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Abbreviations 

 

3V – Third ventricle 

4V – Fourth ventricle 

AAV8 – Adeno-associated virus serotype 8 

ACA – Anterior cingulate area 

act. DREADD – activator DREADD 

ADX – Adrenalectomy 

AHNc – Anterior hypothalamic nucleus 

AHNp – Anterior hypothalamic nucleus, posterior part 

AId – Agranular insular area, dorsal part 

AON – Anterior olfactory nucleus 

AP – Area postrema 

AP-1 – Activator protein-1 

ARH – Arcuate hypothalamic nucleus 

AVP – Arginine vasopressin 

B – Barrington’s nucleus (Pontine Urinary Center) 

BAC – Bed nucleus of the anterior commissure 

BNST – Bed nuclei of the stria terminalis 

BSTa – Bed nuclei of the stria terminalis, anterior division 

BSTad – Bed nuclei of the stria terminalis, anterior division, dorsal part 

BSTav – Bed nuclei of the stria terminalis, anterior division, ventral part 

BSTp – Bed nuclei of the stria terminalis, posterior division 

BW – Body weight 

CA – Ammon’s horn (Hippocampal Formation) 

CA3 – Field CA3 

CEA – Central amygdalar nucleus 

CL – Central lateral nucleus of the thalamus 

CLA – Claustrum 

CM – Central medial nucleus of the thalamus 

CN – Cochlear nuclei 

CNO – Clozapine-N-oxide 
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CNS – Central nervous system 

COA – Cortical amygdalar area 

CORT – Corticosterone 

CRH – Corticotropin-releasing hormone 

CRH-R1 – CRH receptor-1 

CRH-R2 – CRH receptor-2 

CRS – Chronic repeated restraint stress 

CVS – Chronic variable stress 

CTXsp – Cortical subplate 

CU – Cuneate nucleus 

CS – Superior central nucleus raphe 

DG – Dentate gyrus 

DIO – Double-floxed inverted open-reading frame 

DMX – Dorsal motor nucleus of the vagus nerve 

DMH – Dorsomedial nucleus of the hypothalamus 

DP – Dorsal peduncular area 

DpMe – Deep mesencephalic nucleus 

DREADD – Designer Receptors Exclusively Activated by Designer Drug 

DTr – Dorsal transition zone 

ECU – External cuneate nucleus 

Epd – Endopiriform nucleus, dorsal part 

EW – Edinger-Westphal nucleus 

FS – Fundus of striatum 

G – Geniculate nucleus 

GABA – Gamma-aminobutyric acid  

GAS – General Adaptation Syndrome 

GLU – Glutamate 

GR – Glucocorticoid receptor 

GU – Gustatory areas 

hM3D(Gq) – Gq coupled human M3 muscarinic receptor 

HPA – Hypothalamo-pituitary-adrenal 

hSyn – human synapsin 1 
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IEG – Immediate-early gene 

IF – Interfascicular nucleus raphe 

ILA – Infralimbic area 

IO – Inferior olivary complex 

IP – Intraperitoneal 

IPN – Interpeduncular nucleus 

ISH – In Situ Hybridization 

LC – Locus coeruleus  

LGv – Ventral part of the lateral geniculate complex 

LHA – Lateral hypothalamic area 

LPS – lipopolysaccharide 

LRN – Lateral reticular nucleus 

LS – Lateral septal nucleus 

LV – Lateral ventricles  

LVOV – Lateral and ventral orbital cortex ventral part 

MC2R – Melanocortin type II receptor 

MCLHD – Magnocellular nucleus, lateral hypothalamic area dorsal part 

MCLHV – Magnocellular nucleus, lateral hypothalamic area ventral part 

ME – Median eminence 

MEA – Medial amygdalar nucleus 

Mm – Mus musculus 

MOBgl – Main olfactory bulb, glomerular layer 

MOBopl – Main olfactory bulb, outer plexiform layer 

Mop – Primary motor area 

MOs – Secondary motor area 

MPN – Medial preoptic nucleus 

MR – Mineralocorticoid receptor  

MV – Medial vestibular nucleus 

NB – Nest building 

NCBI – National Center for Biotechnology Information 

NE – Novel environment  

NLOT – Nucleus of the lateral olfactory tract 
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NTS – Nucleus of the solitary tract 

O – Orbital cortex 

OF – Open field 

OT – Olfactory tubercle 

PAG – Periaqueductal gray 

PCG – Pontine central gray 

PeF – Perifornical nucleus 

PG – Pontine gray 

PGdm – Pontine nucleus, dorsomedial part 

PHd – Posterior hypothalamic nucleus, dorsal part 

PHp – Posterior hypothalamic nucleus, posterior 

PHv – Posterior hypothalamic nucleus, ventral part 

PIL – Posterior intralaminar thalamic nucleus 

PIR – Piriform area 

PL – Prelimbic area 

PM – Premammillary nucleus 

PMTH – Posteromedial thalamic area [intermediodorsal nu of the thalamus; 

subparafascicular area] 

POMC – Pro-opiomelanocortin 

PRC – Precommissural nucleus 

PRP – Nucleus prepositus 

PSTN – Parasubthalamic nucleus 

PVH – Paraventricular hypothalamic nucleus 

PVR – Periventricular region 

PVTa – Paraventricular nucleus of the thalamus, anterior 

PVTp – Paraventricular nucleus of the thalamus, posterior 

RE – Nucleus reuniens 

RFP – Red fluorescent protein 

RH – Rhomboid nucleus 

ROI – Regions of interest 

RPA – Nucleus raphe pallidus 

RSP – Retrosplenial area 
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SAM – Sympathetic-adreno-medullar 

SCH – Suprachiasmatic nucleus 

SCs – Superior colliculus, sensory related 

SHRP – Stress hyporesponsive period 

SNc – Substantia nigra, compact part 

SO – Supraoptic nucleus 

SSp – Primary somatosensory area 

SSs – Supplemental somatosensory area 

STN – Subthalamic nucleus 

SUM – Supramammillary nucleus 

TRN – Tegmental reticular nucleus 

TST – Tail suspension test 

TTv – Taenia tecta, ventral part 

VMH – Ventromedial hypothalamic nucleus 

X – Nucleus x 

XII – Hypoglossal nucleus 

ZI – Zona incerta 
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1. Introduction 

1.1. Dynamic equilibrium from the aspect of an organism 

The concept of homeostasis stands as a fundamental principle crucial for preserving 

the stability of living systems. The term – which was conceived to elucidate the concept 

of “milieu intérieur” previously described by Claude Bernard (1) – was coined by Walter 

Cannon in 1926 (2) and gained widespread recognition in 1932 with the publication of 

his book, The Wisdom of the Body (3). Cannon postulated that physiological variables 

(e.g. blood pressure, pH, body temperature) are maintained within a specific range 

through the control of feedback system, which regulation ensures the stability of the 

internal environment (4). The concept was extended by Carl Richter, who acknowledged 

that the maintenance of homeostasis involves not only the internal control system but 

also the significant contribution of behavioral responses (5). In the late 20th century, 

James Hardy proposed the idea that values of physiological variables are perpetually 

compared to a predetermined "set point" through homeostatic mechanisms to keep them 

within a sufficient range (6). Therefore, while it is possible to designate a mean value 

for each physiological parameter, general tendency is for that value to fluctuate within 

a defined range, thereby engendering dynamic equilibrium. 

Any external or internal stimulus that disrupts homeostasis − commonly referred to 

as a stressor − elicits stress response. This non specific, adaptive reaction of the 

organism confers adaptability to the changing environment through behavioral, 

metabolic and autonomic nervous system responses. The concept of stress was initially 

introduced by Hans Selye in 1936. He wrote: „Stress is a nonspecific response of the 

living organism to any demand for change.” (7). Hans Selye further delineated three 

stages of the stress response (alarm reaction, active resistance and exhaustion) through 

General Adaptation Syndrome (GAS) (8, 9) and defined the pathological „triad of 

stress” that he observed to appear consistently after exposure to various stressors, 

regardless of their nature: enlargement of adrenal glands, involution of thymus and 

appearance of gastrointestinal ulceration (10). He asserted that “Stress is the spice of 

life”, underscoring its essential role as a vital component of existence. 

