

combination with adverse environmental factors are able to predict risk for the development 

of stress-related psychiatric disorders. The CRHR1 gene appears to moderate the 

development of depression after childhood trauma and variation in the CRHR1 gene has been 

linked to the risk for depression in the presence of childhood maltreatment, predicting 

increased neuroticism 110,111.  

Mainly, the three-allele haplotype of CRHR1 involving the SNPs rs7209436, rs110402, and 

rs242924 in intron 1 form a haplotype, where the TAT combination protects severely 

maltreated individuals against developing depression. The presence of the rare TAT 

haplotype shows a significantly decreased risk for adult depressive symptoms in an additive 

manner in subjects with a history of child abuse. In addition, the TAT haplotype was 

associated with heightened levels of neuroticism in children who had experienced one or two 

types of maltreatment, but not who had experienced three or four types of maltreatments 112. 

This finding was confirmed in another study showing that the CRHR1 gene interacts with 

childhood maltreatment to predict adult depression.  
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In addition, PTSD subjects with the GG genotype at SNP rs110402 with a history of 

childhood abuse showed a significant improvement in symptoms when treated with a CRHR1 

antagonist compared with placebo 113. Cortisol response in the dexamethasone/CRH test can 

be predicted where the SNPs rs110402 and rs242924 shown to significantly interact with 

childhood maltreatment. Maltreated subjects clearly showed as elevated cortisol response to 

the test 114. Moreover, current, adult depressive symptoms can be predicted with individuals 

carrying risk alleles in both CRHR1 and 5-HT transporter gene (5-HTTLPR). Interaction of 

the CRHR1 gene with the promoter region of the 5-HTTLPR results in depressive symptoms 

at less severe levels of child abuse compared with individuals with no or only one of the risk 

alleles 115.  

In addition, CRHR1 SNPs were found to be associated with panic disorder and with the 

response to antidepressant treatment 116-119. The CRHR1 SNPs rs1876828, rs242939 and 

rs242941 were tested with antidepressant treatment in Mexican-Americans. It appeared that 

only patients in the high-anxiety group showed a significant association with treatment 

response. Similar results were obtained in Han Chinese patients with major depression. 

Another study revealed that individuals carrying the G-allele of rs242939 or the haplotype 

GGT may be highly susceptible to recurrent major depression when exposed to adverse life 

events 120. These findings suggest that genetic variation in CRHR1 increase the risk for 

affective disorders by influencing the function of the neural circuit underlying anxious 

temperament. Moreover, differences in gene expression or in the protein sequence involving 

exon 6 may play an important role and suggests that variation in CRHR1 may influence brain 

function even before any childhood adversity. 

So far only a limited number of associations with depression and anxiety-related phenotypes 

has been reported for CRHR2 59. A recent study identified a rare variant of CRHR2 in a 

family with bipolar disorder, which tracked with the affected status that reduced cell surface 

expression and altered intracellular signalling 121. In addition, SNP rs28365143 identified in 

the CRH-BP gene was predictive with respect to antidepressant treatment in HPA axis 

responses. Patients homozygous for the G allele had better remission and response rates, as 

well as reduced symptoms. Patients also had better treatment outcomes with selective 

serotonin reuptake inhibitors but not for the combined 5-HT and norepinephrine reuptake 

inhibitors 122.  
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Preclinical and clinical findings supported that the CRH/CRHR system might be a promising 

target for the treatment of psychiatric disorders and stimulated the development of CRHR1 

antagonists and realization of a significant number of clinical trials 123,124. NBI-

30775/R121919 was used in the first clinical study showing certain efficacy. The compound 

improved depression symptoms in the Hamilton Depression Rating Scale similar to a 

serotonergic antidepressant and additionally improved sleep parameters 125,126. In addition, 

NBI-30775/R121919 did not have major impact on HPA axis activity when tested in the 

CRH challenge test 127. However, the further development of NBI-30775/R121919 was 

hindered due to the elevation of liver enzyme observed in some healthy controls. Until now, 

R121919 is the only CRHR1 antagonist that showed efficacy.  

There are numerous examples of failed CRHR1 antagonist: CRHR1-specific antagonist CP-

316,311 was tested in a subsequent Phase IIb, double-blind, placebo-controlled trial in 

patients with recurrent major depression. However, the treatment did not improve Hamilton 

Depression Rating Scale scores compared with a placebo-treated control group and was 

ended prematurely 128. Similarly, CRHR1 antagonist pexacerfont (BMS-562086) was unable 

to demonstrate any therapeutic effect of generalized anxiety disorder 129. An earlier study 

using the same antagonist for treatment of major depression was completed without reporting 

any results 130. Moreover, the development of several compounds, for instance, ONO-

2333Ms, SSR125543, and others, was discontinued due to lack of efficacy in controlled trials 

for major depression 123,124,131. Most recently, the first evaluation of a CRHR1 antagonist 

verucerfont (GSK561679) for the treatment of PTSD also failed 113,132.  

The so-called “self-medication” hypothesis, suggested that drug use might be motivated by 

negative reinforcement mechanisms to relieve depression-like symptoms by the anxiolytic 

and dysphoria relieving effects. Activation of the CRH system may contribute to the 

withdrawal/negative effect stage of the addiction cycle. CRH-related circuits may represent a 

common pathway underlying the observed comorbidity of alcohol dependence and major 

depression. Therefore, CRHR1 antagonists have the additional indication for drug and 

particular alcohol dependence 133. However, CRHR1 antagonists verucerfont and pexacerfont 

have also been disproven in their efficacy as treatments for stress-induced craving for alcohol 
134,135. Overall, the development of CRHR1 antagonist as a drug has not been successful. In 

the future, with the help of more circuit associated studies and more genomic studies, CRHR1 

antagonist might rise up again as a possible treatment for personalized medical treatments.  



11 
 

1.3 Tracing of neurocircuits 
 

Tracing of neurocircuits:  from human to rodent 

Human imaging studies using Positron emission tomography (PET) and Functional magnetic 

resonance imaging (fMRI) have examined differences in regional brain activation in 

depressed and anxious subjects relative to controls as well as in patients revealing several 

brain regions that are involved in response of aversive conditions 14. Since the discovery of 

temporal lobe structures contributing to emotional behaviours, our understanding of the 

neural substrates of anxiety largely relied on lesion and inactivation studies. Although these 

important early works led to the identification of key loci regulating anxiety, including the 

amygdala, the bed nucleus of the stria terminalis (BNST), the ventral hippocampus (vHPC) 

and the prefrontal cortex (PFC), we still lack detailed insight into the circuits involved in 

anxiety.  

An increasing number of studies revealed different circuits in the brain involved in animal 

behaviour. A board range of methods has been applied in different studies. Understanding the 

pros and cons of these methods will allow us to interpret data accordingly. These tracing 

methods can be separated into two major types: anterograde and retrograde depending on 

their travelling direction. On the one hand, there are traditional conventional tracers using 

different peptides, amines and particles: Horseradish peroxidase (HRP), Biotinylated dextran 

amine (BDA), Phytohaemagglutinin-L (PHA-L), Wheat Germ Agglutinin (WGA), 

FluoroGold, Retrobeads and Cholera toxic subunit B. On the other hand, there are viral-based 

tracers:  adeno-associated viral vectors (AAVs), canine adeno-virus (CAV2) and deletion-

mutant recombinant rabies virus (dG-RV). This study provides a brief summary of the 

comparison between different conventional tracers and will put more focus on the newly 

developed viral-based tracers (Fig. 1 and Table 1).  
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Horseradish peroxidase (HRP), initially discovered as retrograde tracer possesses both 

retrograde and anterograde function. HRP is taken up by cell bodies and dendrites at the 

injection site and transported to axons and their terminals in an anterograde manner. Or can 

be taken up into neurons non-selectively by passive endocytosis. This tracer will be taken up 

by both neurons and glia. The disadvantage is that in some systems it is difficult to detect the 

terminals of injected brain systems. While the axons emanating from labelled cells were 

always found, in some cases it is hard to find labelled axon terminals 136,137. 

Biotinylated dextran amines (BDA), are highly sensitive compounds for anterograde (mainly) 

and retrograde pathway tracing studies of the nervous system. BDA can be reliably delivered 

into the nervous system by iontophoretic or pressure injection and visualized with an avidin-

biotinylated HRP (ABC) procedure, followed by a standard or metal-enhanced 

diaminobenzidine (DAB) reaction 138. Several features of BDA make it advantageous for 

light microscopy and electron microscopy studies. First, BDA reliably yields anterograde 

labelling after injection into the nervous system. Secondly, it is easy to make small and well-

defined injections of BDA, thereby making it possible to confine the injection to the region of 

interest and/or study the topographic order to a projection from a given region 139. Since the 

discovery of BDA, it has been applied to many tracing studies in different brain regions 140 

and it has been recently applied to the tracing of axons in  primates’ brain 141. 

Phytohemagglutinin-L (PHA-L), isolated from the kidney bean, serves as reliable anterograde 

tract tracers in the CNS 142. Generally, PHA-L is transported anterogradely with evidence of 

retrograde transport in some neuronal systems 143,144. A distinguishing feature of PHA-L is 

that it provides visualization of the fine morphologic detail of the labelled neurons. The 

labelling is stable for extended survival periods, which allows for labelling of very long 

axonal processes 145. Furthermore, tract tracing with PHA-L could be combined with 

immunocytochemistry for specific neurotransmitters, neuropeptides, or receptors to further 

determine the phenotype of the axon terminal or the postsynaptic target 146. 

Wheat Germ Agglutinin, WGA is a lectin-based anterograde and retrograde tracer. The 

specific affinity of WGA for neural membranes makes it an excellent tracer for tracking 

neural connections in any region of the brain, spinal cord, and peripheral nervous system. It is 

reliable and versatile, as projections are labelled in the anterograde and retrograde directions. 

It is robust enough for tracking fine pathways in small animals, and it is stable enough for 
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long-term tracing of neurons in large species. In some systems, WGA can even travel 

transynaptically to label the connected neurons. 

Fluoro-Gold (FG), introduced as a retrograde tracer, is a fluorescent dye with many 

advantages. FG is visible in lysosome-like structures allowing for the identification of 

projection neurons at the ultrastructural level, and remains in the labelled neurons for 

extended periods of time. Photoconversion and immunostaining for FG, result in a stable, 

electron-dense reaction product. Thus, the retrogradely labelled cells can be analysed 

quantitatively in the light- and electron microscope for their structural characteristics and 

input synapses. The ability to define the extent of the tracer diffusion 147,148, massive axonal 

FG uptake at the injection site149, and bright fluorescent back labelling of the parent cell 

bodies  are well-known features of this tracer150,151. 

Rhodamine-labelled fluorescent latex microspheres,’ or “beads” have provide as an 

increasingly powerful tool for analysing the connectivity and cell biology of the vertebrate 

brain 152. After injection, the beads show little spreading and provide a sharp and well defined 

injection site which is a great advantage over other tracers 153. The beads are relatively stable 

and non-toxic, so they do not cause necrosis at injection sites or in labelled cells in vivo or in 

vitro that can be detected over weeks after injection. In addition to their use in pathway 

tracing studies based on retrograde axonal transport, rhodamine beads have been used to 

identify specific projection neurons in living 152,154, and fixed brain slices155, to mark cells in 

tissue culture 156, to label neurons in transplantation studies 157, and to identify specific groups 

of cells in conjunction with immunocytochemistry 158. Disadvantages of the rhodamine beads 

include their incompatibility with most retrograde tracers and with immunocytochemical and 

Golgi 159 techniques. However, their long-term persistence in labelled tissues, resistance to 

fading under fluorescent illumination, and limited diffusion from injection sites made it 

useful for anatomical studies. Later developed green beads overcame the disadvantage of the 

rhodamine beads and it is now possible for investigators to use two neuronal tracers that 

share almost all characteristics, and differ only in fluorescent colour 160. 

Historically, the use of the neuroanatomical tracer cholera toxin subunit B (CTB) has been 

limited to single-labelling techniques using bright-field horseradish peroxidase and DAB 

staining 161-164. CTB has now been made available conjugated with Alexa Fluor (AF) 

fluorescent dyes. This makes reliable multiple pathway tracing possible using fluorescent 

microscopy.  A common issue in most neuroanatomical studies is that fluorescent tracers are 
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significantly less sensitive than their bright field counterparts 165.  As reported in the study of 

Alexa Fluro conjugated CTB (AF-CTB), they consistently found highly sensitive retrograde 

labelling of connections. Of most importance, it has been reported that due to the more 

sensitive nature of CTB, scientists were able to inject the tracer into a very confined injection 

site, yet still see extensive labelling patterns. Furthermore, the AF dyes proved to be 

exceptionally bright and photostable compared with the dyes attached to other 

neuroanatomical tracers 166. The properties of these conjugates overcome many of the 

limitations of other fluorescent tracers. Now with two different colours of CTB available, 

they provide the freedom for scientists to play around with the combination to have intensive 

neuronal tracing 167. 

Table 1. Summary of conventional tracers for circuit tracing 

* Main function 

Conventional Tracers Time of 
discovery 

Discovered by Type of tracing Advantages 

Horseradish peroxidase, 
HRP 

1971 Kristensson, 
Olsson 137 

Retrograde and 
Anterograde 

First retrograde tracer 

Biotin dextran amine, 
BDA 

1990 Veenman, 

Reiner and 

Honig 139 

Anterograde* 

and retrograde 

Highly sensitive, confined injection site 

Phytohemagglutinin-L, 
PHA-L 

1984 Gerfen, 
Sawchenko 168 

Anterograde Fine morphologic details, stable for 

extended survival periods 

Wheat germ agglutinin, 
WGA 

1972 Schwab, Javoy-

Agid and Agid 
169 

Anterograde and 

retrograd 

Increased sensitivity, limited diffusion, 

longer persistent time in cells, 

compatible with different fixatives 

FluoroGoldTM 1986 Schmued and 

Fallon 170 

Retrograde Brighter fluorescence, less fading of 

the fluorescence, high sensitivity, 

reduced leakage out of labelled cells, 

use in multi-labelling studies, longer 

survival times 

RetrobeadsTM 1984 Katz, Burkhalter 

and Dreyer 152 

Retrograde No obvious cytotoxicity or 

phototoxicity, minimal diffusion, 

longer persistence 

Cholera toxic subunit B 1977 Stoeckel, 

Schwab and 

Thoenen 171 

Retrograde Highly sensitive, decreased diffusion, 

high affinity for cell surface, 

immunohistochemical detection 
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The following paragraphs will focus on viral-based tracers comparing the advantages and 

disadvantages of them.  

The use of adeno-associated viral vectors as tracers started from vectors containing constructs 

to express GFP or other fluorescent proteins which provided selective anterograde axonal 

labelling. This allows morphological detail of neuronal structure comparable to those 

produced with PHA-L. The development of transgenic mouse lines with Cre-recombinase 

expression directed to specific neuronal cell types 172 combined with AAV vectors harbouring 

Cre-dependent reporter constructs enable specific labelling of axonal projections in specific 

neuronal subtypes. With a long history of studying different serotypes of AAV 173,174, a great 

number of studies successfully used AAV vectors as anterograde tracers 175. With the advent 

of technology, new methods have been developed to study neuronal connectivity. These are 

less neurotoxic and more compatible with other neuroscience methods such as 

electrophysiological recordings. AAVs have been developed into more improved neuronal 

tracing tools combining optogenetically or chemogenetically (DREADDs) controlled 

transgenes, together with conditional transgenic mice, to reveal not only the anatomy of 

neuronal connections, but to visualize neuron connections that are functionally relevant. 

Apart from mapping neuronal networks, improved AAV vectors could also be powerful tools 

for the field of gene therapy if they can reach the affected part of the brain in a less invasive 

manner 176. Recombinant adeno-associated viruses (rAAVs) have emerged as an effective 

platform for in vivo gene therapy, as they mediate high-level transgene expression. They are 

non-toxic, and evoke minimal immune responses 177. This emerging new tool gives scientists 

a good replacement of the classic retrograde tracer like rabies virus and others. rAAVs hold 

great promise in clinical trials for a range of neurological disorders 178 and they constitute 

some of the most widespread vectors in neuroscience research 179.  

The newly engineered rAAV2-retro offers up to two orders of magnitude enhancement in 

retrograde transport compared to commonly used AAV serotypes, matching the efficacy of 

synthetic retrograde tracers in many circuits. The level of transgene expression achieved with 

rAAV2-retro via retrograde access is useful for interrogating neural circuit function, as well 

as for targeted manipulations of the neuronal genome. Thus, by enabling selective monitoring 

and manipulation of projection neurons connecting different brain areas, rAAV2-retro-based 

tools can provide insights into how large-scale networks enable brain function, and may form 

the basis for future therapeutic intervention in diseases characterized by progressive 

largescale network dysfunction 180. 
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Adenovirus vectors have significant potential for long- or short-term gene transfer. 

Preclinical and clinical studies using human derived adenoviruses (HAd) have demonstrated 

the feasibility of flexible hybrid vector designs, robust expression and induction of protective 

immunity. In the early 1990s, scientists considered the possibility of using non-human 

vectors and started designing canine adenovirus serotype 2 (CAV2) vectors 181-183, with the 

hypothesis that vectors derived from non-human adenoviruses would be clinically useful. 

CAV2 is retrogradely transported in neuronal axons after injection in mice or primates. In 

vitro, reports suggested that CAV2 trafficking was bidirectional with a preferential retrograde 

transport, implying coordination between molecular motors of different polarities. Beside the 

need of clinical usage, the CAV2 vector has been a good transporter of different tools that is 

useful for neuroscience studies. Combining it with rabies virus and transgenic mouse lines, 

this provides scientist with the possibility to trace and activate specific circuits of interest 184.  

Rabies virus (RV) is a highly neurotropic, enveloped, negative-strand RNA virus with a very 

broad host range including virtually all mammals and birds. Viral transmembrane 

glycoprotein (G) is crucial for neurotropism and host range, which mediates attachment to 

target cells, endocytosis, transport of endocytosed vesicles, and virus–vesicle membrane 

fusion to release the viral nucleocapsid into the cytoplasm of target cells 185,186. The typical 

RV retrograde spread from an infected neuron to presynaptic neurons is exclusively via 

actual synaptic connections 187,188. This feature is unique among viruses and makes RV a true 

trans synaptic tracer 189-191. The resulting pseudo type viruses infect cells according to the 

receptor specificity of the heterologous env protein 192. The receptor for EnvA is TVA, a 

small avian protein not present in mammalian cells 193. Infection of TVA-expressing 

mammalian neurons by EnvA pseudotype virions is, therefore, highly specific with little 

background 194. This combination is ideal for monosynaptic tracing experiments such as those 

pioneered by Callaway and colleagues: Neurons expressing TVA and G by standard 

transgene approaches are selectively infected by RV (EnvA) pseudotype viruses such as SAD 

ΔG-eGFP (EnvA) 188,195. RV vectors allow sufficient gene expression in probably all types of 

neurons and yet cause limited neuronal damage so they do not destroy the connections 

required for viral spreading to and within the central nervous system. Nevertheless, neurons 

infected with full-length virus or SAD ΔG viruses will continuously accumulate and produce 

viral RNA and proteins, which ultimately (within a couple of days) will lead to damage 196. 
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Fig. 1 Methods of neuronal tracing  

Generally neuronal tracers are separated into two main groups: conventional and viral-based tracers. These can 

be further separated into anterograde and retrograde tracers depending on how they are taken up. Different 

tracers also have different labelling properties as the tracers will fill the entire soma of a neuron, in case of most 

of the anterograde conventional tracers and FluoroGold. In addition, some viral based tracers such as AAVs 

(depends on the viral construct) also filled the entire soma. In case of some other tracers only puncta will be 

seen on the membrane, e.g. Retrobeads, CTB and viral-based tracers with membrane-labelling reporter proteins.  

Rabies virus was modified to only infect user-defined starter cell types by using EnvA-pseudotyped RV, and 

only expressing the EnvA receptor (TVA) in user-defined cells. Monosynaptic spread is achieved by modifying 

the wild-type RV genome, which encodes a single envelope protein called rabies glycoprotein (G).  
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1.4 Visualizing neurocircuits in the brain  
 

The traditional way of visualizing neurocircuits in the brain is to apply neuroanatomy by 

sectioning brain tissues. This provides access to different structures and with the help of 

microscopy allows quantifying and understanding the neurocircuits. The advantage of this 

approach is that the time required for getting the result is relatively short in terms of tissue 

preparation and processing. However, if one would like to visualize the result in 3D manner, 

the time for reconstruction of images is enormously increased. The biggest disadvantage of 

this method is the lack of consistency between different tissue preparations. For instance, two 

different people will not be able to prepare 100% identical brain slices let alone the quality of 

tissues and other manipulations. The other disadvantages is related to the difficulty of 

tracking an entire circuit. With the increasing need of visualizing the brain as a whole, 

different tissue clearing techniques emerged. In the following currently available clearing 

methods will be summarized and compared.   

The main function of tissue clearing is to reduce light scattering for deeper imaging and 

subsequent three-dimensional reconstruction of tissue structures. Combined with optical 

imaging techniques and diverse labelling methods, these clearing methods have significantly 

adavnced the development of neuroscience. Tissue clearing methods have been developed to 

tansparentize large-volume brain tissues, using physical or chemical strategies. These 

clearing methods can be roughly divided into two categories: solvent-based and aqueous-

based clearing methods. The first group depends on using different organic solvents in order 

to remove lipids contained in the brain. Methods in this category including benzyl alcohol 

and benzyl benzoate (BABB) 197, 3-D imaging of solvent-cleared organs (3DISCO) 198,199, 

immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO) 200, 

ultimate DISCO (uDISCO) 201, DISCO with superior fluorescence-preserving capability 

(FDISCO) 202 and so on, usually go through dehydration, lipid removal and refractive index 

matching with reagents. The latter category can further be divided into three types: simple 

immersion, such as see deep brain (SeeDB) 203, ClearT2 (a detergent- and solvent-free clearing 

method) 204; hyperhydration, such as Scale (an aqueous reagent that renders biological 

samples transparent) 205, clear, unobstructed brain imaging cocktails and computational 

analysis (CUBIC) 206-208, and hydrogel embedding, such as Clear lipid-exchanged 

Acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization-compatible 
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tissue-hYdrogel (CLARITY) 209,210, passive CLARITY technique (PACT) 211-213, system-

wide control of interaction time and kinetics of chemicals (SWITCH) 214 and so on (Fig 2). 

 

 

Fig 2. Summary of current methods on tissue clearing  

Tissue clearing methods can be separated into two main groups: solvent– and aqueous-based methods. Solvent-

based methods included BABB and the DISCO family. Aqueous-based methods can be further divided into 

three categories: simple immersion (SeeDB2, ClearT2), hyperhydration (Scale, CUBIC) and hydrogel embedding 

(CLARITY, PACT, SWITCH). 

 

For comparison 4 methods were selected covering the two categories that we used in this 

study. The methods used in this study are: iDISCO, FDISCO and CLARITY which will be 

compared with 3DISCO as a reference. 3DISCO is the first DISCO method that has been 

developed with the usage of Tetrahydrofuran (THF) as an agent for dehydration and lipid 

removal, Dibenzyl Ether (DBE) as the index matching buffer. With increasing concentrations 

of THF, the tissue will turn transparent as well as the endogenous fluorescence fading away 

at the same time. The time needed for this method is relatively short. It requires about 3 days 
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to obtain a fully transparent brain. The most similar method to 3DISCO is FDISCO, which 

applied as a small change to the protocol of 3DISCO changing the pH of THF and the 

incubation temperature. With this small modification, it is claimed that FDISCO is able to 

preserve endogenous fluorescence better than 3DISCO. The time required for this method is 

the same as for 3DISCO. iDISCO implemented many changes compared to the 3DISCO 

protocol as it is an immunostaining-based method. First of all, the protocol contains 

dehydration steps by using methanol and dichloromethane (DCM). In addition, it includes a 

bleaching step with H2O2. After dehydration and bleaching, there is no endogenous 

fluorescence left. In order to visualize the signal, it requires immunostaining before 

processing with the tissue clearing steps. Since the entire staining steps requires passive 

diffusion of the antibody, the protocol takes way longer than the previous mentioned two 

protocols. iDISCO requires at least two and a half weeks until the tissue is fully cleared. The 

last method that we used is CLARITY, it also requires more time than the other methods due 

the passive replacement of lipid in the brain. The protocol starts from hydrogel embedding, 

incubation with clearing solution until the brain is cleared (Fig 3).     

   

 

Fig 3. Comparison of protocols of different tissue clearing methods 

Four methods including 3 methods that were used in this study were selected to provide a comparison of the 

different reagents involved and also the time line of each protocol.  

 

Next, we compare the imaging depth and the possibility of fluorescence preservation of each 

protocol. From the literature and also our own experiences we are able to place CLARITY 

with in the middle of the comparison that have almost equal capacity of tissue transparency 
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and fluorescence preservation. iDISCO as mentioned above, has no possibility for 

fluorescence preservation but has very good tissue transparency due to the bleaching step. As 

for 3DISCO and FDISCO, these two protocols have the same level of tissue transparency but 

3DISCO has less preservation of fluorescence than CLARITY. On the other hand, FDISCO 

has the best preservation of fluorescence among all 215. The other factor that determines the 

quality of a given tissue clearing protocol is the imaging depth. The imaging depth is also 

affected by the tissue transparency. In this regard 3DISCO is the worst as it shows less 

transparency and low preservation of fluorescence. iDISCO has good fluorescence intensity 

after staining and has with good tissue transparency the same efficacy as CLARITY during 

imaging. Finally, FDISCO having good fluorescence preservation and fluorescence intensity 

is performing the best in this comparison (Fig 4). Of course, there are still many different 

factors that will affect the quality of the imaging, for instance, the age of the animals is a 

crucial factor that affects the effect of tissue clearing. The older the animal the more time is 

required for tissue clearing, which is due to the increase of white matter in the brain. Due to 

the replacing of lipid and different reagents used in the protocol; changes in tissue dimension 

are observed during the process. CLARITY shows expanding of tissue size, whereas the 

other three protocols result in shrinking sample size. The difference between tissues shrinking 

is not significantly different between the methods 202,215.  

   

 

Fig 4. Comparison of clearing capacity of different methods using whole brain tissue 

(a) Comparison of tissue transparency and capacity of fluorescence preservation. CLARITY was set as having 

equal capacity of both factors and is compared with the other methods. In this comparison iDISCO has the worst 
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fluorescence preservation but the best tissue transparency, 3DISCO has slightly better fluorescence preservation 

than iDISCO but less transparency. FDISCO preserves a good amount of fluorescence and has good tissue 

transparency. (b) Comparing imaging depth and fluorescence intensity during imaging using different clearing 

methods. 3DISCO has the worst imaging depth and fluorescence intensity, iDISCO is performing similar to 

CLARITY and FDISCO shows the best performance.  

 
1.5 Neurocircuitries of stress focusing on the extended amygdala  
 

In order to understand the response of an individual facing an adverse event, it is important to 

identify the brain region that responds to the event. With the application of different imaging 

methods, the amygdala has been identified as one of the key regions involved in the 

regulation of fear and anxiety 14,216,217. Fear and anxiety often occur together; however, they 

have fundamental difference between each other based on the context. According to 

Diagnostic and Statistical Manual Of Mental Disorders, Fifth Edition (DSM-5), fear relates to 

a known or understood threat, whereas anxiety follows from an unknown, expected, or poorly 

defined threat. The extended amygdala receives main input from the basolateral amygdala 

(BLA) and cortical regions such as the insular cortex. In addition, divisions of the prefrontal 

cortex (PFC) such as medial PFC (mPFC) and infralimbic PFC (ilPFC) key regions for fear 

recognition, consolidation and extinction, also send inputs into the extended amygdala 218-220. 

Different methods like opto- and pharmacogenetic interventions have been proposed as tools 

to interrogate the function of neurocircuits of anxiety 221. Amygdala and extended amygdala 

regions, which include the central (CeA) and medial (MeA) nuclei of the amygdala and the 

bed nucleus of the stria terminalis (BNST) are thought to be the central circuits modulating 

anxiety-like behaviours in the rodent is susceptible to stress 222,223.  

A study showed decreased freezing to a tone that predicts a shock following inactivation of 

the central-medial nucleus of the amygdala (CeM) proving the crucial role for the CeA in 

mediating behaviours induced by threatening stimuli 224. Although the CeA receives input 

from CRH positive projections originating in the paraventricular nucleus and the bed nucleus 

of the stria terminalis 225, CRH function in the CeA is also driven by a local microcircuitry 
226. For example, the CeL inhibits the CeM, which is the main output of the amygdala 14,227. 