The absence of stress can potentially lead to a state of inactivity and boredom, 

ultimately resulting in a diminished quality of life (11). Thus, stress is indeed a 
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fundamental element of our existence. However, it is crucial to distinguish between 

eustress, which yields favorable effects, and distress, which has a negative impact. The 

aftermath of the stress reaction is contingent upon the nature of the triggering stimuli, 

the duration of exposure and the individual’s unique perception and physiological 

response to the specific stressor (12). From the aspect of stimulus type, stressors can be 

differentiated based on their mode of action (e.g. physical, psychological) (13). In terms 

of duration, stress can be categorized as short-term (acute) and chronic stress. In case of 

chronic stress, the organism is exposed to a stressor for an extended period or is 

frequently exposed to various stressors over time (14). To gain a better understanding 

of the uniqueness of an individual’s reaction to a stressor, it is essential to consider the 

match/mismatch and cumulative stress hypotheses. According to these hypotheses, the 

likelihood of an individual experiencing distress increases with the greater the disparity 

between conditions in early and adult life environments, or with an overall increase in 

adversity (15, 16).  

In summary, while mild stress can enhance the efficiency of one's performance, 

excessively intense, repetitive or prolonged exposure to stress can ultimately result in 

failure of coping strategies. Development of behavioral biases, involving alterations in 

cognition, memory, learning, and emotional reactions or pathological conditions such 

as anxiety, depression, and cognitive impairment can occur (17-19) (Figure 1).  

Figure 1. Stress curve. Efficiency of the performance is highly dependent on the level 

of stress exposure.  
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1.2. Stress in general 

Since the discoveries of Walter Canon and Hans Selye in the past century, our 

understanding of stress has significantly expanded, owing to the numerous research 

conducted within the field. It is established, that a diverse array of brain structures – 

stress system – participates in the generation and regulation of stress response. While 

various stressors necessitate the collaboration of diverse cell types and neuronal 

networks across distinct brain regions, the precise mechanisms through which each type 

of stressor acts remain incompletely understood to date (20). 

There is an immediate response to a threatening external or internal stimulus. The 

interplay of nervous, endocrine and immune systems promptly leads to activation of the 

sympathetic-adreno-medullar (SAM)-, and the hypothalamo-pituitary-adrenal (HPA) 

axis (21). SAM response is orchestrated by the sympathetic nervous system and is 

primarily mediated by catecholamines (epinephrine and norepinephrine) secreted by 

adrenal medulla (22). In contrast, HPA axis operates through regulation of hormonal 

secretion. Alterations stemming from activation of both axes occur within a few seconds 

to minutes, leading to heightened alertness and vigilance of the subject, which enables 

a more precise assessment of the ongoing situation. Beyond behavioral changes, a 

cascade of physiological adaptations takes place. In order to provide sufficient energy 

to confront the emerging crisis, physical adaptation facilitates the redirection of vital 

substrates by mobilizing all available resources (increasing blood glucose, lipolysis and 

proteolysis). Simultaneously, energy-consuming processes, including digestion and 

reproduction, are suppressed (23). These adaptations afford the subject opportunity to 

react quickly, even in life-threatening situations and enable a rapid decision on whether 

it is advisable to confront the challenge (fight) or to retreat (flight). This concept is 

referred to as fight-or-flight response (24, 25). 

Stress response should be proportionate to the degree of threat posed by the stessor. 

The rate and temporality of induced alterations must provide the organism with 

sufficient resources and time to restore its steady state and maintain the homeostasis. 

However, it is essential to avoid under- or overshooting of the response, leading to a 

pathologic stress response, which may result in lasting damages (23).  
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Although the two aforementioned axes jointly orchestrate the stress response – as 

optimal functioning of SAM and HPA systems necessitates their complementary co-

activation (26) – they are often examined independently. SAM system is recognized for 

initiating responses within seconds, leading to short-term effects that typically subside 

20-60 minutes post-challenge (20). In contrast, HPA system is generally characterized 

as having a slower but prolonged and permissive impact, allowing normalization of 

defense responses over time (27, 28).  

 

1.3. Hypothalamo-pituitary-adrenal (HPA) axis 

1.3.1. Paraventricular nucleus of the hypothalamus (PVH) 

The operation of the hypothalamo-pituitary-adrenal axis is orchestrated by the 

paraventricular nucleus (PVH) of the hypothalamus. This specific brain region is in the 

perfect position to integrate stress-related information (nociceptive, visual, 

somatosensory, acoustic, visceral and blood derived signals) and initiate neuroendocrine 

stress response through adaptive neuroendocrine-, autonomic-, metabolic- and 

behavioral responses (29-31). Systemic stress related afferents ascend from the 

brainstem (solitary tract, locus coeruleus, ventrolateral medulla) and convey their 

information directly through catecholaminergic (noradrenergic) pathways. In contrast, 

psychological stressors are mediated by various indirect inputs. For instance, limbic 

structures (e.g. lateral septum, hippocampus, central and medial amygdala) affect the 

stress axis through interconnections with other brain regions, mainly acting on neurons 

of bed nuclei of the stria terminalis (BNST) or the peri-PVH region (32, 33).  

According to literature, various stressors evoke different patterns of neuronal 

activation within the PVH, which reflects the structural complexity of the region (13, 

34). PVH neurons can be categorized into three classes: magnocellular cells, 

hypophyseotropic parvocellular cells and preautonomic (extrahypophyseotropic) 

parvocellular cells. Each type can be distinguished based on their morphology and 

function. Magnocellular neurons have large and round cell bodies with fewer dendritic 

arbors. These cells synthesize arginine vasopressin (AVP) and oxytocin, which they 

release into the general circulation through direct axonal transport that terminates in the 

neurohypophysis. AVP is best known for its role in maintaining the osmotic balance of 

the organism, while oxytocin is mainly recognized for its involvement in reproduction 



14 

 

and bonding. In contrast to the magnocellular cells, the smaller parvocellular neurons 

exhibit a greater number of dendritic branches. Corticotropin-releasing hormone (CRH) 

neurons of the PVH also belong to the cluster of parvocellular neurons. These CRH cells 

can be further divided into two subgroups. Preautonomic parvocellular CRH cells 

project to the brainstem (e.g. locus coeruleus, parabrachial nucleus) and to the spinal 

cord and mediate autonomic stress reaction. In contrast, hypophyseotropic CRH neurons 

are the key regulator cells of HPA axis and innervate the external zone of median 

eminence (ME) and release CRH into the portal system of the adenohypophysis 

(anterior lobe of the pituitary gland) (31, 35). Hypophyseotropic parvocellular cells have 

been shown to co-release AVP and oxytocin as well. These peptide hormones play an 

essential role in the regulation of stress cascade via potentiating CRH action at the 

pituitary (33).  

Numerous stimulatory and inhibitory pathways ensure the optimal responsiveness 

of HPA axis by acting on the CRHPVH neurons. CRH cells of the region are mainly 

regulated by three neurotransmitters (Figure 2). Principal inhibitory neurotransmitter is 

the gamma-aminobutyric acid (GABA), which binds to GABAA receptors. PVH 

receives GABAerg imputs from the area surrounding the supraoptic nucleus (SO), 

perifornical nucleus (PeF), anterior hypothalamic nucleus (AHNp), bed nuclei of the 

stria terminalis, posterior division (BSTp), prefrontal cortex, hippocampus (HC), peri-

PVH region and from the anterior part of the PVH itself. Another crucial 

neurotransmitter, that plays a key role in direct excitatory actions is glutamate (GLU). 

Several subtypes of metabotropic and ionotropic glutamate receptors have been 

identified within the region. Glutamatergic afferents of the PVH have been reported to 

originate from the ventromedial hypothalamic nucleus (VMH), posterior hypothalamic 

nucleus (PH), dorsomedial nucleus of the hypothalamus (DMH), anterior hypothalamic 

nucleus (AHNc), lateral hypothalamic area (LHA), paraventricular nucleus of the 

thalamus (PVT), medial amygdalar nucleus (MEA), peri-PVH region and from intra-

PVH areas. Third neurotransmitter, that also regulates the neurons of the PVH is 

norepinephrine (NE). The most significant NE innervation of the PVH originates from 

the nucleus of the solitary tract (NTS) of the brainstem. By acting on alpha-1 (α1) and 

beta (β) adrenergic receptors, NE plays both excitatory and inhibitory role. While it can 
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stimulate CRHPVH neurons through triggering glutamatergic afferents, it can also 

modulate GABA release (35). 

Figure 2. Activity of CRHPVH neurons is mainly regulated by three neurotransmitters: 

gamma-aminobutyric acid (GABA), glutamate (GLU) and norepinephrine (NE). 

Paraventricular hypothalamic nucleus (PVH); Corticotropin-releasing hormone 

(CRH); Third ventricle (3V) (35). 