Furthermore, CRH and GABA are co-localized within CeA neurons 228, and CRH has been 

shown to regulate GABAergic neurotransmission in this brain region. Exogenous application 

of CRH to CeA slices increases presynaptic GABA release in a CRHR1 dependent manner 
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229. In a recent study on feeding suppression, genetic targeting of CeL:PKCδ+ neurons was 

used to selectively express inhibitory DREADDs to allow for reversible neuronal inhibition 

of the activity of CeL:PKCδ+ neurons. This inhibition was found to block decreased feeding 

stimulated by sickness or unpalatable tastes. Conversely, optogenetic excitation of 

CeL:PKCδ+ neurons dramatically decreased feeding in both hungry and sated mice, and this 

was not a confound of reduced activity or increased anxiety. These results indicate that 

CeL:PKCδ+ neurons suppress feeding in response to anxiogenic stimuli 230,231. 

In addition to the CeA, the BNST is also crucial in regulating anxiety-like behaviours. It has 

been shown that chronic stress leads to a hypertrophy of the BNST, increased activation of 

the anterior BNST and also alterations in the expression of genes associated with the CRH, 

GABA and glutamatergic systems 232,233. Stimulation of the Gq-coupled receptor 5-HT2CR in 

the BNST is sufficient to elevate anxiety-like behaviour in an acoustic startle task 234.  

The CeA and the BNST are highly interconnected, although the amygdala is thought to be 

more associated with fear and the BNST with anxiety, studies using excitotoxic lesions show 

the involvement of the CeA in the development of stress-induced anxiety. CRH, which is 

highly expressed in the CeA has been shown as the modulator of anxiety behaviour. 

Knockdown of CRH in the CeA attenuated stress-induced anxiety behaviour and at same 

time affected the expression of CRH in the BNST demonstrating the importance of the 

communication between CeA and the BNST in modulating stress responses 235. Experiments 

in rats also showed that CeA CRH projections onto BNST CRH neurons work together in 

modulating anxiety-like behaviour. In this study, anxiety-like behaviours driven by CRH 

neuron activation in the CeA were dependent on CRH neurons in the BNST being active at 

the same time, supporting a cooperative role of the CeA and the BNST in stress-induced 

anxiety 236. Another study also demonstrated a role for CRH projections from the CeA to the 

BNST in fear conditioning in the rat, where optogenetic silencing of these neurons during 

acquisition of conditioned fear suppressed freezing at later time points during retention 

testing, either due to impaired consolidation of long-lasting components of fear memory or 

acceleration of fear extinction 237. A recent study demonstrated that activation of CeA-

projecting BNST neuron terminals by optogenetic stimulation increased anxiety-like 

behaviours. In contrast, the photostimulation of LH- and VTA-projecting BNST neurons 

suppresses anxiety-like behaviours 238,239. Different sub-regions of the BNST also have 

projections back to the CeA which are involved in anxiety responses. For example, 
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GABAergic projections from the oval nucleus reach the CeA, VTA and the lateral 

hypothalamus 240-242. 

Evidence showed that inactivation of CRH in GABAergic projection neurons that target 

CRHR1 on dopaminergic VTA neurons modulate emotional behaviour by regulating 

dopaminergic neurotransmission 243. Another study which combined celltype-specific 

optogenetic targeting with the assessment of multiple behaviours demonstrated that PVN 

CRH neurons orchestrate a complex repertoire of behaviours after acute stress. The 

behavioural repertoire does not require CRH signalling, but relied on an excitatory, 

glutamatergic projection to a subset of neurons of the LH. Furthermore, activation of CRH 

neurons can over-ride the environmental cues, resulting in behaviours that appeared 

mismatched to the context. This study suggested that animals de-escalate their behaviours 

after stress in a specific pattern that is influenced by the environment and the activity of PVN 

CRH neurons 244. 

In summary, multiple lines of evidence have shown that both CeA and BNST have the 

potential of shaping the behavioural outcomes when an individual faces an aversive event. 

Further studies focusing on the connectivity of this region will be important in order to 

further investigate the mechanism involved in the regulation of stress-related diseases. The 

investigation in this study focuses on CRH projection neurons belonging to the extended 

amygdala aiming at understanding the importance of CRH involved in stress-related 

behaviours.  
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Fig 5. Stress-related neurocircuits of the extended amygdala 

Summary of extended amygdala circuits involved in anxiety-related behaviour. On the one hand, CeA CRH 

neurons promote anxiety through projections into PAG, LC, HYP and co-activation of CRH neurons in the 

BNST. On the other hand, CRH neurons from CeA projecting to the VTA suppress anxiety behaviour. BNST, 

projections into the CeA also promote anxiety but projections into LH and VTA have opposite effects. 

Serotoninergic projections from DRN into BNST also promote anxiety. BNST, bed nucleus of the stria 

terminalis; CeA, central amygdala; DRN, dorsal raphe nucleus; Hyp, hypothalamus; LC, locus coeruleus; LH, 

lateral hypothalamus; PAG, periaqueductal gray; SN: substantia nigra; VTA, ventral tegmental area. 
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2. Aim of the thesis 
 

This study focuses on the interaction of two elements in order to understand how an 

individual copes with stress. The first element is the brain circuits that regulate the 

behavioural responses of stress. The orchestra of circuits in different brain structures 

coordinate the barrage of signals received by an individual. Environmental stimuli which are 

as important as genetic factors, one integrated by different brain circuits and turned into 

experience that directs the behavioural responses 245. The second element is the 

neuroendocrine in stress responses with the main focus on the CRH/CRHR1 system. To cope 

with various stressors and maintain homeostasis, individual requires adaptive responses 

involving changes in the central nervous and neuroendocrine systems 246,247. 

There are several questions aimed to be addressed in this study: First, what is the biological 

identity of the CRHR1 neurons in the ventral midbrain. Second, what is the identity and 

connectivity of CRH/CRHR1-specific neurocircuits focusing on the extended amygdala. 

Third, what is the function of these circuits upon activation.  
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3. Material and methods 
 

3.1 Animals  
 

All animal experiments were conducted with approval and in accordance with the Guide of 

the Care and Use of Laboratory Animals of the government of upper Bavaria, Germany. Mice 

(2–3 months old) were grouped housed under standard lab conditions (22 ± 1℃, 55 ± 5% 

humidity) and were maintained under a 12 h light- dark cycle with food and water ad libitum. 

At weaning, mice were numbered by ear-punching with a piece of tail collected for 

genotyping. Mice were single housed one week prior of behaviour testing (Table 2). 

Table 2. List of animal usage in this study  

Animals First description Treatment Sex 

CRH-iCre Taniguchi et al., 2011 53 DREADD in IPACL  

CORT measurement  

ChR2 in IPACL  

Activation SN  

R121919  

Male 

CRH-Cre::Ai9 Madisen et al 248 Anterograde tracing  

Retrograde tracing  

Tissue clearing  

Mixed 

CRHR1-Cre Dedic et al 243 DRAEDD in SN  

Tracing in GPe  

DRAEDD in GPe  

ChR2 in GPe  

Male* 

CRHR1-Cre::INTACT This study, 

Mo et al., 2015 249 

Sn-RNAseq  

Staining validation  

Male 

CRH-Cre::CRHR1∆EGFP This study, 

Refojo et al., 2011 250 

Anterograd tracing Mixed 

PV-Cre Hippenmeyer et al., 2005 251 Rabies tracing Mixed 

Dat-CreERT2 Engblom et al., 2008 252 Rabies tracing Mixed 

* Tracing with mixed gender animals.  
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3.2 Tissue dissection for single nucleus sequencing  
  
Mice were sacrificed at age of 2 months by cervical dislocation. Brains were collected in ice 

cold PBS and processed for tissue dissection. The target region (ventral midbrain) was 

collected by subjecting brains to a brain matrix. Brains were cut into 1 mm thick chunks in 

order to cover the entire region of interest. Cortex was removed and tissues were processed to 

the next step immediately.   

 

3.3 Isolation of Nuclei 
 

Tissues (fresh mouse brain) were homogenized in 2 ml of lysis buffer (0.32 M sucrose, 10 

mM Tris pH 8.0, 5 mM CaCl2, 3 mM Mg acetate, 1 mM DTT, 0.1 mM EDTA, 0.1% Triton 

X-100) by douncing 10-50 times in a 7-ml dounce homogenizer. Lysate was transferred to a 4 

ml ultracentrifugation tube (Beckman; 14 × 95 mm; 344061), and 2 ml of sucrose solution 

(1.8 M sucrose, 10 mM Tris pH 8.0, 3 mM Mg acetate, 1 mM DTT) was pipetted directly to 

the bottom of the tube. Ultracentrifugation was carried out at 24,400 rpm for 2.5 h at 4 °C 

(Beckman; L8-70 M; SW80 rotor). After centrifugation, the two layers of solution were 

removed by aspiration. Each nuclei containing pellet was resuspended in PBS with 0.1% 

FBS.  

 

3.4 FACs (Fluorescence activated cell sorting) 
 

After isolation of nuclei, samples were processed to FACs immediately. FACS analysis was 

performed with a FACS Melody (Beckton Dickinson) in BD FACS Flow TM medium, with a 

nozzle diameter of 100 μm. Debris and aggregated nuclei were gated out by forward scatter, 

sideward scatter. Single nuclei were gated out by FSC‐W/FSC‐A. Gating for fluorophores 

was done using isolated nuclei containing membrane GFP. 
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3.5 Single nuclei RNA sequencing 
 

Single nuclei sequencing was performed by using 10x genomics kit and following the 

instructions of the manufacture (10x Genomics). In brief, nuclei were mixed with solutions 

containing barcoded beads and partitioning oil. To achieve single cell resolution, cells were 

delivered at a limiting dilution. After the first step, the gel bead was dissolved, primers were 

released, and any copartitioned cell is lysed. Primers were mixed with the cell lysate and a 

master mix containing reverse transcription (RT) reagents. This produced barcoded, full-

length cDNA from poly-adenylated mRNA. After incubation, products were broken and 

pooled fractions were recovered. Silane magnetic beads were used to purify the first-strand 

cDNA from the post RT reaction mixture, which includes leftover biochemical reagents and 

primers. Barcoded, full-length cDNA was amplified via PCR to generate sufficient mass for 

library construction. Enzymatic fragmentation and size selection were used to optimize the 

cDNA amplicon size. A Chromium single cell 3’ gene expression library comprises standard 

Illumina paired-end constructs which begin and end with P5 and P7. The 16 bp 10x barcode 

and 12 bp UMI are encoded in read 1, while Read 2 is used to sequence the cDNA fragment. 

Sample index sequences are incorporated as the i7 index read. TruSeq Read 1 and TruSeq 

Read 2 are standard Illumina sequencing primer sites used in paired-end sequencing. 

 

3.6 Tissue collection and immunohistochemistry 
 

Mice were sacrificed by an overdose of isoflurane and subsequently perfused. Mice were first 

perfused with 20 ml PBS then perfused with 20 ml 4% PFA. Dissected brains were fixed in 

4% paraformaldehyde overnight at 4℃. All sections for staining were sliced at a thickness of 

50 µm. Slices were rinsed in PBS, and incubated overnight at 4℃ with primary antibody 

(concentration adjusted according to different antibody requirements). Slices were then 

incubated with suitable fluorescence secondary antibody (1: 250 Alexa fluoro, Invitrogen) 

and then washed with PBS. Slides were cover slipped with mounting medium (Fluoromount-

G, SouthernBiotech) and left to either air dry or cooled to -20°C for photo shooting. (Table 3) 
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    Table 3. List of antibodies 

 

 

 

 
 
 
 
 
 

 

 

3.7 CNO administration  
 

CNO dihydrochloroid was dissolved in 0.9% saline in a concentration of 2.5mg/ml. CNO was 

administrated 15 min before mice entered the behavioural chambers by i.p. injection of a final 

concentration of 5 mg/kg.    

 

3.8 R121919 administration  
 

R121919 hydrochloroid was dissolved in 0.9% saline with 10% of ethanol at the 

concentration of 1.25 mg/ml. R121919 was administrated 30 min prior of behavioural tests 

by i.p. injection of a final concentration of 10 mg/kg.   

 

3.9 Assessment of animal behaviour  
 

To assess anxiety behaviour, mice were subjected to the open field, elevated plus maze, dark 

light box, marble burying test, forced swim test, conditioned place preference and novelty 

suppressed feeding tests. The movement of animals was tracked using Any-maze software 

(Stoelting). There was a one-day rest between each test, except for the conditioned place 

Antibody Specie and manufacture Concentration 
GFP Chicken, Aves 1:500 
TH Rabbit, Millipore 1:1000 
PV Mouse, Swant 1:500 
RFP Rabbit, Rockland 1:500 
cFOS Rabbit, Abcam 1:1000 
NeuN Millipore 1:400 
GFAP Rabbit, Abcam 1:1000 
Wfs1 Rabbit, St John’s Laboratory 1:200 

Calbindin Mouse, Sigma 1:500 
SOM Rabbit, Peninsula, Laboratories International 1:500 

Calretinin Rabbit, SYSY 1:1000 
Pkcƌ Mouse, BD Bioscience 1:200 
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preference test. Mice were single housed for a week and entered the respective test apparatus 

in random order. All mazes are made by plastic glass; there is no bedding in the maze during 

the test. 

 

Open field test  

Mice were transferred into the arena (40 x 40 cm) and allowed to explore freely for 30 min. 

The distance of moving, time in the centre zone and entries into centre zone were recorded. 

Centre zone illumination was 15 lux. 

 

Locomotor activity 

Mice were allowed to explore freely for 30 min before the administration of CNO, and after 

CNO administration mice were exploring the arena for 60 min. Distance of moving were 

recorded. Same illumination as open field test.       

 

Elevated plus maze  

Mice were subjected to the elevated plus maze (20 cm both open and closed arms, 15 cm 

height from floor) and allowed to freely explore for 15 min. Distance of moving, time spent 

in open arms and entries into open arms were recorded. Open arms illumination was more 

than 20 lux, with illumination less then 15 lux in the closed arms.   

 

Dark light box  

Mice were subjected to dark light box for 10 min. Mice will enter lit compartment through 

the tunnel connecting with the dark compartment. Time spent in the lit zone and entries into 

the lit zone were recorded. Lit zone illumination was more than 400 lux.  
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Marble burying test  

10 marbles were placed in the cage with thick bedding (5 cm), mice were allowed to explore 

freely in the cage for 90 min. The number of marbles buried was registered. Illumination is 

15 lux. 

 

Forced swim test  

Mice were subjected to a beaker containing 15 cm of water for 6 min and the time mice spent 

floating, struggling and swimming was recorded. Water temperature was kept at 25°C.   

 

Conditioned place preference  

The CPP apparatus (T shape) consists of a starting box and two conditioning boxes (40(l) x 

40(w) x 35(h) cm) made of black acrylic boards. Conditioning compartments are 18(l) x 

20(w) x 35(h) cm, separated by a smaller compartment (10(l) x 20(w) x 35(h) cm) in the 

middle. Left compartment contains mosaic walls and smooth flooring, the right one with 

black walls and thin-grid flooring. 

The experiment consists of 3 phases (5d): preconditioning, conditioning and post-

conditioning phases. During preconditioning phase (pretest trial) (d1), each mouse is 

subjected to the middle compartment with free access to all compartments for 10 min. The 

conditioning phase (d2 to d4) consists of six 30 min training sessions that are carried out 

during morning and afternoon training sessions; CNO (5 mg/kg, i.p.)  is always paired with 

the preferred compartment in the afternoon. On d2, mice are treated with saline (10 ml/kg, 

i.p.) in the morning training session and immediately paired with the less preferred 

compartment with access blocked for 30 min. In the afternoon, mice are treated with CNO 

and immediately paired with preferred compartment for 30 min. The morning and afternoon 

training sessions were repeated for 3d in total from d2-d4. In post-conditioning phase 

(acquisition trial) (d5), each mouse is subjected to the middle compartment with free access 

to all compartments in the absence of treatments for 10 min. 
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Novelty suppressed feeding  

Mice were fasted overnight before the start of the experiment. The next day mice were placed 

in a novel environment (Type 2 mouse cage) with a food pallet presented in the middle of the 

arena together with strong light on top. Mice were allowed to explorer the arena for 15 min, 

the first latency to eat and time spent on eating was recorded.  Illumination more than 400 

lux.  

 

3.10 Virus and tracer injections 

Mice were anesthetized for surgery with isoflurane (1.5–2%) and placed in a stereotaxic 

frame (Kopf Instruments). Body temperature was maintained with a heating pad. A systemic 

anesthetic (Metacom 5 mg/kg bodyweight) was administered. CRH-Cre::Ai9, CRHR1-Cre 

and CRHR1-GFP animals were used for anterograde and retrograde tracing. For retrograde 

tracing, 0.5 ul of retrograde tracer were injected unilaterally in the region of interest, VTA 

(AP: -3, ML: 0.6, DV: -4.5) and SN (AP: -3, ML: 1.65, DV: -4.13). For anterograde tracing 

0.5 ul of virus were injected into BSTLD (AP: 0.14, ML: 0.9, DV: -3.9), BSTLP (AP: 0.14, 

ML: 0.9, DV: -4.3), CeA (AP: -1.22, ML: 2.8, DV: -4.7), IPACL (AP: 0.26, ML: 2, DV: -5) 

and striatum (AP: 0.38, ML: 1.5, DV: -3). All tracers were incubated for 2 weeks before the 

animals were sacrificed. For the DREADD experiment, 0.5 ul of virus were injected 

bilaterally into target regions (IPACL, SN or GPe) of CRH-iCre and CRHR1-Cre animals 

(coordinates as previous described). Then mice were rested for two weeks before entering 

behavioural experiments. For rabies virus tracing, we first injected helper virus into SN of 

CRH-Venus, CRHR1-Cre, PV-Cre or Dat-CreERT2 mice. Two weeks afterward, we injected 

rabies virus in the same region. (Table 4)    
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Table 4. Virus and tracers 

Virus/ Tracers Manufacture Usage 

FluoroGold Fluorochrome 1% 

Green RetrobeadsTM IX Lumafluro Undiluted 

AAV-CMV-DIO-Synaptophysin-GFP Grinevich lab ~108 vg/mL 

AAV9-CMV-Synaptophysin-DIO-mCherry Addgene ~108 vg/mL 

AAV8-hSyn-DIO-hM3Dq-mCherry Addgene ~108 vg/mL 

AAV8-hSyn-DIO-mCherry Addgene ~108 vg/mL 

AAV1-CBh-DIO-TVA-t2A-GFP-OG Götz lab ~1012 vg/mL 

SAD-EnVA-dG Conzelmann lab Undiluted 

 

3.11 Optogenetic manipulation  
  

Adult (25–30g) CRH-iCre male mice were grouped housed until surgery. Mice were 

bilaterally injected with 0.5 μL of AAV5-Ef1a-DIO-ChR2-EYFP or AAV5-Ef1a-DIO-EYFP 

virus (~1012 vg/mL, UNC Vector Core) into the IPACL or GPe (coordinates from Bregma: 

0.26 AP, ± 2 ML, −5 DV, -0.34 AP, ±1.8 ML, -4 DV). Two weeks after virus injection the 

optic fiber (200μm core, 0.39 NA, 1.25 mm ferrule, Thorlabs) were implanted above the 

IPACL (−4.7 mm ventral) or SN (-3.8 mm). Implants were secured with cyanoacrylic glue, 

and the exposed skull was covered with dental acrylic (Paladur). optogenetic manipulation 

took place two weeks after the implantation.   
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3.12 In vivo optogenetic excitation 
 

For photoactivation experiments, 10-ms, 473-nm light pulses at 20 Hz and 10 mW were used. 

The laser was triggered on the basis of the location of the animal by using Bonsai data-

streaming software and Arduino microcontrollers. 

 

3.13 Real time place preference 
 

Mice were placed in a place preference chamber (as described above) for 20 min. One 

counterbalanced side of the chamber was assigned as the stimulation side. In the 

photostimulation experiments, mice received a 473-nm stimulation of 20 Hz in the 

photostimulated side of the arena, which was randomly assigned. The laser was triggered 

on the basis of the location of the animal by using primmax software and controllers. 

Behavioural data was recorded via a CCD camera interfaced with Ethovision software 

(Noldus Information Technologies). 

 

3.14 CLARITY  
 

Perfused mouse brains were fixed in 4% PFA overnight then been transferred into 1% 

hydrogel solution for 48 hr. The samples were degassed (nitrogen replacing oxygen, using 

50ml caps with tubing for 30 minutes) and polymerized (4-5 hours at 37°C) in a 50ml tube. 

The brains were removed from hydrogel and washed with 200mM NaOH-Boric buffer 

(pH=8.5) containing 8% SDS for 6-12 hours at 37°C (no shaking) to remove residual PFA 

and monomers. Brains were transferred to a flow-assisted clearing device using a 

temperature-control circulator. 100mM Tris-Boric Buffer (pH=8.5) containing 8% SDS was 

used to accelerate the clearing (at 37-40°C). After clearing, the brains were washed in PBST 

(0.2% Triton-X100) for at least 48 hours at 37°C to remove residual SDS. Then brains were 

incubated in sRIMS for several days at room temperature. After sRIMS incubation, the brains 

were for imaging. 
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3.15 iDISCO 
 

Perfused mouse brains were fixed in 4% PFA overnight then washed in PBS 30 min three 

times at room temperature. The samples were dehydrated with methanol/H2O series: from 

20% to 100%, 1h each. Samples were washed further with 100% methanol for 1h and then 

chilled at 4°c. Overnight incubation of samples with shaking in 66% DCM/ 33% methanol at 

room temperature. Next day samples were washed twice in 100% methanol at room 

temperature and then chilled at 4°c. Samples were bleached in chilled fresh 5% H2O2 in 

methanol overnight at 4°c. Samples were rehydrated with methanol/H2O series: 80%, 60%, 

40%, 20%, PBS; 1h each then washed in PTx.2 (0.2% Triton in PBS) at room temperature 

twice. Samples were incubated in permeabilization solution (PTx.2+1% DMSO+Glycin), 

37°C for 2 days (max. 2 days). Then blocked in blocking solution,37 °C, for 2 days (max. 2 

days). Samples were incubated with primary antibody in PTwH (0.2% Tween 20 in 

PBS+10mg Heparin) +5% DMSO+3% goat Serum, 37° for 7 days. After incubation, washed 

in PTwH for 4-5 times until the next day. Samples were incubated with secondary antibody in 

PTwH+ 3% goat serum, 37° for 7 days then washed in PTwH for 4-5 times until the next day. 

Samples were dehydrated in methanol/H2O series: 20%, 40%, 60%, 80%, 100%, 100%; 1hr 

each at  RT (can be left optionally overnight at RT at this point). 3h incubation with shaking, 

in 66% DCM/33% Methanol at RT. Incubate in 100% DCM(Sigma 270997-12X100ML) 15 

minutes twice (with shaking) to wash the MeOH. Incubate in Di-Benzyl Ether (DBE, Sigma 

108014-1KG) (no shaking). The tube should be filled almost completely with DBE to prevent 

the air from oxidizing the sample. Before imaging, invert the tube a couple of time to finish 

mixing the solution. 

 

3.16 Statistical analysis 
 

The mean ± SEM was determined for each group. Figure generation and statistic calculation 

were conducted by Graphpad Prism software. Student’s t test was performed with 

comparison between two groups with one variation. Two-way ANOVA was performed with 

two groups with multiple variations, Bonferroni’s post-hoc test was used for multiple 

comparisons. Two-way ANOVA with repeated measures was performed with two groups 
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with continuous variations (time). Bonferroni’s post- hoc test was used for multiple 

comparisons.     Differences were considered significant when p was less than 0.05   
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4. Results  
 

Towards a biological signature of CRHR1 neurons  
 

4.1 Single-nucleus RNA sequencing 
 

In order to investigate the biological identity of midbrain CRHR1 neurons, single-nucleus 

RNA sequencing (sn-RNASeq) was conducted as an unbiased approach. Since the 

endogenous expression of CRHR1 gene is quite low, another reporter system is required to 

provide assist and act as a reference. CRHR1-Cre::INTACT animals were introduced for this 

purpose. This mouse expresses a GFP reporter on the nuclear membrane upon Cre 

recombination which enables fluorescent active cell sorting (FACS). CRHR1-Cre::INTACT 

animals were sacrificed and the ventral midbrain was isolated. Nuclei were isolated from the 

tissue and immediately sorted by FACS. GFP-positive nuclei were then processed following 

the custom protocol of sn-RNASeq provided by 10x Genomics. After sequencing, the data 

was analysed with the python package scanpy [doi: 10.1186/s13059-017-1382-0]. Following 

quality controls including cell QC and gene QC were carried out on the raw dataset: number 

of unique molecular identifiers (UMIs), the number of expressed genes and the fraction of 

mitochondrial genes (Fig 6a-f). Of the 492,928 cells and 31,053 genes in the raw dataset, 

16,665 cells and 13,439 genes remained for further analysis after QC. R package scran [doi: 

10.12688/f1000research.9501.2] was used to normalize feature and gene counts. 4,000 highly 

variable genes were selected after data normalization (Fig 6h). The clusters are visualised 

with the UMAP algorithm. We checked for doublets using the python package scrublet [doi: 

10.1016/j.cels.2018.11.005] and ensured there were few doublets and cells do not cluster by 

the cell cycle phases (Fig 6g). A Welch t-test was performed for differential gene expression 

between clusters and cluster-specific marker genes were used to annotate each cluster.  
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Fig 6. Quality control of the Sn-RNASeq data 

(a) Threshold for mitochondria fraction (mt_fraction). (b) UMAP showing the distribution of mt_fraction in the 

cluster. (c)(d) Quality control for UMI counts of the clusters. (e)(f) Number of genes expressed in the clusters. 

(g) There are very small numbers of doublets been detected in the clusters. (h) Selection of highly expressed 

gene from the raw data.   
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CRHR1 nuclei were separated into 9 clusters, to determine the annotation of each cluster, top 

20 expressed genes per cluster were selected. Top 20 genes were determined by their 

expression level compared to all genes and and compared to the other clusters (Fig 7c). The 

top 20 genes were manually analyzed and searched for their expression in different cell types 

in the midbrain using publicly available data at Mouse Brain Atlas (mousebrain.org), for 

instance dopaminergic (DA), GABAergic and glutamatergic (Glu) neurons. Next, the mean 

expression representing each cell type was compared and the cluster was assigned to the cell 

type if the expression was the highest compared to the other clusters.  
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Fig 7. Determination of clusters of midbrain CRHR1 neurons 

(a) Number of cells belonging to different cell types. (b) Distribution of CRHR1 neurons within the clusters 

based on endogenous CRHR1 gene expression. (c) Volcano plots depicting the determination of marker genes in 

each cluster. (d) Distribution of marker genes for each cluster. 

  

The analysis of Sn-RNAseq data revealed three main clusters of CRHR1 neurons: DA (47%), 

Glu (25%) and GABA (20%) neurons. In addition, there are 4.9% of oligodendrocyte (Oligo) 

and 0.2% of oligodendrocyte precursor cells (OPCs) (Fig 7a and 8a).  
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Fig 8. Distribution of CRHR1 expressing cell populations in the ventral midbrain 

(a) UMAP depiciting 9 clusters of midbrain CRHR1 neurons which can be specified into main clusters: 

dopaminergic (DA), glutamatergic (Glu) and GABAergic (GABA) CRHR1 neurons as well as oligodendrocyte 

(Oligo) and oligodendrocyte precursor cells (OPCs). (b) Expression of marker genes for each cluster are 

indicated as violin plots. 

 

 
 

4.2 Validation of single nucleus sequencing results  
 

4.2.1 Confirmation of heterogeneity of CRHR1 expressing cells in the ventral mid brain 
with immuno-histochemistry 
 

 To validate the single-nucleus sequencing result, CRHR1-Cre mice crossed with INTACT 

mice were used. GFP signals were analyzed throughout different brain sections comparing to 

the typical CRHR1 expression pattern (Fig 9 a, b). Staining for GFP (CRHR1 positive 

nuclei), TH (dopaminergic neurons) and PV (GABAergic neurons) were done using brain 

slices containing the ventral midbrain (Fig 9 c-e). Quantification of cells expressing 

respective markers in the SN showed that 40% of CRHR1 neurons are dopaminergic, 30% 

are GABAergic and 30% of the rest are likely glutamatergic neurons (Fig 9 f, g). The number 
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of cells in SN pars compacta (SNc) and SN pars reticulata (SNr) were separately quantified. 

CRHR1 neurons are equally distribute between both regions whereas in the SNc there are 

80% colocalized with dopaminergic neurons, in contrary, SNr contains 80% of the 

GABAergic-CRHR1 neurons (Fig 9 h, i). These numbers are consistent with the snRNA-Seq 

results, confirming the heterogeneity of CRHR1 neurons in the ventral midbrain (Fig 9).   
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Fig 9. Specification of CRHR1 neuron identity in the SN 

(a)(b) GFP staining of nuclei of CRHR1 neurons in different brain regions of CRHR1-Cre::INTACT mice 

showed that the expression of INTACT-GFP matched the expression pattern of endogenous CRHR1. (c)(d) Co-

staining of CRHR1 nuclei with markers of dopaminergic (TH) and GABAergic (PV) neurons in the SN. (e) 

Staining of TH and GFP in the VTA and the SN of CRHR1-Cre animals showed the specificity of INTACT-

GFP. (f) Distribution of CRHR1 neurons within the SN. (g) Quantification of CRHR1 nuclei in the SN 

demonstrated equal numbers of dopaminergic and GABAergic CRHR1 positive neurons. (h)(i) Dopaminergic 

CRHR1 neurons are located mainly in the SN pars compacta (SNc), GABAergic CRHR1 neurons are 

predominately located in the SN pars reticulata (SNr). Value represent mean ± SEM, Scale bar = 200µm. 