 

1.3.2. Neuroendocrine stress cascade  

Homeostatic challenges activate the HPA axis through the initiation of CRH release 

from the hypophyseotropic parvocellular neurons of the PVH into the portal vasculature 

of the adenohypophysis. Upon binding to CRH receptor-1 (CRH-R1) on the corticotrope 

cells, CRH initiates ACTH secretion. ACTH is derived from pro-opiomelanocortin 

(POMC) precursor polypeptide, along with α-, β- and γ-MSH, CLIP, β-lipotroin, γ-

lipotropin and β-endorfin. The peak of ACTH in the plasma can be detected 5-15 

minutes post-stress (36). ACTH then reaches the adrenal glands through systemic 

circulation. The adrenal cortex consists of three layers. The outer part (zona 

glomerulosa) synthesizes aldosterone (fluid, mineral homeostasis). The middle part 

(zona fasciculata) produces glucocorticoids (and androgens). The inner part (zona 

reticularis) also synthesizes androgens. It is important to highlight that the principal 

glucocorticoid in humans is cortisol, while corticosterone (CORT) in mice. Elevated 

ACTH, acting through melanocortin type II receptors (MC2R), stimulates the two inner 

zones of adrenal cortex, thereby resulting in glucocorticoid and androgen release. 

Deficiency of ACTH leads to atrophy of the two regions. The level of circulating 
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glucocorticoids peaks 15-30 minutes post-stress (31, 33). In target tissues, CORT acts 

on two types of nuclear receptors, the mineralocorticoid (MR, NR3C2) and 

glucocorticoid (GR, NR3C1) receptors. Basal and stress induced occupancy along with 

the distribution of the receptors differs. As MR exhibits a 10 times greater affinity for 

CORT compared to GR, mineralocorticoid receptors are almost fully occupied even in 

the basal state of the organism. Thus, MR mostly plays role in the early-phase of stress 

response and CORT mainly exerts its effect through glucocorticoid receptors in stress 

reactions. Presence of MR has been described in the region of CA1 and lateral septum 

(LS), while GR can be found in LS, dentate gyrus (DG), NTS, central nucleus of 

amygdala (CEA), PVH and locus coeruleus (LC) (23, 32, 33).  

  

1.3.3. Regulation of HPA axis  

The adaptability of the neuroendocrine stress response is ensured by a multistep 

negative feedback system. The activity of HPA axis is mainly modulated by 

glucocorticoids via various direct and indirect ways. CORT exerts negative feedback 

directly at the levels of hypothalamus and anterior pituitary: in addition to inhibiting the 

secretion of CRH and ACTH, CORT also suppresses the expression of the CRH and the 

precursor of ACTH (POMC) (37). Furthermore, through non-genomic mechanisms, 

glucocorticoids induce endocannabinoid synthesis and release from the CRH cells. 

Endocannabinoids inhibit the CRH neurons via inhibiting the presynaptic excitatory 

cells (38). CORT also has a remarkable impact on the half-life of CRH transcripts as its 

presence induces the degradation of CRH mRNA (31). Glucocorticoids exert indirect 

inhibitory effects through acting on neuronal pathways afferent to the PVH. Significant 

glucocorticoid negative feedback can be observed on the level of limbic areas (e.g. 

hippocampal neurons) (33). The effect of glucocorticoids is region specific. While 

CORT decreases CRH mRNA in the PVH, it has an opposite effect in the CEA and 

BNST. This phenomenon can be explained by the diversity of tissue specific steroid 

receptor coactivators, such as SRC-1 (31). Experiments have shown that adrenalectomy 

(ADX), which leads to CORT deficit, results in increase of HPA axis activity (31). 

Contrarily, administration of dexamethasone – a synthetic corticosteroid agonist – 

inhibits the activity of the axis (38). Schematic image of the HPA axis and the feedback 

system is shown in Figure 3.  
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Feedback system also has a crucial role in regulating the non stress state rhythmicity 

of the neuroendocrine stress axis elements. First, a suprachiasmatic nucleus (SCH) 

drived circadian pattern (period of 24 hours) in the CRH, ATCH and CORT release can 

be observed. The peak of these hormones is detected at the beginning of the active phase 

of the subject: occurring in the morning for humans and in the evening for mice. The 

main role of this rhythmicity is to ensure the availability of the necessary energy for the 

active phase of the subject. Ultradian rhythmicity (less than 24 hours) can also be 

observed. Although further studies are needed to confirm the presence of an ultradian 

pattern in CRH release, ACTH and CORT release do show detectable 60-90 minutes 

rhythmicity during the active phase of the subject. In the context of this cyclicity, the 

main driver is not SCH, but the feedback loop system. The role of ultradian rhythmicity 

is to maintain the responsiveness of the axis, and it also exerts significant impact on 

brain functions. Natural CORT rhythm is essential for the proper functioning of working 

memory, sleep and recognition. It is worth mentioning, that seasonal changes also occur: 

during long-photoperiod summer, a general lowering of the HPA axis activity can be 

detected (39, 40). 

Figure 3. Feedback system of the hypothalamo-pituitary-adrenal axis (41). 
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1.3.4. Impact of the neuroendocrine stress cascade 

Neuroendocrine stress response provides optimal arousal through various changes. 

Initially, stress cascade affects cognition, metabolism, thermogenesis and 

cardiovascular system through stimulating noradrenergicLC cells. It also has an impact 

on food intake (amount and quality), reproduction (CRH supresses the gonadotropin-

releasing hormone pulse generator), behavior (CRH induces grooming, decreases 

rearing and sleeping and increases locomotion in case of familiar surroundings, while 

decreases exploration in novel environment), memory (Lupien et al. observed that 

chronic elevation of CORT reduces performance of HC dependent learning (42)), fear 

and anxiety (NE release from the LC to the basolateral amygdala influences stress-

activated memory storage (43)), coping strategy (actively coping mice have higher CRH 

mRNA in the hypothalamus) and immune defense (direct cytokine effects, bone marrow 

and thymus influence through NE) (31).  

While stress response has to ensure the adequate adaptability of the organism, 

under- or overshooting must be avoided. Long-term success of neuroendocrine stress 

cascade mainly depends on the characteristics of the glucocorticoid response. 

Impairment of CORT production results in serious damages of the functions listed 

above, consequently leading to a decline in resilience. In human, pathological 

hypocortisolism leads to Addison’s disease, while hypercortisolism results in Cushing’s 

syndrome (44).  

 

1.4. Corticotropin-releasing hormone (CRH)  

1.4.1. CRH in general 

Corticotropin-releasing hormone (CRH) – a 41 amino acid neuropeptide – was 

initially isolated, and its essential role in the neuroendocrine stress response was 

elucidated in 1981 by Vale et al. (45). Studies have demonstrated that CRH peptide first 

appears on the 13th embryonic day in the hypothalamus of mice. Development of the 

mouse HPA axis from the perspective of CRH can be divided into two phases after birth. 

Until postnatal day 12 (p12), a phenomenon known as stress hypo-responsive period 

(SHRP) dominates: level of CRHPVH is high, while basal corticosterone is low. During 

SHRP mild stress does not result in robust elevation of CORT or ACTH. Level of 

urocortin 3 (another member of the CRH family) along with GR elevates rapidly and 
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reaches its maximum on the last day of the phase. In contrast, during the second stage, 

CRH expression decreases, while basal CORT levels reach the normal adult level and 

the optimal responsiveness of HPA axis develops (46). 

CRH provides ligands for CRH receptor-1 and CRH receptor-2 (CRH-R2) (47) to 

serve neurotransmitter and neuromodulatory functions (48, 49). In mammals, CRH-R1 

is primarily expressed in the brain (especially in neocortex and cerebellum) and in the 

anterior lobe of the pituitary, while its presence in the periphery is less common (e.g. 

adrenal gland, reproductive tract, skin, gastrointestinal tract and adipose tissue). 