 

Dissecting CRH/CRHR1 neurocircuits  
 

4.3 Retrograde tracing 
 

4.3.1 Retrograde tracing revealed the main brain regions projecting into the VTA 
 

In order to understand the CRH and CRHR1-specific neurocircuits I performed retrograde 

tracing experiments in the VTA and SN. We chose Fluorogold and retrobeads as tracers for 

retrograde tracing due to the advantage of strong expression and reliability. I injected 0.5 ul 

of tracers into the VTA of CRH-Cre::Ai9 animals and sacrificed the mice two weeks later. I 

then checked through the entire brain for the respective fluorescent signals. I quantified the 

number of cells that got labelled in different regions and the number of cells colocalized with 

CRH neurons labelled by tdTomato. From the result using fluorogold I found that the main 

afferents are coming from nucleus accumbens (NAc), central amygdala (CeA), lateral 

hypothalamus/ ventral medial hypothalamus (LH/VMH), bed nucleus of striatal terminals 

(BNST) and medial preoptic nucleus (MPO) (Fig 10 a, b and e). In general, similar results 

were obtained with retrobeads but there were also slight differences between the two groups 

(Fig 10 c, d and f). This might be due the distribution of the two tracers and the accuracy of 

injections. Combining results from both tracers revealed that the BNST is the main nucleus 

from where CRH neurons projection into the VTA.  
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Fig 10. Retrograde tracing of CRH neurons projecting into the VTA 

(a)(b) Quantification of the number of CRH neurons colocalizing with FluoroGold and the percentage of 

colocalization in different brain regions. (c)(d) Quantification of CRH neurons colocalizing with retrobeads and 

the percentage of colocalization in different brain regions. (e)(f) Circle plots demonstrating that main 

projections. Colours and size of the circles represent the percentage of colocalization.  (g)(h) Representative 

photos of different brain regions in CRH-Cre::Ai9 mice showing tdTomato positive CRH neurons and labelling 

by Flurogold or retrobeads. Scale bar = 200 µm.  
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4.3.2 Retrograde tracing of CRH neurons revealed the main brain regions projecting 
into the substantia nigra (SN)  
 

To identify CRH neurons projecting into the SN, we followed the same procedure as for the 

VTA and checked labelled cells throughout the brain. Interestingly, we observed strong 

labelling of cells in the CeA and interstitial nucleus of posterior limb of anterior commissure, 

lateral part (IPACL). There were also projections detected coming from the BNST which are 

in accordance with previous studies. (Fig 11).   

 

 

Fig 11. Main projections of CRH neurons into the SN  

(a)(b) Quantification of the number of CRH neurons colocalizing with FluoroGold and the percentage of 

colocalization in different brain regions. (c)(d) Quantification of CRH neurons colocalizing with retrobeads and 

the percentage of colocalization in different brain regions. (e)(f) Circle plots demonstrating the main projections 

into the SN. Colours and size of the circles represent the percentage of colocalization. (g)(h) Representative 

photos of different brain regions in CRH-Cre::Ai9 mice showing tdTomato positive CRH neurons and labelling 

by Flurogold or retrobeads.  Scale bar = 200 µm.  
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4.4 Anterograde tracing 
 

4.4.1 Tracing of extended amygdala CRH efferences 
 

To confirm the results of the retrograde tracing and also have a finer dissection of the 

identified brain regions I performed AAV-based anterograde tracing. Therefore, I injected 

AAV-Ef1a-DIO-Syp-GFP in 4 different regions of the extended amygdala of CRH-Cre::Ai9 

animals: BSTLP, BSTLD, CeA and IPACL (Fig 12). These are regions comprising the 

extended amygdala that have previously been linked to stress-related or anxiety-like 

behaviours.  
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Fig 12. Injection of anterograde tracing virus and demonstration of virus expression 

AAV-Ef1a-DIO-Syp-GFP virus was injected as an anterograde tracer into CRH-Cre::Ai9 mice. We injected the 

virus in region of the extended amygdala: BNST, CeA and IPACL. Pictures show the expression of virus and 

the axon terminals in the regions of interest. CRH neurons are labelled by tdTomato in red and anterograde 

tracer is with GFP reporter. Images show the injection sites in different magnifications and the projections sites.  

Scale bar = 200 µm. 

 

 

Two weeks after virus injection, mice were sacrificed and the projection strength was 

quantified throughout the brain. The projection strength was set from 0-5, with the injection 

site as 5 (highest expression level), 0 represent regions with undetectable expression. The 

projection strength was calculated by comparing the fluorescence strength of each brain 

region to the injection site then normalized to relative numbers (Fig 13). Afterward, Pearson 

association tests were performed to identify the associated connectivity between regions. Our 

result revealed that the BSTLP connected the most with the VTA followed by CeA and 

BSTLD. Interestingly, the IPACL has the highest correlation with the SN followed by the 

CeA and the other regions (Fig 14).  
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Fig 13. Quantification of CRH projections into different brain regions 

(a) Projection strength of CRH neurons in the BSTLP was quantified. Data showed that BSTLP has highest 

connection with the VTA, NAc and other BNST sub-regions. (b) BSTLD also has strong projection into the 

VTA, NAc and other BNST regions. In addition, BSTLD also projects into LH with high projection intensity. 

(c) CeA projects to the SN, BNST, VMH, LH and other regions. (d) IPACL projects with highest intensity into 

the SN compared to other regions. The regions with projections were showed on the left and the expression level 

was showed on the right side of images. Value represent mean ± SEM.   

 

      

Fig 14. Association of brain connectivity 

We quantified the strength of anterograde projections from different brain regions and performed a Pearson 

assembly test in order to find brain regions highly correlated with respect to connectivity.  
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4.4.2 Differences in connectivity between CeA and IPACL 
 

To further determine which region will be the main target for subsequent behavioural 

manipulations, CeA and IPACL were compared. It turned out that the IPACL has a very 

focused projection almost exclusively innervating the SN. On the other hand, the CeA also 

has strong projections towards the SN but at the same time projects also to many other 

regions throughout the brain (Fig 13c and d).  

To investigate the anatomical difference between IPACL and CRH projections to the SN, 

tracing with two differently coloured tracers (AAV-Ef1a-DIO-Syp-mCherry was injected in 

the IPACL and AAV-Ef1a-DIO-Syp-GFP was injected in the CeA) was conducted in CRH-

Cre::CRHR1-GFP mice. Result showed that IPACL projections were observed in the medial 

and lateral part of the SN while the projections originating from the CeA were mainly 

observed in the lateral part but not in the medial part (Fig 15).  
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Fig 15. Double tracing reveals spatial segregation of IPACL and CeA in projections in the SN 

(a) IPACL and CeA send strong projections into the SN a region which shows enrich of PV positive neurons. 

(b) Staining of PV positive neurons labelled the region of the SN which contains projections from both IPACL 

and CeA CRH neurons. (c) Projections from IPACL are located in both medial and lateral part of the SN. (d) 

Projections for CeA are only located in the lateral part which contains mainly PV neurons. Scale bar = 200 µm. 

 

Furthermore, the IPACL CRH projection in the SN was found to innervate both 

dopaminergic and GABAergic neurons (Fig 16). Based on this comparison, we screened the 

large collection of studies in the CRH field but did not find any description of the role of 

IPACL in anxiety-related behaviours. Therefore, and to better understand its physiological 

role the IPACL was chosen as a main target for subsequent behavioural manipulations. 

 

 

Fig 16. IPACL CRH neurons projecting to both dopamine and PV neurons in the SN  

(a)(d) Anterograde tracing with AAV-Syp-mCherry in CRH-Cre::CRHR1∆EGFP mice showed expression of 

fluorescence in the SN. (b)(e) Staining of CRHR1 neurons (GFP) with DA (TH) or GABA (PV) neurons 

showed CRH projections from the IPACL innervating both cell types. (c)(f) Images of higher magnification 

showed CRH axon terminals innervating local neurons in the SN.  Scale bar = 200 µm. 
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4.4.3 Establishing tissue (brain) clearing methods 
 

In order to reveal the connectivity of CRH neurons in the brain, different tissue (brain) 

clearing methods were applied in this study. Results of three brain clearing methods: 

CLARITY, iDISCO and FDISCO (see comparison in the introduction and procedure in 

material and methods) on CRH-Cre::Ai9 animals showed different resolution of CRH 

neuronal expression in the brain. CLARITY preserved the endogenous tdTomato expression 

and had least background autofluorescence which served the best for the purpose of tracking 

neurocircuits in the brain (Fig 17a). iDISCO was able to amplify the soma of neurons with 

staining but also increased the background signal during imaging (Fig 17b). More 

optimizations are required in order to maximize the strength of iDISCO in tissue clearness 

and multiply labelling of different markers. FDISCO, had the weakest expression of 

tdTomato expression which did not serve as a good method for the purpose (Fig 17c).    
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Fig 17 Tissue (brain) clearing methods revealing CRH neuronal expression in the brain 

 (a) Images presenting full-brain expression of CRH neurons in CRH-Cre::Ai9 animal and the expression in the 
extended amygdala using CLARITY. (b) Full-brain, thick slice and zoomed in images of CRH-Cre::Ai9 animal 
with RFP staining using iDISCO clearing. (c) Full-brain image of CRH-Cre::Ai9 animal with FDISCO clearing. 
Scale bar = 500 µm.   
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Fig 18. Interconnection of CRH neurons between CeA and IPACL 

Images showed CRH neurons labelled with tdTomato (white) in the IPACL are interconnected with CRH 
neurons in the CeA revealing the IPACL as part of the extended amygdala. Scale bar = 500 µm. 

 

4.4.4 The molecular identity of CRH cells in the IPACL  
 

Once decided that the IPACL will be the main target for behavioural manipulations, the 

biological identity of CRH cells in the IPACL was investigated. Different immunostainings 

were conducted in order to further specify the identity of those CRH cells in the IPACL. 

From previous reports we already know that CRH neurons in the the IPACL are mainly 

GABAergic, therefore we assessed different GABAergic markers including Wolframin ER 

transmembrane glycoprotein (Wfs1), somatostatin (SOM) parvalbumin (PV), calbindin, 

calretinin and protein kinase C-delta (PKCδ). First of all, CRH cells in the IPACL were 

neurons but not astrocyte (Fig 19a). Second, CRH neurons in the IPACL were co-expressed 

WFS1, calbindin and SOM but not calretinin or PV. (Fig 19b-g). With quantification, 60% of 

the CRH neurons in the IPACL are Wfs1 positive, 30-40% are calbindin positive and with 

1% of SOM positive (Fig 19h-k).      
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Fig 19. Characterization of IPACL CRH cells 

(a) IPACL CRH cells are neurons revealed by their co-labelling with NeuN (green) but not GFAP (white). 

(b)(c)(d) IPACL CRH neurons are co-labelled with markers of GABAergic neurons: calbindin, Wfs1 and 

somatostantin (SOM). (e)(f)(g) IPACL CRH neurons do not show any co-labelling with calretinin and PV. 

There is no expression of PKCδ in the IPACL. (h)(i)(j)(k) Quantification of CRH neurons co-labelling with 

different markers of GABAergic markers. Value represent mean ± SEM, scale bar = 200 µm 
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4.5 Dissecting SN afferents using rabies virus-mediated retrograde tracing 
 

4.5.1 CRH neurons have only minor synaptic contacts with CRHR1 neurons in the SN 
 

To understand whether there is a direct synaptic connection between CRHR1 neurons in the 

SN and the projecting neurons from IPACL, monosynaptic tracing was conducted using 

rabies virus. I first injected AAV1-CBh-TVA-GFP-OG virus (helper virus) in the SN of 

CRHR1-Cre mice, two weeks later I injected pseudotyped rabies virus in the same region. 

After two weeks of incubation mice were sacrificed and the entire brain was screened for 

retrogradely labelled cells. In general, only a limited number of cells was identified 

throughout the brain indicating that comparably few cells have direct connections to SN 

CRHR1 neurons. Labelled cells were partially detected in the CeA and BNST but not in the 

IPACL.   