Simultaneously, CRH-R2 has been identified predominantly in peripherial regions (e.g. 

heart, lung, skeletal muscle), but it also occurs in the brain in small quantities (e.g. LS, 

amygdala, hypothalamus and brainstem) (50). LC, cerebellar cortex, thalamus and 

striatum have been shown to exclusively harbour CRH-R1, whereas BNST 

predominantly expresses CRH-R2 (23). The interaction between CRH and its receptors 

is modulated by the presence of CRH binding protein. The highest expression level of 

CRH binding protein has been detected in the brain and the pituitary gland, but it also 

occurs at the periphery (e.g. in the skin) (50). Both receptors belong to the B1 subfamily 

of 7-transmembrane (7TM) receptors and primarily signal by coupling to G proteins, 

thereby stimulating adenylate cyclase. Several CRH receptor isoforms exist due to 

alternative splicing. Only CRH-R1α is adenylate cyclase coupled directly. CRH-R1α 

has greater affinify to CRH and urocortin 1 while CRH-R2α/β has lower affinity to CRH 

and higher for urocortin 1, urocortin 2 and urocortin 3 (51). Urocortins have an essential 

role in stress recovery, while they also modulate the immune response and appetite. In 

stressful situations, the absence of CRH-R1 disrupts neuroendocrine stress reactivity, 

while the absence of CRH-R2 results in elevated stress induced ACTH and CORT levels 

(52). 

The amino acid sequence of secreted CRH is highly conserved between humans, 

rats and mice. Its expression pattern is also conserved in vertebrates, which indicates its 

specific cell and tissue dependent roles (17). CRH expressing neurons are widely 

distributed in the central nervous system (CNS) and several parts of the periphery, where 

it mostly acts via paracrine and autocrine actions. Peripheral CRH has been detected in 

the skin (53), gastrointestinal tract (54), immune system (55), reproductive system (55), 

adrenal gland (56), etc. 
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1.4.2. CRH neurons in the central nervous system  

While structure and function of CRHPVH neurons are well established, much less is 

known about the stress-related organization of CRH cells outside the hypothalamus. 

CRH neurons have already been described throughout the brain e.g. in the cortical 

region, BNST, CEA, tegmental reticular nucleus (TRN), Barrington’s nucleus (B), 

periaqueductal gray (PAG), external cuneate nucleus (ECU) and inferior olivary 

complex (IO) in the mouse brain (57-59). It has been shown that central 

(intracerebroventricular) administration of CRH reproduces many of the autonomic- 

(60), behavioral- (61), neurochemical- (62) and electrophysiological (63) responses seen 

during stress. Simultaneously, Sztainberg and Chen specified that administration of 

CRH into distinct brain regions (e.g. BNST, CEA, LC, HC) results in various functional 

and behavioral changes (64). Therefore, it is evident that there are several CRH 

expressing neuron populations throughout the mouse brain and CRH in distinct brain 

regions serve different functions, but to comprehensively understand their exact role in 

the stress response, further research in this field is imperative.  

Detecting and visualizing CRH-positive neurons in the brain is rather challenging 

due to their low basal expression within the cell bodies and the lack of highly sensitive 

CRH antibodies. To address this limitation, previous studies have used colchicine 

treatment to enhance the concentration of the neuropeptide in the perikaryon via 

blockade of axonal transport (65). However, use of colchicine raises concerns about the 

physiological relevance of approach (66). Introduction of CRH Cre-driver mouse lines 

(67) serves as adequate detecting strategy. In Crh-IRES-Cre (B6(Cg)-Crhtm1(cre)Zjh/J) 

mice, 3’ untranslated region of the corticotropin-releasing hormone locus (Crh) harbors 

an internal ribosome entry site and a Cre recombinase. Thus, Cre expression is directed 

by the endogenous Crh promoter/enhancer elements (Figure 4). Cre-driver mouse lines 

in combination with various reporter constructs provide easy tools with which to 

visualize CRH expressing neurons throughout the CNS (57, 67, 68). If Crh-IRES-Cre 

animals are bred with mice that harbor loxP-flanked sequences, Cre-mediated 

recombination occurs in the CRH cells of the offspring. 
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Figure 4. Concept of Crh-IRES-Cre mice. Expression of Cre recombinase is under the 

control of CRH promoter. 

 

 Previous systematic studies have compared the distribution of natural CRH peptide 

and of reporter’s expression in three transgenic mouse lines. Among these mouse 

models, a good overlap between endogenous CRH and the red fluorescence-producing 

reporter expression was found only in Crh-IRES-Cre;Ai14 tdTomato mice (69). Ai9 

(B6;Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) is a Cre reporter strain similar to Ai14, 

with the difference that the latter has an additional att site-flanked neo selection cassette 

at the 3’ end of the targeted allele. Thus, crossing homozygous Crh-IRES-Cre and Ai9 

mice also results in selective fluorophore expression in CRH neurons in F1 

heterozygous Crh-IRES-Cre;Ai9 mice (Figure 5).  

(B) 

(A) 
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Figure 5. Crh-IRES-Cre;Ai9 mice. (A). In presence of Cre recombinase, STOP codon 

excision occurs, which results in the expression of tdTomato red fluorescent protein 

(RFP). (B). Image of a Crh-IRES-Cre;Ai9 mouse (25-μm-thick) brain section. Cre-

mediated recombination results in fluorophore expression in the CRH neurons.  

 

1.5. Neuronal activation  

1.5.1. Detection 

Cellular immediate-early genes (IEGs), such as members of the FOS family (34, 

70), nerve growth factor-induced clone B (Ngfi-B) (71), or activity-regulated 

cytoskeleton-associated protein (Arc) (72) serve as versatile markers of neuronal 

activation. IEGs represent the "eukaryotic version" of retroviral protooncogenes, as their 

induction occurs within minutes and does not require de novo protein synthesis. Upon 

cellular activation, IEGs become triggered and via IEG-encoded transcription factors, 

they modulate (activate or inhibit) the expression of target genes. FOS has become a 

valuable marker for identifying stress induced cells. The FOS family of proteins consists 

of four protein members: c-Fos, FosB, Fra-1 and Fra-2 (34). Fra-2 is encoded by Fos-

related antigen 2 (Fosl2) gene. 

Utilization of c-Fos, along with its protein product (c-Fos) has become widespread 

in the identification of hypothalamic and extrahypothalamic circuits involved in acute 

stress (73-79). Their popularity in the field is based on several specific features. Firstly, 

they exhibit stereotypical inducibility. Their expression level is low under resting (no 

stress) conditions and their constitutive expression is only detectable in specific brain 

areas such as anterior and lateral preoptic areas and SCH. However, their expression 

rapidly and transiently increases in response to diverse external or internal stimuli or 

intense synaptic activity, leading to the reprogramming of the cell. IEG activation is 

inversely correlated with the burst-interval of action potentials. Another advantage of 

the IEGs is the transient nature of their responses. Additionally, their detection is 

straightforward and can be combined with the use of other markers (neurochemical 

markers, retrograde tracers, mRNA analysis). However, it is important to note the 

limitations of the technique; distinguishing between cells activated by different stressors 

can be challenging, especially if the insults occur within a short time window. 
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Additionally, this method does not provide an exact representation of the activation 

pathways (through which activated neurons are connected with each other), of the 

reactive neurons and necessitates the sacrifice of the animals (34). Acute stress results 

in elevation of c-Fos mRNA within minutes post-stress and it reaches its maximal rate 

in approximately half an hour. Expression of c-Fos protein peaks between 1-3 hours 

after stress, followed by a progressive decrease and it vanishes completely 4-6 hours 

after the challenge (80). C-Fos exerts its impact through activator protein-1 (AP-1) 

transcription factor, which it forms through heterodimerization with members of the Jun 

(another transcription factor) family. Binding of AP-1 to the regulatory region of target 

genes can have both stimulatory and inhibitory effects. The c-Fos/c-Jun complex has 

excitatory effects, while the c-Fos/JunB complex has repressive impact. Although c-Fos 

detection is an efficient method for cellular activity analysis in acute stress experiments, 

in chronic stress studies it is less profitable as repeated stress results in highly reduced 

c-Fos activation (34). 

In contrast to c-Fos, FosB and Fos-related antigens (FRAs; Fra-1 and Fra-2) are 

involved in long term phenotypical changes following e.g. chronic stress. In comparison 

to c-Fos, basal level of FRAs is slightly higher, especially in magnocellular 

hypothalamic neurons. Furthermore, they exhibit a delayed and prolonged activation 

pattern accompanied by their accumulation within the nucleus, resulting in extended 

expression and half-life. They are well detectable 4-6 hours after an acute insult and can 

persist for up to 12-24 hours (34). Consequently, they are ideal for mapping chronically 

activated neurons when c-Fos expression has already diminished.  

 

1.5.2. Chemogenetic activation of neurons 

Chemogenetic innovations offer various methods to selectively and reversibly 

modify cell or even neuronal circuit activity in mice in vivo. Among chemogenetically 

designed proteins, usage of Designer Receptors Exclusively Activated by Designer 

Drugs (DREADDs) became highly popular. Gq coupled human M3 muscarinic receptor 

(hM3D(Gq)) is the most frequently used DREADD, enhancing neuronal activity 

through Gq signaling pathways that acts via mobilization of intracellular calcium (81).  

The widely used pAAV8/hSyn-DIO-hM3D(Gq)-mCherry construct employs 

adeno-associated virus serotype 8 (AAV8) as a delivery system for the hM3D(Gq) 



24 

 

designer receptor. Moreover, the viral vector is facilitated by the neuron specific human 

synapsin 1 promoter (hSyn) and the designer receptor is fused with the mCherry red 

fluorescent marker at the C-terminal. AAV8 has been reported to be effective in gene 

delivery in rodent experiments (82). The success of gene expression is facilitated by the 

double-floxed inverted open-reading frame (DIO) system: the transgene is floxed by 

two pairs of oppositely orientated heterotypic loxP-type recombination sites, while the 

open reading frame is inverted. Thus, the expression of transgene is restricted to cells 

that harbour Cre, as the presence of the recombinase is crucial for the reorientation of 

the inverted hM3D(Gq)-mCherry sequence (Figure 6) (83, 84). 

 

Figure 6. Operation of double-floxed inverted open-reading frame (DIO) system in 

the presence of Cre recombinase. Triangles indicate the recombination sites (different 

colours represent different sequences) recognized by Cre. 

 

DREADD receptor can be activated by the metabolite of clozapine, clozapine-N-

oxide (CNO). It is notable that CNO can convert back to clozapine. Despite this − due 

to its rare occurrence − CNO is considered to be inert and is reported to have no 

behavioral or pharmacological side-effects according to most published articles. 

However, to eliminate this potential risk, an alternative actuator, compound 21 (C21) is 

recommended to be used. C21 not only exclusively activates hM3Dq but also 

demonstrates minimal off-target activity (81). 
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2. Aims 

My first aim was to study the recruitment of hypothalamic and extrahypothalamic 

CRH neurons in categorically distinct, acute stress reactions in Crh-IRES-Cre;Ai9 

reporter mice. My main questions were:  

> Is Crh-IRES-Cre;Ai9 mouse a proper model for my research? 

> Where tdTomato positive profiles are found in the mouse brain? 

> Where are the acute stress-activated neuron populations locate in the mouse 

brain? 

> Which tdTomato positive (putative CRH) neurons are activated in response to 

various acute challenges in the mouse brain? 

 

My second aim was to determine the impact of chronic stress exposure on mice and 

to elucidate anxiety-related behavior- and stress-related molecular differences resulting 

from the variability and unpredictability of chronic stressors.  

 

Finally I compared hormonal-, behavioral- and molecular responses of mice in 

which CRHPVH neurons were chemogenetically activated with those exposed to single 

or repeated restraint to investigate the role of CRHPVH neurons in organization of stress 

reaction. 
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3. Materials and methods 

3.1. Animals  

In our experiments adult male C57BL/6J; Crh-IRES-Cre and Crh-IRES-Cre;Ai9 

mice (8-12 weeks of age) were used. Animals were purchased from The Jackson 

Laboratory. Crh-IRES-Cre (B6(Cg)-Crhtm1(cre)Zjh/J; stock number: 012704) and Ai9 

mice (B6;Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; stock number: 007905) lines were 

maintained as homozygotes at the Transgenic Facility of Institute of Experimental 

Medicine. The Crh-IRES-Cre;Ai9 reporter mice were generated by crossing these 

homozygote pairs. In F1 heterozygotes Cre-mediated recombination resulted in 

tdTomato fluorophore expression in CRH neurons. Animals had ad libitum access to 

standard laboratory chow and water and were kept under standard circumstances 

temperature: 21±1 °C, humidity: 65%, light: 400 lx with 12L-12D cycle with the light 

on at 07:00 AM. 

All experiments were complied with the ARRIVE guidelines and performed in 

accordance with the guidelines of European Communities Council Directive (86/609 

EEC), EU Directive (2010/63/EU) and the Hungarian Act of Animal Care and 

Experimentation (1998; XXVIII, Sect. 243/1998). All procedures and experiments were 

approved by the Animal Care and Use Committee of the Institute of Experimental 

Medicine, Hungarian Academy of Sciences (permit number: PEI/001/29-4/2013). 

 

3.2. Acute stress  

Mice were caged individually one day prior to stress exposure. Animals were 

exposed to ether, hypertonic salt, lipopolysaccharide (LPS), restraint or predator odor 

stress. Tests were carried out in a separate experimental room in the early light phase of 

the day. After stress, animals were placed back in their home cages until sacrifice.  

 

3.2.1. Hypertonic salt 

Mice were intraperitoneally injected with 1.5 M NaCl solution (0.6 mL/kg body 

weight) (85).  
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3.2.2. Lipopolysaccharide injection 

Lipopolysaccharide (LPS, serotype: 0111:B4, Sigma L4391) was dissolved in 

sterile, pyrogen-free saline and administered intraperitoneally at dose of 1 mg/kg (0.6 

mL/kg). The dose was selected to induce substantial systemic inflammation and 

maximal activation of the HPA axis.  

 

3.2.3. Ether inhalation 

For ether stress, mice were placed into a glass chamber saturated with diethyl-ether 

vapour. As animals became anesthetized (1–1.5 min), they were removed from the 

chamber and the ether exposure was maintained for total of 5 min using a nose cone 

with ether-soaked cotton (86). 

 

3.2.4. Restraint 

Mice were placed in 50 ml Falcon tubes, in which holes were cut at the end and 

along the sides to prevent overheating of the animals. To achieve comparable degree of 

restraint, packing with paper towels at the rear was used. This procedure minimized the 

space around the animal, prevented them from turning and provided stressful stimulus, 

without being harmful. 

 

3.2.5. Predator odor 

Mice were exposed to a synthetic analog of fox anogenital product 2-MT (87) (2-

methyl-2-thiazoline, CAS 2346-00-1, Santa Cruz Biotechnology, Inc.) in a covered 

transparent plexiglass arena (40 x 20 x 20 cm) under a fume hood. One day prior to the 

experiment animals were habituated for 20 min to the test box in which an empty 

Eppendorf tube lid was placed into the corner. On the day of stress, animals were put 

into the testing box, where they could freely explore the environment for 10 min, then 

2 µL of concentrated 2-MT was pipetted onto a filter paper and placed onto the lid inside 

the cage. The odor exposure was maintained for 10 min. 

 

3.2.6. Controls 

For the restraint and ether stressed animals, undisturbed mice were considered as 

control group (absolute control). In case of lipopolysaccharide and hypertonic salt 
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injected animals, controls were injected intraperitoneally with saline solution (0.6 

mL/kg) (ip saline control). Control animals for the predator odor group went through 

the same procedure as the odor exposed ones, except that saline was pipetted onto the 

filter paper instead of 2-MT solution (Novel Environment group, NE). 

 

3.3. Chronic repeated restraint stress (CRS) 

During chronic repeated restraint stress, mice were exposed daily to one hour 

restraint stress as described in 3.2.4., but for three weeks. Control animals were left 

undisturbed except for changing the bedding. 

 

3.4. Chronic variable stress (CVS) 

Experimental mice were exposed in a semi-random order to one of the following 

stressors twice daily, for three weeks. More detailed protocol of the used stressors can 

be seen in Table 1. 

> Social defeat – Experimental animals were put into the home cage of a dominant 

CD1 male mouse for 5 minutes. 

> Water avoidance stress – Mice were placed for 1 hour onto a 8 cm diameter glass 

cylinder which stood in the center of a 40×40×30 cm plastic tank filled with 

water to 1 cm below the top of platform. 

> Circadian rhythm disturbation – Mice were exposed to reversed or altered 

light/dark phase. 

> Forced swim – Mice were placed into a 2L beaker filled with 23 °C water for 5 

minutes.  

> Soaked bedding – Tap water-soaked bedding was provided for mice in their 

home cage. 

> Slanted cage – Home cage of the mice was tilted to 45° angle. 

> Isolation – Mice were placed into a new clean cage alone for 4 hours. 

> Crowding – 5 mice were cohoused in a 10×5×10 cm plastic cage. 

> Shaking – Home cages of mice were placed on an orbital shaker with 30-50 rpm 

rotation. 

> Foot shock – Mice received 0.5 mA shock every 20 seconds for 12 minutes with 

the help of DC Shocker Controller (Supertech Instruments). 
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> Rat feces odor – Perforated Falcon tube filled with feces of adult male rats was 

placed in the home cage of the experimental mice. 