 

4.5.2 Rabies virus tracing reveals main brain regions projecting into the SN 
 

Since we found only limited synaptic connections between SN CRHR1 neurons and CRH 

neurons, we switched our attention toward the two main neuronal populations in the SN, 

dopaminergic (TH) and GABAergic (PV) neurons. I injected helper virus (AAV1-CBh-DIO-

TVA-GFP-OG) into the SN of PV-Cre and Dat-CreERT2 animals. Two weeks afterwards I 

injected the rabies virus in the same region. One week after the injection of rabies virus mice 

were sacrificed and subjected to detailed anatomical studies. Quantification of the labelled 

cells showed that the main input into SN PV neurons originated in the striatum and globus 

pallidus (GP). In addition, there were also projections coming from the CeA, PAG and the 

IPACL (Fig 20a and c). In case of dopaminergic neurons, they are receiving projections from 

the striatum, GPe, CeA, BNST and IPACL. These results demonstrate that striatal and 

extended amygdala regions are providing the main input of the SN. Moreover, there is a 

reasonable amount of projections from the CeA (Fig 20b and d). However, the IPACL 

doesn’t seem to have strong synaptic connections with these two cell types. Together with the 

result of CRHR1-Cre animals, we can conclude that IPACL CRH neurons have minimum 

synaptic connections with the main types of neurons present in the SN.         
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Fig 20. Rabies virus tracing revealed direct connections of extended amygdala with the SN  

Rabies virus was injected into the SN of PV-Cre and Dat-CreERT2 mice. One week after injection virus 

expression was assessed throughout the brain. I was able to find the cells in SC, PAG, GPe, CeA, IPACL and 

striatum of PV-Cre mice. In Dat-CreERT2 mice labelled cells were observed in the BNST, GPe, CeA, IPACL 

and striatum. Value represent mean ± SEM, scale bar = 200 µm. SC= superior colliculus  
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Functional characterization of CRH/CRHR1-specific neurocircuits 
 

4.6 Activation of CRH neurons in IPACL induces aversive responses 
 

4.6.1 Validation of chemogenetic tools 
 

Before starting chemogenetic manipulation of the circuits of interest, the experimental setup 

was validated. To this end, AAV8-hSyn-DIO-hM3Dq (DREADD) and AAV8-hSyn-DIO-

mCherry (Control) virus were injected bilaterally into the IPACL. Two weeks afterward, 

mice were subjected to an open field for 90 min. There was no difference between control 

and DREADD mice in the first 30 min without CNO administration. Ten minutes after the 

administration of CNO, DREADD mice started to show hyperactivity until the end of the test 

(Fig 21d). Mice were sacrificed afterwards and the number of cFos positive cells in the 

IPACL was assessed as a marker for neuronal activation. Both viruses showed similar 

spreading when comparing control and DREADD mice (Fig 21a). With CNO administration, 

DREADD mice showed an increased number of cFos positive cells in the IPACL (Fig 21b, c 

and e).     
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Fig 21. Functional validation of DREADD activity in the IPACL 

(a) Representative images of coronal brain sections of CRH-iCre animals injected with AAV8-hSyn-DIO-

hM3Dq-mCherry virus in the IPACL. (b) Images of virus injection comparing control and DREADD-expressing 

animals. (c) cFos staining demonstrates more activated cells been in the DREADD-expressing animals after 

CNO administration. (d) 90 min open field test with CNO administration at 30 min showing increased 

locomotor activity in DREADD-expressing animals (Repeated measures two-way ANOVA, main effect of 

DREADD, F1,7 = 6.28, p = 0.04). (e) DREADD-expressing animals showed significantly more cFos cell 

numbers in the IPACL compared to the control animals (p < 0.0001, t = 8.04). Values represent mean ± SEM, 

scale bar = 200 µm, *** p < 0.0001.   
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4.6.2 Activation of CRH neurons in the IPACL contributes to behavioural arousal  
 

After functional validation of the DREADD activation I started to evaluate the behavioural 

changes after chemogenetically activating CRH neurons in the IPACL. I subjected mice to 

the open field, elevated plus maze, dark light box, marble burring and novelty suppressed 

feeding test. DREADD-expressing mice showed maladaptation to the novel environment in 

the open field and arousal as indicated by hyperlocomotor activity and more entries into the 

centre zone without spending more time in the centre zone (Fig 22a). In the elevated plus 

maze, DREADD-expressing mice showed significantly increased activity with more distance 

travelled. Due to the increase of activity, they also spent more time in the open arms and 

made more entries into the open arms (Fig 22b). DREADD-expressing mice showed more 

entries into the lit compartment of the dark light box but without spending longer time in the 

lit compartment, a phenotype which matches the result of the open field (Fig 22c). To 

understand whether the behavioural changes are due to generally altered locomotor activity or 

changes in arousal behaviours, we subjected mice to marble burring and novelty suppressed 

feeding tests. These tests showed that DREADD-expressing mice buried more marbles 

compared with control mice (Fig 22d). Moreover, the first latency to approach food was 

increased while they spent less time on eating (Fig 22e). These findings suggest that the main 

behavioural changes arise from hyperarousal behaviour. The forced swim test was conducted 

as an indicator of coping behaviour in our study. Our results showed that there is no 

difference between control and DREADD-expressing mice with respect to the parameter of 

swimming, struggling and floating time, suggesting no effect on coping-like behaviour after 

activation of CRH neurons in the IPACL (Fig 22f). 
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Fig 22. Activation of CRH neurons in the IPACL triggers arousal behaviours 

(a) DREADD mice showed hyperactivity and delayed habituation in the open field (Repeated measure two-way 

ANOVA, F1,22 = 17.49, p = 0.0004). They showed more entries (p = 0.005, t = 3.1) without spending more time 

in the centre zone (p = 0.5, t = 2.1). (b) DREADD mice showed hyperactivity in the elevated plus maze with 

more distance travelled (p < 0.0001, t = 5.6), more time in the open arms (p = 0.0002, t = 4.4) and more 

transitions into the open arms (p < 0.0001, t = 6.03). (c) DREADD mice entered the lit zone of the dark light 

box more often (p = 0.003, t = 3.3) without spending there more time (p = 0.4, t = 0.85). (d) DREADD mice 

buried more marbles compared with control mice (p = 0.03, t = 2.2). (e) DREADD mice approached the food 

later than control mice in the novelty suppressed feeding test (p = 0.0009, t = 3.9). They also spent less time on 

eating (p = 0.01, t = 2.56) and reduced number of approaching the food (p = 0.01, t = 2.63). (f) No difference 

between DREADD and control animals in coping behaviour. There is no difference in time of swimming, 

struggling and floating after activation of IPACL CRH neurons.  Value represent mean ± SEM, * p < 0.05, ** p 

< 0.01, *** p < 0.0001.   

 
4.6.3 Activation of IPACL CRH neurons results in increased plasma corticosterone level 
 

To further investigate the hyperarousal state of the DREADD-expressing mice we collected 

blood from control and DREADD-expressing mice from different time points after CNO 

applications to measure plasma corticosterone. We detected no difference between two 

groups during basal condition. However, DREADD-expressing mice showed significantly 

higher plasma corticosterone concentration 30 and 90 min after the administration of CNO 

indicating a higher state of arousal of mice following activation of CRH neurons in the 

IPACL (Fig 23).    
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Fig 23. Plasma corticosterone levels following activation of IPACL CRH neurons 

Plasma corticosterone levels were measured under basal condition (0), following 30 and 90 min of CNO 

administration indicating elevated plasma corticosterone levels after CNO injection (Repeat measure two-way 

ANOVA, F2,42 = 42.7, p < 0.0001). The DREADD-expressing mice show significantly higher plasma 

corticosterone level compared to control mice 30 and 90 min after CNO administration (F1, 42 = 7.39, p = 

0.0095). Value represent max to min, * p < 0.05.  

 

4.6.4 Activation of IPACL CRH neurons induced conditioned place aversion 
 

We hypothesized that activation of CRH neurons in the IPACL will have aversive effects. 

Therefore, DREADD-expressing and control animals were subjected to a conditioned place 

preference test using CNO to stimulate IPACL CRH neurons. After testing the initial 

preference of the mice, the preferred side was assigned to CNO administration. The three-day 

conditioning protocol in the chamber is followed by a preference test without administration 

of CNO (Fig 24a). DREADD-expressing animals showed conditioned place avoidance 

behaviour by avoiding the chamber paired with CNO while control animals kept the initial 

preference (Fig 24b and c). This result provides evidence that activation of CRH neurons in 

the IPACL contributes to arousal and place avoidance behaviours.   
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Fig 24. Activation of CRH neurons in the IPACL triggers place aversion 

(a) Experimental scheme indicating virus injection and conditioned place preference paradigm. (b) Heatmap 

showing the time spent in a particular chamber of the first apparent. DREADD-expressing animals avoided the 

CNO-paired chamber in the preference test. (c) DREADD-expressing mice showed avoidance of the CNO 

paired chamber following activation of CRH neurons in the IPACL indicating place aversion behaviour (Two-

way ANOVA, Bonferroni’s multiple comparison test, p = 0.006, t = 3.70). Value represent mean ± SEM, ** p < 

0.01. 

 

4.6.5 Validation of optogenetic tools 
 

DREADDs are tools enabling rather local activation or inhibition of neurons. In contrast, 

optogentic tools provide better access to interrogate a system on the circuit level. At the first 

place, the proper surgical and validation procedure was established (Fig 25a). Four weeks 

after the virus injection (IPACL) and optic fibre implantation (IPACL), mice were sacrificed 

90 min after light stimulation (473nm, 20Hz, 5 min light on, 5 min light off for 3 times). cFos 

expression was assessed as an indicator of neuronal activation. The analysis showed that 

there is increased cFos expression in AAV-hSyn-DIO-ChR2(H134R)-EYFP injected mice 

but not in control mice following light stimulation (Fig 25b).     
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Fig 25.  Expression of channelrhodopsin and activation of cFos following optogenetic 

stimulation 

(a) Representative images of coronal brain sections of CRH-iCre animals injected with AAV5-Ef1a-DIO-ChR2-

EYFP and AAV5-Ef1a-DIO-EYFP virus in the IPACL. (b) ChR2 animals showed significantly more cFos 

positive cells in the IPACL compared to the control animals. Scale bar = 200 µm.       

 

4.6.6 Optogenetic activation confirmed that CRH neurons in the IPACL contribute to 
place aversion 
 

After validation of optogenetic tools, mice were subjected to a real time place preference test 

(RTPP). First, the initial preference of the mice without light (Inactive) was assessed. Then 

the preferred chamber was assigned as light activation chamber. Once mice enter the light 

activation chamber, they will receive 473nm light with a frequency of 20 HZ (Active). Light 

will switch off automatically once the mice entered the other chamber (Fig 26a). There was 

no difference in terms of preference toward the two chambers without light stimulation. 

Accordingly, one chamber was randomly assigned as the light stimulation chamber and the 
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other as neutral. Throughout the test a difference was observed when comparing between 

stimulus and non-stimulus chambers in ChR2 mice. ChR2 mice avoided the chamber paired 

with light indicating place avoidance behaviour which is similar to the result observed by 

DREADD-based activation of CRH neurons in the IPACL (Fig 26b-d). In addition, there was 

no difference between in distance travelled between control and ChR2 mice. This rule out the 

possibility that this difference is affected by increased locomotor activity (Fig 26e). 

     

 

Fig 26. Optogenetic activation of CRH neurons in the IPACL triggers place aversion  

(a) Scheme displaying virus injection and composition of real time place preference paradigm. ChR2 or control 

virus were injected in the IPACL followed by the implantation of optic fibres. (b) Heatmap visualization of the 

cumulative presence of animals in the test compartments. Both groups of mice showed preference to the mosaic 

chamber which we assigned as the light chamber. After light activation the control group maintained the same 

preference but animals of the ChR2 group showed place aversion avoiding the light chamber. (c) No difference 

in locomotor activity was observed between both groups (p = 0.66, t = 0.45). (d) The ChR2 group avoided the 

light chamber indicating place aversion behaviour after activation of the CRH neurons in the IPACL (Two–way 

ANOVA, Bonferroni’s multiple comparison, p < 0.0001, t = 3.86). (e) In ChR2 animals significantly more cFos 
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positive cells were detected in the IPACL after light activation (p < 0.0001, t = 6.32). Values represent mean ± 

SEM, *** p < 0.0001.       

 

4.6.7 Stimulation of CRH projections from the IPACL into the SN triggered place 
aversion 
 

The activation of CRH neurons in the IPACL triggered place aversion behaviour raising the 

question whether projections of CRH neurons from IPACL into the SN contribute to the 

behavioural outcomes. Therefore, we injected ChR2 virus in the IPACL and implanted the 

optic fibres in the SN enabling manipulation of axon terminals of CRH projecting neurons 

(Fig 27a). When mice were subjected to RTPP, ChR2 mice showed strong place aversion 

compared with control mice (Fig 27b-d). General locomotor activity was not affected. After 

light activation mice were sacrificed cFos expression in the SN was quantified. Mice of the 

ChR2 group showed a significant increase of cFos positive cells in the SN compared to 

control mice. This indicates that activation of terminals of IPACL CRH neurons in the SN 

was able to trigger place aversion behaviours (Fig 27e).  
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Fig 27. Activation of terminals of IPACL CRH neurons in the SN is sufficient to trigger place 

aversion behaviour 

(a) Scheme displaying virus injection and placement of optic fibres. ChR2 or control virus were injected in the 

IPACL followed by the implantation of the optic fibres in the SN.  (b) Heat map showing the initial preference 

(Inactive) of the mice. Both groups preferred the chamber without light stimulation. The ChR2 animals showed 

place aversion by avoiding the light chamber while the control animals maintained the initial preference. (c) No 

difference in locomotor activity was observed between both groups (p = 0.62, t = 0.49). (d) The ChR2 animals 

avoided the light chamber indicating place aversion after activating the terminals of IPACL CRH neurons in the 

SN (preference index: two-way ANOVA, Bonferroni’s multiple comparison test, p = 0.008, t = 3.7). (e) There 

were significantly more cFos positive cells in the SN of the ChR2 animals demonstrating the successful 

activation of neurons with light (p < 0.0001, t = 7.13). Value represent mean ± SEM, ** p < 0.01, *** p < 

0.0001.  
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4.7 Activation of CRHR1 neurons in the SN promotes anxiogenic behaviours 
 

4.7.1 Activation of CRHR1 neurons in the SN promotes anxiogenic behaviours 
 

Our results revealed that the IPACL strongly projects into the SN. From previous anatomical 

studies we understand that there is little to none CRH expression in the SN. This leads to the 

interesting question: where does CRH released from IPACL CRH neurons axon terminals 

act? From previous studies, we know that CRHR1 is highly expressed in the SN and we 

hypothesized that this is the site where CRH released from projections might act. To test our 

hypothesis, we use again chemogentics as a method to activate local CRHR1 neurons. After 2 

weeks of virus injection, we subjected mice to the same behavioural test batteries. To our 

surprise, there was neither difference in locomotor activity between control and DREADD-

expressing mice nor any other difference in the open field (Fig 28a). Similar results were 

observed in the elevated plus maze with a slight trend pointing toward anxiogenic behaviour 

(Fig 28b). In the dark light box, DREADD-expressing mice spent less time spent in the lit 

compartment and had fewer entries to the lit compartment (Fig 28c). In the marble burying 

test, DREADD-expressing mice buried more marbles in comparison with control mice. In the 

novelty suppressed feeding test DREADD-expressing mice showed a longer latency before 

starting to eat (Fig 28d and e). Together, these results indicate that activation of CRHR1 

neurons in the SN promotes a slight increase of anxiety-like behaviours. We also checked the 

cFos expression after administration of CNO confirming the CRHR1 neurons were activated 

by CNO (Fig 29).     
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Fig 28. Activation of CRHR1 neurons in the SN promotes increased anxiety-like behaviour. 

(a) No difference between DREADD-expressing mice and the control group was observed with regards to the 

distance travelled (F1,14 = 0.01, p = 0.92) the time spent in the centre zone (p = 0.93, t = 0.08) or in the entries 

into the centre zone (p = 0.74, t = 0.33) of the open field. (b) No difference was observed in the elevated plus 

maze with respect to distance travelled (p = 0.22, t = 1.28), time spent in open arms (p = 0.27, t = 1.13) or 

entries into open arms (p = 0.33, t = 0.99) comparing DREADD-expressing mice and control mice. (c) 

DREADD-expressing mice spent less time (p = 0.018, t = 2.68) and have less entries into the lit compartment (p 

= 0.008, t = 3.09) of the dark light box. (d) DREADD-expressing animals buried more marbles compared to the 

control group (p = 0.01, t = 3.03). (e) DREADD-expressing animals had a longer first latency to eat (p = 0.007, t 

= 3.13) without differences in time spent on eating (p = 0.21, t = 1.31) and times approaching food (p = 0.08, t = 

1.83). Value represent mean ± SEM, * P < 0.05, ** P < 0.01.   