 

Table 1. Chronic variable stress (CVS) protocol. 

 

3.5. Virus construct administration 

Mice were anesthetized with intraperitoneal injection of an anesthetic mixture 

(containing 8.3 mg/mL ketamine and 1.7 mg/mL xylazine hydrochloride in 0.9% saline, 

10 ml/kg body weight); and were then mounted in a small animal stereotaxic frame 

(David Kopf Instruments, CA, USA). Using Nanoject II precision microinjector pump 

(Drummond, Broomall, PA) we injected virus construct bilaterally (30 nL/side) into 

hypothalamic paraventricular nucleus (coordinates: AP: -0.7, ML: ±0.035, DV: -0.5). 

Cre-dependent adeno-associated virus constructs, pAAV8/hSyn-DIO-hM3D(Gq)-

mCherry (44361-AAV8, ≥ 4×10¹² vg/mL) and pAAV-hSyn-DIO-mCherry (5049-

AAV8, 1013 vg/ml) were purchased from Addgene. For chemogenetic activation of 

CRHPVH neurons 3 weeks after stereotaxic virus injections, DREADD agonist 21 

(C21/compound 21; Hello Bio Cat. No. HB4888; dose: 1 mg/kg bw) was dissolved in 
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saline (1 mg/mL) and injected intraperitoneally. Control animals were injected 

intraperitoneally with saline (10 mL/kg bw).  

 

3.6. Behavioral tests 

3.6.1. Nest building 

Mice were placed into clean individual cages at the beginning of light cycle between 

9-12 AM, in which one white A4 sized shredded paper was uniformly distributed. 

Animals were given 24 hours to rearrange the bedding material and so complete the nest 

building trial. The nests were evaluated on a scale of 1-5 as described by Neely et al. 

(88).  

 

3.6.2. Open field 

The open field apparatus was a white, 40×40×30 cm, nontransparent plastic box. 

Each examined animal was placed in the center of the box in the same direction. Mice 

were allowed to explore the cage for 10 minutes. Animals were recorded from the top 

and the videos were analyzed with Noldus EthoVision and Solomon Coder. Movement 

pattern and several behavioral elements of the mice were monitored.  

 

3.6.3. Tail suspension 

Mice were suspended by the end of their tail with a tape for 6 minutes. Coping of 

the animals were recorded from the side and the videos were analyzed with Solomon 

Coder. Duration and frequency of struggling and immobile conditions were measured. 

Movements only of the front legs and swinging as a result of the previous movements 

were not considered as struggling. 

 

3.7. Adrenalectomy 

Crh-IRES-Cre;Ai9 mice were deeply anesthetized with intraperitoneal injection of 

an anesthetic mixture (ketamine, 83 mg/kg; xylazine-hydrochloride, 3.3 mg/kg in 0.9% 

NaCl, 10 mL/kg body weight). Adrenals were bilaterally removed from dorsal approach. 

Sham-operated animals were used as controls. After surgery, mice had a free choice to 

drink water or saline. Animals were sacrificed one week after surgery. 
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3.8. Perfusion and tissue processing  

Mice, whose brain tissue was used for immuno-staining, were transcardially 

perfused under terminal anesthesia (Nembutal, Ceva-Phylaxia, Budapest, Hungary). 90 

minutes after the beginning of stress (at the maximum of FOS protein (86)) animals 

were perfused with saline followed by 70 ml ice-cold fixative (4% formaldehyde in 0.1 

M phosphate buffer, pH 7.2). Brains were removed and post-fixed in the same fixative 

supplemented with 10% sucrose for 3 hours and cryoprotected overnight in 10% sucrose 

in potassium phosphate buffered saline, KPBS. Four series of coronal brain sections (25 

μm) were cut on freezing microtome. Sections were stored at -20 °C in antifreeze 

solution (30% ethylene glycol and 20% glycerol in 0.1M PBS). 

Other cohorts of mice, (which were used to measure gene expression in the 

hypothalamus) were decapitated 90 minutes (in case of acute stress) or 24 hours (in case 

of CRS and CVS) after the beginning of stress exposure. Hypothalamus was dissected 

as described by Brown et al. (89), and the tissue were stored at -90 °C until assays. 

 

3.9. Immunohistochemistry  

After 30 min KPBS washing, free-floating brain sections were incubated in 2% 

normal donkey serum (017-000-121, Jackson ImmunoResearch Europe Ltd., St. 

Thomas Place, UK) in KPBS/0.3% Triton X100 at room temperature for 1 hour then 

either in rabbit anti-c-Fos IgG (sc-52 Santa Cruz Biotechnology, Santa Cruz, 

CA, 1:10000) or in sheep anti-tdTomato (provided by Cs. Fekete, Institute of 

Experimental Medicine, Hungary, 1:50000) at 4 °C overnight. The immunoreaction was 

visualized by donkey anti-rabbit IgG (ThermoFisher, 1:1000)/Alexa fluor 488 

conjugate or by Alexa Fluor 488 donkey anti-sheep IgG/Alexa fluor 488 conjugate 

(ThermoFisher, 1:1000 dilution), respectively, at room temperature for 2 hours in dark. 

Sections were mounted onto gelatine coated slides and coverslipped with DAPI 

Fluoromount-G (SB. Cat. No. 0100-20) as a nuclear counterstain.  

 

3.10. RNAscope In Situ Hybridization (ISH) 

RNAscope assay was performed using RNAscope Multiplex Fluorescent Reagent 

Kit v. 2 (Advanced Cell Diagnostics, Newark, CA, USA) according to the 

manufacturer’s protocol with modifications (90). After one hour of KPBS washing, 
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tissues were treated with 1% H2O2 in KPBS for 30 min. After another 30 min washing, 

sections were mounted on Superfrost Ultra Plus (Thermo Fisher Scientific, Waltham, 

MA, USA), then dried at room temperature. As the final step of pretreatment, slides 

were incubated at 60 °C for 60 min. After a further 20 min of washing in Milli-Q (MQ) 

water, slides were submerged in 4 °C PFA fixative for 2 min. Following another 30 min 

MQ water washing, they were put into 0.01 mg/mL proteinase K solution (PK000011, 

Geneaid Biotech, New Taipei, Taiwan) in 1 M Tris/HCl, pH = 8 and 0.5 M EDTA, pH 

= 8 buffer at 37 °C for 5 min. After MQ water rinsing tissues endured another 2 min 4 

°C PFA treatment. After another 30 min of MQ water washing, sections were hybridized 

with 3-plex mouse positive or negative control or mouse specific Crh probe. Signal 

amplification and channel development were applied sequentially according to the 

manufacturer’s protocol. Used probes and dilution of fluorophores are listed in Table 2. 

Sections were coverslipped with DAPI Fluoromount-G (SB. Cat. No. 0100-20) as 

nuclear counterstain.  

 

Table 2. Used probes and dilution of fluorophores. 

 

*Mus musculus. 

 

 

3.11. Imaging and data analysis  

Digital images of brain sections were captured at 20x magnification in 3D 

HISTECH Pannoramic MIDI II. slide scanner. Regions of interest (ROI) were outlined 

on the basis of Allen Brain Atlas and analyzed with NIS Elements Imaging Software 

5.21.01. DAPI-, tdTomato- and FOS-positive cells were monitored. Normalized CRH 

neuron ratio was calculated as number of tdTomato positive cells divided by the total 

cell number (DAPI positive profiles) in a specific region × 100. The ratio of activated 

neurons was calculated by dividing the number of FOS-immunoreactive cells with the 

total cell count of the specific region × 100. The ratio of stress-activated CRH neurons 

was calculated as number of double labeled (tdTomato + FOS) profiles divided by total 

cell count × 100 at ROI. Stress-induced changes in cases of FOS and FOS + tdTomato 

Target Catalog number Fluorophores Fluorophore dilution 

Mm*-Crh 316091 Fluorescein Plus TSA 1:3000 

3-plex Positive Control Probe-Mm 320881 Fluorescein Plus TSA 1:3000 

3-plex Negative Control Probe 320871 Fluorescein Plus TSA 1:3000 
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double labeling were determined by fold change calculation compared to respective 

control values. 

Images of ISH sections were evaluated using Nikon Ni-E C2+ laser-scanning 

confocal microscope equipped with a 1.4 NA Plan Apo VC DIC 60xOil objective. 