 

 

Fig 29. Virus and cFos expression in CRHR1-Cre mice  

(a) Representative images of AAV8-Ef1a-Flex-mCherry and AAV8-hSyn-DIO-mCherry injected into the SN. 

(b) Virus distribution in the SN with TH staining delineating the structure of the SN. (c) cFos staining showing 

CRHR1 neurons are activated following the administration of CNO. (d) Quantification of cFos positive cells in 

the SN demonstrating significant difference between DREADD-expressing mice and control mice (p < 0.0001, t 

= 11.73). Value represent mean ± SEM, *** p < 0.0001.  Scale bar = 200 µm.  
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4.7.2 CRHR1 is essential for aversive behaviour 
 

Previous results demonstrate that activation of CRH neurons in the IPACL triggers aversive 

responses in mice. As a next step, it was of interest to test whether CRH as a peptide 

activating CRHR1 plays a role in this process or if the effect is rather triggered at the level of 

circuit communication. To answer this question, DREADD virus was injected in two 

experimental groups of animals: 1. CNO administration (CNO) and 2. CNO together with 

systemic administration of the selective CRHR1 antagonist R121919 (CNO + R121919, i.p. 

10 mg/kg). Mice were subjected to the same behavioural paradigms used in previously 

experiments. I observed similar behavioural effects in the group receiving CNO only as in 

previous experiments (e.g. hyperlocomotor activity and arousal). In case of R121919 

administration, the antagonist significantly blunted the effects of activation induced by CRH 

neurons in the IPACL. The differences were first observed in the 90 min open field (Fig 30).  

 

 

Fig 30. CRHR1 antagonist R121919 blocks CNO-induced increase in locomotor activity 

Mice were injected with AAV8-hSyn-DIO-hM3Dq-mCherry in the IPACL and subjected to a 90 min open field 

test which they were allowed to freely explore. Mice were injected either 10 mg/kg of R121919 or saline 15 min 

after the first entry to the arena. At 30 min, both groups received 5 mg/kg of CNO, and were allowed to explore 

the arena until the end of the test. The result showed that there is an increased locomotor activity in the pure 

CNO group while CNO + R121919 remained unaffected (Repeat measured two- way ANOVA, F1,17 = 5.10, p = 

0.03). Value represent mean ± SEM, * p < 0.05.    
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In addition to the locomotor effect observed in the open field, our data showed that R121919 

reversed the maladaptive behaviour in the open field. R121919 animals also entered the 

centre less compared to the CNO animals while there was no difference on the time spent in 

the centre zone (Fig 31a). No differences were observed in the elevated plus maze comparing 

the two groups (Fig 31b). In the dark light box, R121919 reduced transitions into the lit zone 

without affecting the time spent in the lit zone (Fig 31c). cFos expression was assessed in the 

SN showing that R121919 indeed blocked the CRH triggered activation in the SN after 

activation of IPACL CRH neurons by CNO administration (Fig 31d).    

 

 

Fig 31.  CRHR1 antagonist R121919 blocked CNO induced arousal behaviour 

(a)  In the open field the CNO + R121919 group showed lower locomotor activity (Repeated measured two-way 

ANOVA, F1,17 = 8.97, p = 0.0081) and showed less entries into the centre zone (p = 0.017, t = 2.66) but no 

changes in time spent in the centre zone (p = 0.57, t = 0.56) compared to the CNO group. (b) In the elevated 

plus maze no difference in activity, time spent in the open arms and entries into the open arms were observed 
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(Distance, p = 0.073, t = 1.9; time spent in open arms, p = 0.075, t = 1.89; entries in to open arms, p = 0.12, t = 

1.62). (c) CNO+R121919 animals made less transitions into the lit zone (p = 0.022, t = 2.54) but do not spend 

less time in the lit zone (p = 0.12, t = 1.64). (d) CNO+R121919 animals have less cFos positive cells in the SN 

indicating the activation of neurons following CNO administration is blocked by CRHR1 antagonist R121919 (p 

< 0.0001, t = 5.29). Value represent mean ± SEM, * p < 0.05, *** p < 0.0001. 

 

Moreover, in the CPP, R121919 was able to revert the place aversion compared to the CNO 

group which avoided the CNO paired chamber (Fig 32b and c).  Overall, these results 

suggested that CRH itself is essential for triggering of aversive responses. These results also 

indicated that the aversive responses triggered by activation of CRH neurons in the IPACL 

was CRHR1 dependent.  
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Fig 32. The CRHR1 antagonist R121919 is sufficient to block CNO-induced place aversion 

(a) Scheme displaying virus injection and conditioned place preference paradigm. Gq-DREADD or control virus 

was injected in the IPACL. Both groups of animals were paired with saline in the morning. In the afternoon one 

group was paired with CNO and the other group with CNO+R121919 (b) Heat map showing the initial 

preference of the mice indicating that both groups of animals preferred the mosaic chamber. The DREADD-

expressing animals showed place aversion by avoiding the chamber paired with CNO while the antagonist 

treated animals maintained the initial preference. (c) Calculated preference index indicating the DREADD-

expressing animals avoided the CNO-paired chamber indicating place aversion after activating the CRHR1 

neurons of IPACL (Two-way ANOVA, Bonferroni’s multiple comparison, p < 0.0001, t = 5.94). Value 

represent mean ± SEM, *** p < 0.0001. 
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4.8 Globus pallidus CRHR1 neurons are involved in anxiety circuits 
 

4.8.1 CRHR1 is strongly expressed in neurons of the globus pallidus  
 

The results indicated that CRH neurons from IPACL have only limited synaptic contacts with 

CRHR1 neurons in the SN. This raises the question where the terminals of IPACL CRH 

neurons release the peptide and on which CRH receptors it is acting. Previous studies have 

demonstrated that there is strong expression of CRHR1 neurons in telencephalic structures 

related to the basal ganglia including the patches of the striatum and globus pallidus external 

(GPe). To investigate the identity and properties of these a staining for PV were performed in 

the GPe identifying 60% of colocalization between CRHR1 neurons and PV neurons. In the 

other way around there are 80% of PV neurons colocalizing with CRHR1 neurons (Fig 33a-

c).    
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Fig 33. Characterization of Globus pallidus CRHR1 neurons projecting to the SN  

(a) Representative image showing nuclei of CRHR1 neurons in the globus pallidus colocalizing with PV. (b)  

Representative image showing GPe CRHR1 neurons sending projections toward the SN, enlarged images 

showed CRHR1 neurons projecting to PV neurons. (c) Quantification of different cell types in the GPe 

demonstrating 60% of the CRHR1 neurons are PV positive. (d) Scheme showing virus injection plans and 

projections of different neurons in the GPe to the SN. (e)(f) CRHR1 neurons in the GPe are PV positive and 

innervated PV neurons in the SN. Value represent mean ± SEM, scale bar = 200 µm. 
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4.8.2 Parvalbumin positive CRHR1 neurons in the globus pallidus project into the SN   
 

Since there are numerous reports demonstrating strong connections between striatal structures 

and the SN we would like to see where exactly those CRHR1 neurons project. We injected 

AAV-Ef1a-Syp-mCherry virus into the GPe of CRHR1-Cre mice and found strong 

projections into the SN. We further performed a PV staining in the SN and were able to 

identify the targets of CRHR1 projections in the SN as PV neurons. PV neurons are mostly 

described as local projecting interneurons. However, CRHR1-PV neurons in the GPe are 

seemingly long-range projecting neurons. Next, we wanted to understand what the functional 

impact of this projection is. 

Fig 34. CRHR1 neurons in the GPe also trigger place aversion 

(a) Scheme displaying virus injection and conditioned place preference paradigm. hM3Dq-DREADD or control 

virus was injected in the GPe. (b) Heat map showing the initial preference of the mice which control groups 

preferred the mosaic chamber and DREADD-expressing animals preferred the other. The DREADD-expressing 

animals showed place aversion by avoiding the CNO-paired chamber while the control animals maintained the 

intimal preference. (c) Preference index showing that DREADD-expressing animals avoided the CNO-paired 

chamber indicating place aversion after activating the CRHR1 neurons in the GPe (Two-way ANOVA, 

Bonferroni’s multiple comparison test, p = 0.006, t = 3.59). Value represent mean ± SEM, ** p < 0.01.  
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4.8.3 Activation of CRHR1 neurons in the GPe contributes to place aversion and 
increases arousal 
 

Cre-dependent DREADD virus (AAV8-hSyn-DIO-hM3Dq-mCherry) was injected into the 

GPe of CRHR1-Cre mice in order to understand the consequence of activating these PV 

positive CRHR1 cells (Fig 34a). In the condition place preference test, DREADD-expressing 

mice showed strong aversion against the chamber paired with CNO compared to control mice 

(Fig 34b and c). 

 

 

 

Fig 35. Activation of GPe CRHR1 neurons results in increased locomotor activity  

Mice were subjected for 90 min to the open field test with CNO administration at 30 min. DREADD-expressing 

mice showed increased locomotor activity compared o control mice similar to effect of activating CRH neurons 

in the IPACL (Repeat measured two-way ANOVA, F1,16 = 7.4, p = 0.014).  Value represent mean ± SEM, * p < 

0.05. 

 

Mice were subjected to the same tests used earlier. DREADD-expressing mice showed 

increased locomotor activity (Fig. 35) and delayed habituation in the open field test with 

overall increased locomotor activity as well as longer time spent in the centre zone (Fig 36a). 

Compared to control mice, DREADD-expressing mice did not show alterations in the 
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elevated plus maze with regards to locomotor, entries into the open arms or time spent in 

them (Fig 36b). However, DREADD-expressing mice presented with more entries into the lit 

zone in the dark light box but did not differ from control mice in the time spent in the lit zone 

(Fig 36c). 

 

 

Fig 36. Activation of CRHR1 neurons in the GPe contributes to behavioural arousal 

(a) DREADD-expressing mice showed maladaptive behaviour in the open field test indicated by higher 

locomotor activity (Repeat measured two-way ANOVA, F1,14 = 6.54, p = 0.022), more time spent in the centre 

zone (p = 0.027, t = 2.43) and more transitions into the centre zone (p = 0.006, t = 3.15). (b) DREADD-

expressing animals were undistinguishable from control mice in the elevated plus maze (Distance, p = 0.05, t = 

2.04; time in open arms, p = 0.38, t = 0.9; entries into open arms, p = 0.31, t = 1.05). (c) In the dark-light box 

DREADD-expressing animals made more transitions into the lit compartment compared to control mice (p = 

0.009, t = 2.94) without staying more time in the lit zone (p = 0.95, t = 0.04). Value represent mean ± SEM, * p 

< 0.05, ** p < 0.01, *** p < 0.0001. 
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cFos expression was inspected in the GPe, showing that there were more cFos positive cells 

in the GPe of the DREADD-expressing animals compared to the control animals, indicating 

the successful activation of CRHR1 neuron in the GPe (Fig 37).  

 

 

Fig 37. CNO activation of CRHR1 neurons induces cFos expression in the GPe  

(a) Comparing cFos expressing in control and DREADD-expressing animals revealed the CNO mediated 

activation of CRHR1 neurons in the GPe. Scale bar = 200 µm. (b) Quantification of cFos positive cells in the 

GPe indicating the activation of GPe CRHR1 neurons following CNO-based activation (p < 0.0001, t = 7.81). 

Value represent mean ± SEM, *** p < 0.0001. 
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4.8.4 Activation of terminals of GPe CRHR1 neurons in the SN is sufficient to trigger 
place aversion 
 

In order to understand whether the axon terminals of CRHR1 neurons projecting from the 

GPe to the SN are contributing to the behaviour outcomes, we injected Cre-dependent ChR2 

(AAV5-Ef1a-DIO-ChR2-EYFP) or GFP (AAV5-Ef1a-DIO-EYFP) expressing virus in the 

GPe of CRHR1::Cre animals (Fig 38a and b). We subjected these mice to a real time place 

preference test. Mice expressing ChR2 in the GPe avoided the chamber in which the ChR2 

was activated by light indicating their aversion against that chamber. This is in line with the 

DREADD-based activation of CRHR1 neurons in the GPe, suggesting activation of CRHR1 

terminals in the SN is sufficient to trigger place aversion (Fig 38c-f). cFos expression in the 

SN was significantly increased in the ChR2 group compared to the control group (Fig 38b).  

      

 

Fig 38. Activation terminals of GPe CRHR1 neurons in the SN triggers place aversion 

(a) Scheme displaying virus injection and placement of optic fibres. ChR2 or control virus were injected in the 

GPe followed by the implantation of the optic fibres in the SN. (b) Representative images of coronal brain 

sections from virus injected animals showing that labelled cells are CRHR1 and PV double positive neurons. 
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Staining of cFos in the SN showed more cFos positive cells in the ChR2 animals compared to control. (c) Heat 

map showing the initial preference (Inactive) of the mice which both groups preferred the black chamber. The 

ChR2 animals showed place aversion by avoiding the light chamber while the control animals maintained the 

initial preference. (d) No difference in locomotor activity was observed between two groups (p = 0.49, t = 0.71). 

(e) The ChR2 animals avoided the light chamber indicating place aversion after activating the terminals of 

IPACL CRH neurons in the SN (Two-way ANOVA, Bonferroni’s multiple comparison test, p < 0.0001, t = 

5.56). (f) There are significantly more cFos positive cells in the SN of the ChR2 animals demonstrating the 

successful activation of GPe CRHR1 neurons with light (p = 0.001, t = 4.56). Value represent mean ± SEM, *** 

p < 0.0001. Scale bar = 200 µm.  
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5. Discussion   
 

After the complete failure of CRH receptor antagonist in clinical trials 253, the approaches that 

scientists pursued to develop treatments for patients suffering from psychiatric diseases has 

been questioned. In the case of CRH, one of the main questions is how and where the 

neuropeptide and its receptors act in the CNS. Numerous studies have demonstrated that 

CRH expression in the rodent brain is restricted to certain regions 254. In contrast, CRH 

receptors are ubiquitously expressed throughout the brain. A study also showed deleting 

CRHR1 in hippocampus and cortex has distinctly different behaviour outcomes compare with 

the one in ventral midbrain 250. This gave us the hint that understanding the connection of 

CRH- and CRH receptor expressing neurons in different brain regions might be one 

important aspect that is still missing in order to develop new clinical interventions based on 

the CRH/CRHRs system. In addition, our previous study suggests that CRH in projection 

neurons of the BNST and CeA affects anxiety-like behaviours via interaction with CRHR1 

expressed on midbrain dopaminergic neurons 243.    