 

3.12. Gene expression analysis 

Frozen hypothalamus samples were homogenized, then, total mRNA was isolated 

by Total mRNA Mini Kit (Geneaid) according the manufacturer’s instruction. To 

eliminate genomic DNA contamination, DNaseI (Fermentas) treatment was used. 

Sample quality control and the quantitative analysis were carried out by NanoDrop 

(Thermo Scientific). cDNA synthesis was performed with High Capacity DNA Reverse 

Transcription Kit (Applied Biosystems). Real-Time PCR was carried out in ABI 

StepOnePlus instrument (Applied Biosystems) with Fast EvaGreen quantitative PCR 

master mix (Biotium) and gene-specific primers. Primers (Microsynth) were designed 

in our laboratory using Primer-BLAST software of the National Center for 

Biotechnology Information (NCBI). The used forward and reverse primers are shown 

in Table 3. Gene expression was analyzed by the 2-DDCT method using the ABI 

StepOne Software v2.3 (Applied Biosystems). The amplicons were tested by melt curve 

analysis on ABI StepOnePlus instrument (Applied Biosystems). Relative changes in 

gene expression were normalized against GAPDH mRNA expression. Selection of the 

reference gene was made with the help of NormFinder software (91). 

 

Table 3. Forward and reverse target sequence used for mRNA quantification. 

Genes Forward primer Reverse primer 

GAPDH TGACGTGCCGCCTGGAGAAA AGTGTAGCCCAAGATGCCCTTCAG 

Fos GAGAGCCTTTCCTACTACCATTCC GGACAGATCTGCGCAAAAGTC 

Fosl2 CACCGCGGATCATGTACCAG TATCTACCCGGAACTTCTGCTG 

FosB CAGATCGACTTCAGGCGGAAAC AATCTCTCACCTCGGCCAGC 
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3.13. Corticosterone measurement 

Retro-orbital sinus or trunk blood was collected, centrifuged and serum samples 

were stored at -20 °C. Corticosterone was determined by direct radioimmunoassay 

(RIA) as previously described (92). 

 

3.14. Statistical analysis  

All quantitative data are expressed as group mean ± SEM (standard error of the 

mean) for each treatment group. Data were analyzed using GraphPad Prism software 

(version 7; San Diego, CA, USA). One-way ANOVA with Tukey’s multiple 

comparisons test (tdTomato neuron distribution; neuronal activation and colocalization; 

transcription factors; corticosterone; body weight; behavior) and unpaired t-test 

(neuronal activation and colocalization analysis; corticosterone; behavior) were 

performed. We considered p-value < 0.05 as statistically significant.  
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4. Results 

4.1. Localization of tdTomato positive profiles 

To reveal the distribution of CRH positive neurons in the adult mouse brain, Crh-

IRES-Cre;Ai9 reporter mice (n = 44) were used. 

 

4.1.1. Validation of Crh-IRES-Cre;Ai9 mice  

Because Ai9 mice may express low levels of tdTomato prior to Cre recombination, 

first, we tested baseline tdTomato signal in Cre-negative controls. Most of the brain 

areas did not display any red fluorescence in Ai9 mice, however, within the 

circumventricular organs, such as the subfornical organ, the median eminence and the 

area postrema, significant red fluorescence was recognized. These non-neuronal profiles 

that showed red fluorescence, also displayed green fluorescence and may represent 

autofluorescence of the tissue. When the signal was checked by specific anti-tdTomato 

antibody and DAB chromogen, these areas were negative. 

 

4.1.2. Distribution of tdTomato positive neurons in the mouse brain  

Figure 7A shows the distribution of native tdTomato positive cellular profiles 

throughout the Crh-IRES-Cre;Ai9 mouse brain. Relatively high density of tdTomato 

positive profiles was found in the olfactory areas, striatum, pons and medulla. Medium 

density of tdTomato positive cells was detected in the isocortex, pallidum, thalamus, 

hypothalamus and midbrain. The hippocampal formation and cortical subplate 

contained the lowest level of tdTomato expression.  

Next, we compared native tdTomato fluorescence observed in Crh-IRES-Cre;Ai9 

mice with CRH mRNA distribution published in Allen Brain Atlas (experiment 292, 

probe RP_Baylor 102704) (Figure 7B). Good correlation between tdTomato density 

with the reported CRH mRNA raw expression values was seen in isocortex, 

hypothalamus and medulla. However, a mismatch between tdTomato and CRH mRNA 

expression was found in the striatum, thalamus, midbrain and pons, where the density 

of red fluorescent profiles exceeded those of CRH mRNA raw expression. By contrast, 
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in the olfactory areas, hippocampal formation and cortical subplate tdTomato expression 

was lower than the reported CRH mRNA. 

Figure 7. Overview of tdTomato marker expression in the brain of Crh-IRES-Cre;Ai9 

mice. (A). Density of tdTomato positive cells in major brain areas expressed as number 

of tdTomato positive cells/number of DAPI positive cells × 100. (B). Comparison of 

tdTomato and CRH mRNA expression (as reported in Allen Brain Atlas). Both markers 

have been normalized to the hypothalamic values. 

 

Then, RNAscope in situ hybridization was performed on critical match (PVH) and 

mismatch (PVTa) areas. This experiment confirmed >80% overlap between tdTomato 

and CRH expressing profiles in the hypothalamic paraventricular nucleus. By contrast, 

no CRH mRNA was detected in tdTomato+ cells in the thalamic region of the reporter 

mice (Figure 8). 
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Figure 8. Co-expression of CRH mRNA and tdTomato marker in the hypothalamus 

and thalamus of Crh-IRES-Cre;Ai9 mice. (A). CRH mRNA was visualized by 

RNAscope and tdTomato was immunostained. The vast majority of tdTomato positive 

cells display CRH mRNA signal in the PVH. No colocalization of the two markers is 

seen in the anterior thalamic region. High magnification of a pair of DAPI+, tdTomato+ 

and CRH mRNA+ cells from the PVH is shown in (B). 

 

Finally, we checked whether manipulation of hypothalamic CRH expression affects 

the appearance of tdTomato in Crh-IRES-Cre;Ai9 mice. Removal of the adrenals results 

in a significant upregulation of CRH expression in the hypothalamus (93). 

Adrenalectomized (ADX) male mice had the same number of tdTomato positive 

neurons in the PVH than sham-operated controls. The red fluorescence intensity on 

sections obtained from ADX mice was also comparable to that as seen in sham-operated 

controls (Figure 9). 

Figure 9. TdTomato staining in the hypothalamic paraventricular nucleus (PVH) of 

sham operated (SHAM) and adrenalectomized (ADX) Crh-IRES-Cre;Ai9 mice. 

 

Detailed analysis of tdTomato distribution throughout the Crh-IRES-Cre;Ai9 

mouse brain is shown in Figure 10. In the hypothalamic paraventricular nucleus, 24.83% 

of DAPI positive profiles expressed the red fluorescent marker. Similarly, a high ratio 

(>20%) of tdTomato positive cells was found in the pyriform (PIR) and somatosensory 

cortices, Barrington’s nucleus (B, the pontine urinary center) and inferior olive (IO). 

Moderate density (>10% <20%) of tdTomato signal has been detected in the olfactory 

bulb (MOBopl), in the olfactory tubercle (OT), lateral hypothalamic area (LHA), central 

amygdala (CEA), nucleus X and lateral reticular nucleus (LRN). Scattered tdTomato 

labeling with moderate density has been revealed throughout the bed nuclei of stria 
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terminalis (BNST) and in the fundus of striatum (FS). Within the precomissural nucleus 

(PRC) a moderate number of tdTomato positive cells were revealed. 
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Figure 10. Density of tdTomato expressing neurons throughout the Crh-IRES-

Cre;Ai9 mouse. 95 brain areas have been analyzed in detail. (A). Mean ± SEM values 

of tdTomato cell density in the brain of male, non-stressed control Crh-IRES-Cre;Ai9 

mice. (B). “Heat map” of tdTomato cell density. 