The starting point of this study was to unravel the biological identity of CRHR1 neurons in 

the ventral midbrain which would provide some hints on functional aspects of these cells. 

There are several studies using immunohistochemistry or single cell RNA sequencing to 

specify the cell populations in the ventral midbrain. These studies indicate that there are three 

main neuronal populations in the region: dopaminergic, GABAergic and glutamatergic 

neurons 255,256. We went one step further concentrating on CRHR1 cells. From our results we 

were able to clarify that CRHR1 neurons in the ventral mid brain are heterogenic and 

basically comprise the three main populations of neurons. At this point we can roughly 

separate them into dopaminergic, GABAergic and glutamatergic neurons which also has been 

described in the literatures and confirmed by many others 257,258.  

One of the questions investigated in this study is the connectivity of CRH and CRHR1 

neurons. Since there are little to none CRH positive neurons in the ventral midbrain, this 

raises the question from where and how CRH is transported and released in the midbrain. 

With the help of different anterograde and retrograde tracers, we revealed the main sites of 

CRH expressing neurons projecting into the ventral midbrain. There are specific differences 

between the VTA and SN. The main site of CRH input to the VTA originates in the BNST. 

Furthermore, we were able to further define that lateral posterior part (BSTLP) as the main 
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sub region of the BNST projecting to the VTA. Analysis of our anterograde tracing results 

with a Pearson-correlation test (relative fluorescence strength of projection compare to 

injection site) showed that the VTA is associated with regions such as NAc and PAG. These 

connections have been shown earlier by studies on rewarding behaviour 259-262. Besides its 

strong implication in rewarding behaviour, the VTA has recently been shown to be involved 

in other anxiety-related behaviours 263,264.  Further studies concentrating on the connectivity 

of VTA and anxiety-related brain regions will shed more light on the role of the VTA in 

circuits of emotions.   

 The SN is traditionally thought to be involved in motor-related behaviours especially in the 

field of Parkinson’s disease 265-267. The connectivity of the SN has been studied by many 

groups. However, the connectivity of CRH neurons and the SN is largely unknown 268-271.  To 

our surprise, the main inputs of CRH neurons into SN are from CeA and IPACL. Projections 

from the CeA have been published in previous publications. In contrast, the IPACL has never 

been identified as a major origin of SN afferents. Direct comparison of CeA with the IPACL, 

shows that they both contain CRH positive neurons which are GABAergic. In order to 

understand the differences in connectivity between these two regions and the SN, two 

anterograde tracing viruses with different colours were injected in these regions. From our 

results, we were able to distinguish the anatomical difference of the projections. In general, 

CeA CRH neurons project into various different brain regions. In case of the SN, the main 

input from the CeA is found in the lateral part of the structure. In contrast, IPACL CRH 

neurons project to the medial and lateral part of the SN with more CRH terminals found in 

the medial part.  

The IPAC, is described as a part of the central division of extended amygdala. It is rostrally 

directly continuous with the caudomedial shell of the accumbens and caudally with the 

central amygdaloid nucleus 272. With the help of CLARITY, we were able to show that CRH 

neurons in the lateral part of the IPAC, share the interconnection with CeA CRH neurons. 

IPAC connects with diverse brain regions including the basolateral amygdala 273, the 

paraventricular nucleus of the thalamus 274, the lateral hypothalamic area 275, the ventral 

tegmental area 276,277 and the parafacial zone 273. In contrast, IPACL CRH neurons projections 

are less diverse; they project to the SN and have rather local projection to the IPACM. A 

detailed investigation of the IPACL neurons revealed the heterogeneity of SN projection 

areas. CRH terminals are innervating both dopaminergic and GABAergic cells which 

increases the complexity of this circuit. Exact quantification was not possible but 
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qualitatively it appears that there are slightly more projections innervating dopaminergic 

neurons.  

It is still a mystery how and where CRH is released upon an adverse or stressful event. One 

of the aims of this study was to investigate whether there is a direct synaptic connection 

established between CRH and CRHR1 neurons. A direct synaptic connection between CRH 

and CRHR1 neurons would represent as strong hint that CRH is released from the axon 

terminal and CRHR1 neurons at the post-synapse will be the direct site of action. Therefore, 

rabies tracing experiments were conducted. The first experiment using CRHR1-Cre animals 

was only able to label a limited number of cells in the brain. The main finding was that there 

are connections between striatum and the SN, which can be related to the striatonigral 

pathway. Besides the striatum, minor connections were found between the SN and the CeA, 

BNST as well as the IPACL. This result suggested that there is rather sparse direct synaptic 

connection between IPACL CRH neurons and SN CRHR1 neurons.  

CRHR1 neurons constitute only a subset of GABAergic and dopaminergic neurons in the SN. 

In order to interrogate the synaptic contact of IPACL CRH neurons with GABAergic (PV) 

and dopaminergic neurons in the SN, rabies-based tracings were conducted using PV-Cre and 

Dat-CreERT2 animals. These experiments showed that the main projections targeting the SN 

PV positive neurons are originate from PV positive neurons in the GPe. Cells were also 

detected in the CeA which is in line with the result of anterograde tracing. For IPALC, the 

signal was way weaker compared to the GPe or the CeA, suggesting that terminals of the 

CRH neurons have only sparse synaptic contacts with PV positive and dopaminergic neurons.      



89 
 

 

Fig 39. Connectivity of the SN with the extended amygdala and GPe 

Different anterograde and retrograde tracing methods, revealed the connection map of the SN with regions of 

the extended amygdala including IPACL and CeA as well as GPe. IPACL CRH neurons send long-range 

projections into the SN, both in the medial and lateral part of the region. CRH axon terminals are innervating the 

SN but seemingly establish only sparse connections with GABAergic, dopaminergic or CRHR1 neurons. From 

the CeA, CRH neurons are mainly projecting to the lateral part of the SN and where they have direct synaptic 

connections with CRHR1 neurons as well as GABAergic neurons. GPe PV neurons also show strong 

projections into the SN, having connections with dopaminergic, GABAergic and CRHR1 neurons.   

 

Since the IPACL is part of the extended amygdala, it is suspected to play a role in the 

regulation of stress-related behaviour. In addition, it was associated with disgust behaviour in 

mice recently 278. However, the function of IPACL CRH neurons has not been investigated so 

far. To understand the function of IPACL CRH neurons, these cells were specifically 

activated using Cre-dependent DREADD. Interestingly, activation of CRH neurons in the 

IPACL generated a strong arousal response and place aversion. This result suggests that 

IPACL CRH neurons are able to trigger aversive responses. A similar experiment activating 

CRHR1 neurons in the SN was conducted, which revealed that DREADD-expressing mice 
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show anxiogenic behaviour but otherwise are indistinguishable from control animals. Since 

the SN is a heterogenic region composed of different subtypes of neurons mainly consist of 

DA neurons in the SNc and GABAergic neurons in the SNr which both to some extent 

express CRHR1. Therefore, activating different types of CRHR1 neurons in the SN might 

result in inhibition of each other. This results in the lack of behavioural phenotype of 

DREADD-based activation of CRHR1 neurons in the SN.    

An important question that was addressed in this study is whether CRH is contributing to the 

behavioural outcomes following activation of IPACL CRH neurons. The effects on 

locomotor activity itself suggests the hypothesis that CRH is released upon activation of CRH 

neurons in the IPACL 279. To address this question, the same DREADD experiment was 

performed in the IPACL, but comparing CNO + saline with CNO + R121919 280. From our 

results, we were able to see the ablation of arousal and place aversion behaviours when 

CRHR1 was blocked by systemic administration of R121919, indicating the direct 

contribution of CRH and CRHR1 to the observed behaviours.  

The results from activation of SN CRHR1 neurons raised the question where CRH is released 

and affects the behavioural outcomes we had observed. The SN is strongly interconnected 

with structures of basal ganglia including striatum and the GPe 281,282, which also contain 

CRHR1 expressing neurons. To test the projection of CRHR1 neurons present in these 

structures tracing experiments were performed in the striatum and the GPe using CRHR1-Cre 

mice. Strong CRHR1 expression was detected in the GPe while at the same time those 

CRHR1 neurons project to the SN. Characterisation of the CRHR1 neurons in the GPe 

revealed that CRHR1 neurons are mainly PV neurons which is consistent with previous 

studies 283. Further characterization, revealed that PV neurons send long range projection onto 

PV neurons in the SN which opens up the possibility of presynaptic CRHR1 receptors in the 

SN as potential mediator of CRH released from the IPACL into the SN. Therefore, the 

functional role of this circuit was explicitly addressed. Activation of CRHR1 neurons in the 

GPe had similar effects as activating CRH neurons in the IPACL which was further 

confirmed by optogenetic activation of axon terminals of the CRHR1 neurons. The GPe has 

previously been characterized with respect to its involvement in reward and also anxiety-

related behaviours. CRHR1 neurons in the GPe have been linked with rewarding behaviour in 

studies investigating the connection of GPe and lateral hanebula, which demonstrate that GPe 

projections into the lateral hanebula are reward related. In another study, it was demonstrated 

that dopaminergic and glutamatergic projections into the GPe from the VTA also contribute 
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to reward behaviour in mice 284-287.  Recent studies suggests that activation of GPe PV 

neurons leads to increased locomotor activity 288 and activation of GPe CRHR1 neurons leads 

to anxiogenic behaviour with the contribution of CRH neurons projecting from CeA and 

PVN 289. This study proposes that CRHR1 neurons in the GPe are involved in place aversion 

and arousal behaviour, on top of that, there is evidence that CRHR1 PV positive long-range 

projecting neurons contribute to this behavioural outcome. Rabies virus-mediated tracing 

demonstrated a direct synaptic connection between GPe and SN while the IPACL and the SN 

showed only limited direct contact.    

 

 

Fig 40. CRH projecting neurons in the IPACL trigger aversive behaviours 

CRH neurons in the IPACL project into the SN, however, the neurons show limited direct synaptic connection 

to local SN neurons. Here we hypothesized that CRH neurons after activation will release CRH in the region of 

the SN which contains different types of neurons. The released CRH will be picked up by local neurons as a 

neuromodulator even without synaptic connections. Since local GABA/PV, DA/TH and glutamatergic neurons 

are also expressing CRHR1, we are unable to rule out the role of local CRHR1 neurons. CRH as 
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neuromodulator triggers the aversive behaviour which can be blocked by systemic administration of CRHR1 

antagonist R121919.   

  

In conclusion, this study demonstrates that CRH expressing neurons in the IPACL send long 

range projections into the SN. Furthermore, CRHR1 expressing neurons in the GPe also 

project into the SN. In addition, we are able to describe the function of IPACL CRH and GPe 

CRHR1 neurons upon activation. From these results, we can conclude that CRH is the main 

trigger of aversive responses in the extended amygdala and CRHR1 in the GPe is also a key 

component. In this study we were unable to directly proof that that there are presynaptic CRH 

receptors located on axon terminals of GPe neurons in the SN due to technical limitations. 

However, in the future it will be inevitable to demonstrate the presence of presynaptic 

CRHR1 and its involvement in the regulation of behaviour by CRH released from IPACL 

neurons in the SN.  

Beyond the results presented in this study, there are other CRH circuits in the brain that 

showed the similar functional implication of CRH involving in regulating aversive responses. 

For instance, CRH was found engaging the Locus Coeruleus (LC) noradrenergic system that 

mediates stress-induced anxiety. Endogenous CRH inputs from the amygdala into LC 

increase tonic LC activity, inducing anxiety-like behaviours 290. Furthermore, activation of 

CRH neurons in the amygdala abolished the increasing serotonergic activity in dorsal raphe 

nucleus (DRv) neurons and ameliorated stress-induced anhedonia in susceptible rats 291.  

Another paper suggests CRH is strongly modulated by early-life adversity in the amygdala 

which resulted in aberrant expression of CRH in the amygdala and increased connectivity of 

the nucleus accumbens (NAc) with fear/anxiety regions, disrupting the function of  NAc of 

pleasure and reward 292. In contrast, reward decreases anxiety-like behaviour and stress-

hormone surge induced by acute activation of PVN CRH neurons or repeated stress 

challenge. Repeated stress upregulates glutamatergic transmission and induces an N-methyl-

D-aspartate receptor (NMDAR)-dependent burst-firing pattern in PVN CRH neurons which 

can be abolished by reward consumption 79. Since different CRH/CRHR1 circuits contribute 

differentially to behaviour and even have opposite effects 250, further understanding of the 

CRH/CRHR1 neurocircuits provides an entry point for the development of more accurate 

drug delivery. Selective targeting of specific CRH/CRHR1 circuits might open up novel 

avenues for therapeutic intervention in different psychiatric disorders.  
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Fig 41. CRHR1 from GPe mediating aversive behavior 

Besides the local CRHR1 neurons in the SN, there are PV positive CRHR1 neurons projecting from the GPe 

which have strong connections with local neurons in the SN. Since there is no proof that local neurons are 

directly involved in the arousal and aversive behaviour, we suspect those CRHR1 neurons from the GPe are the 

neurons that receive CRH signaling from the IPACL. In this study, there was no direct evidence of the pre-

synaptic CRHR1 in the GPe, however, evidence of pre-synaptic CRHR1 has been shown in other publication 

modulating the excitatory signals in the hippocampal CA3 293,294.  
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A next step in this study would be using Cre virus (AAV8-Cre) in the SN or GPe of CRHR1-

floxed animals together with DREADD-based activation of IPACL CRH neurons. This 

should provide information with regards to the site where CRH is released to activate CRHR1 

following stimulation in the IPACL. With more bioinformatics support, we hope we are able 

to describe the populations of both CRH and CRHR1 neurons in more detail in the future.  To 

understand the functional circuits between the IPACL and the GPe, calcium imaging or 

electrophysiology will be a good assist. Calcium imaging will allow to monitor cell activity 

in freely moving animals during behavioural tests. Electrophysiological recording will 

provide information on synaptic activity and connectivity between structures. Since this study 

is mainly based on activation of the CRH/CRHR1 system, it is suggested to conduct future 

studies involving inhibition of the system in order to further understand the physiological role 

of this system in regulation of aversive responses. In the future it will be beneficial to develop 

a CRH sensor in order to detect the release of CRH as well as the binding of CRH to its 

receptors. This will provide insight into the question how CRH is triggered at the molecular 

level and how CRH in long-range projecting neurons reaches its target.  
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