 

4.1.3. Distribution of tdTomato positive fibers in the mouse brain 

One major advantage of Crh-IRES-Cre;Ai9 mice is the visualization of tdTomato 

positive, presumably CRH fibers and varicosities. Some of these profiles have not been 

fully resolved by classic immunostaining. In addition to the well-recognized median 

eminence (ME), we have detected a dense network of tdTomato-positive varicosities in 

layer 1 tenia tecta, molecular layers of the piriform and cerebellar cortices as well as 

close to the substantia nigra, pars compacta (SNc) (Figure 11). According to the Allen 

Brain Atlas (experiment 297, probe RP Baylor 253895), most of these areas contain 

CRH-R1 receptors. 
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Figure 11. TdTomato immunoreactive fibers/terminals in Crh-IRES-Cre;Ai9 mouse 

brain. TT-tenia tecta; PIR-Piriform area; SSp-primary somatosensory area; ME-

median eminence; SN-substatia nigra; CB-cerebellum. Drawings on the left are from 

the Allen Brain Atlas. 
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4.2. Acute stress-induced neuronal activation 

Next, we aimed to monitor whether CRH neurons within and outside of the 

hypothalamus are recruited in a challenge-specific manner. Crh-IRES-Cre;Ai9 mice 

were exposed to ether- (n = 6), high salt- (n = 6), restraint- (n = 6), LPS (n = 4) or 

predator odor (n = 3) acute insults. To identify stress-activated neuron population 

throughout the mouse brain, the immediate-early gene, c-Fos, as a functional anatomical 

marker of acute neuronal activation has been used. Stress-induced CRH neurons were 

detected as colocalization of tdTomato signal (putative CRH) with FOS-

immunoreactivity at cellular level. Stress response was confirmed by the measurement 

of plasma corticosterone levels.  

 

4.2.1. Controls 

There were several brain areas that displayed slight-to-moderate constitutive 

expression of FOS protein under no stress (control for ether and restraint stressed 

groups, n = 10) conditions. These areas included: olfactory bulb, prelimbic, infralimbic 

and piriform cortices, lateral septum, median and medial preoptic nuclei, 

suprachiasmatic nucleus, paraventricular thalamic nucleus, lateral hypothalamic area, 

dorsal hippocampus and dentate gyrus, midbrain periaqueductal area, pontine gray, 

nucleus of the solitary tract and lateral reticular nucleus.  

Because intraperitoneal injection and placement of animals into a novel 

environment might be potentially stressful, first, we have checked neuronal activation 

(FOS) in general, and FOS+tdTomato coexpression in particular in the brain of these 

control animals. 

Intraperitoneal saline injection (control for intraperitoneally injected hypertonic 

salt group and LPS treatment, n = 5) resulted in FOS activation (in addition to those 

seen in non-injected controls) in the cingulate cortex, bed nuclei of the stria terminalis 

(BNST), posterior PVH, in the thalamic stress-responsive complex (PVT, central 

medial-, paratenial- and mediolateral thalamic nuclei plus in the medial portion of the 

reuniens). Structures in which the difference between ip injected and non-injected 

groups reached significance were the primary motor area (Mop), pontine nucleus, 

dorsomedial part (PGdm) and hypoglossal nucleus (XII) (Figure 12A). Furthermore, 

intraperitoneally saline injected animals showed significantly higher colocalization rate 
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of CRH and FOS in magnocellular nucleus, lateral hypothalamic area dorsal part 

(MCLHD) and ventromedial hypothalamic nucleus (VMH) compared to the controls 

(Figure 12B). 

Placing animals into a novel environment (control for the predator odor exposure, 

n = 4) resulted in moderate expression of FOS in all olfactory-related areas, increased 

rate of neurons expressing FOS in the prelimbic and infralimbic cortices, anterior 

cingulate area (ACA), lateral septum (LS), paraventricular hypothalamic nucleus 

(PVH), ventromedial hypothalamic nucleus (VMH), posterior hypothalamic area, 

thalamic stress-responsive complex, periaqueductal gray (PAG) and locus coeruleus 

(LC). Figure 12A indicates those areas where the difference is significant. Furthermore, 

central medial nucleus of the thalamus (CM), central lateral nucleus of the thalamus 

(CL) and PVH also showed significant elevation of activated CRH neuron rate 

compared to that of the control animals (Figure 12B). 
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Figure 12. Levels of significance seen between animals exposed to novel environment 

(NE) or intraperitoneal injection of saline compared to non-stressed (absolute) 

controls. (A) neuronal activation (FOS) and (B) colocalization (FOS + tdTomato). *p 

< 0.05; **p < 0.01; ***p < 0.001. 

 

4.2.2. Stress-induced neuronal activation 

Figure 13 shows the proportion of FOS-immunoreactive neurons relative to their 

respective controls in response to the following stressors: hypertonic salt, LPS, ether 

exposure, restraint and predator odor. 

Twelve brain areas have been found to be significantly activated by all stressors. 

These are as follows: the anterior cingulate area (ACA) (94); claustrum (CLA) (95); 

medial amygdalar nucleus (MEA) (96); bed nucleus of stria terminalis anteroventral 

division (BSTav) (97); geniculate nucleus (G) (98); anterior hypothalamic nucleus 

(AHNp) (99); paraventricular nucleus of the hypothalamus (PVH); lateral hypothalamic 

area (LHA) (100); dorsomedial nucleus of the hypothalamus (DMH) (101); posterior 

hypothalamic nucleus, ventral part (PHv) (102); parasubthalamic nucleus (PSTN) (103) 

and nucleus of the solitary tract (NTS) (73). 

Areas that have been exclusively recruited by psychological stressors (restraint and 

predator odor) include: primary somatosensory area (SSp) (104); posteromedial 

thalamic area (PMTH) (105, 106); perifornical nucleus (PeF) (107); zona incerta (ZI) 

(108-110) and tegmental reticular nucleus (TRN) (111). 

The supraoptic nucleus was the only region which has been exclusively activated 

by systemic (hypertonic salt and LPS), but not by psychogenic stressors. 

Figure 14 summarizes the significance of stressor induced activation level 

differences in each region in which significant discrepancy was observed. Overall, 

among the used stressors, predator odor proved to activate the largest proportion of 

neurons in most of the observed areas compared to the appropriate control group. 
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Figure 13. FOS expression in the stressed Crh-IRES-Cre;Ai9 mouse brain. Color-

coding refers to the levels of significance between stress-induced FOS density as 

compared to respective controls. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Figure 14. Location and significance of stressor induced neuronal activation 

differences. Columns represent the specific stressor after which the referred brain 

region showed significantly higher elevation of activated neuron rate (compared to the 

adequate control animals) than the stressor represented in the specific row. *p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001. 
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4.2.3. Stress-induced activation of tdTomato positive profiles 

In most of the brain areas, stress activated neurons were not tdTomato positive. In 

these areas the rate of colocalization was not significantly different from that seen in 

respective controls. In general, systemic stressors such as hypertonic salt and LPS 

injection resulted in fewer double-labeled areas than psychological (restraint, predator 

odor) stressors, as seen in Figure 15. All five stressors resulted in significant activation 

of putative CRH neurons in the orbital cortex and anterior cingulate area (ACA). 

Psychological, but not systemic challenges, activated tdTomato/CRH neurons in dorsal 

peduncular cortex, in the Barrington’s nucleus and nucleus X. By contrast, putative 

CRH neurons in the periaqueductal gray were activated by LPS and high salt, not by 

psychogenic challenges. 

Ether exposure, hypertonic salt, LPS and restraint but not predator odor resulted in 

significant colocalization of tdTomato signal and FOS in the hypothalamic 

paraventricular nucleus. Detailed analysis of the PVH however, revealed stressor-

related heterogeneity in FOS/tdTomato coexpression (Figure 16). Significance of 

stressor induced CRH neuron activation level differences is demonstrated in Figure 17 

by area.  

Interestingly, certain tdTomato/CRH-rich brain areas, such as the piriform cortex, 

central amygdala, BNST and inferior olive, display heterogenous, stressor-specific 

colocalization of tdTomato and FOS markers. 
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Figure 15. Stress-induced recruitment of putative CRH (tdTomato expressing) 

neurons in Crh-IRESCre;Ai9 mouse brain. Color coding refers to significant 

differences between cell densities of neurons co-expressing tdTomato and FOS markers 

as compared to values of respective controls in the same area. *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001. 

Figure 16. Colocalization of tdTomato (CRH) marker and FOS in the hypothalamic 

paraventricular nucleus of Crh-IRES-Cre;Ai9 mice in response to different stressors.  
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Figure 17. Location and significance of stressor induced tdTomato positive neuron 

activation differences. Columns represent the specific stressor after which the referred 

brain region showed significantly higher elevation of activated tdTomato positive 

neuron rate (compared to the adequate control animals) than the stressor represented 

in the specific row. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

 

4.2.4. Acute stress-induced corticosterone  

A separate set of Crh-IRES-Cre;Ai9 mice was exposed to ether (n = 4), hypertonic 

salt (n = 3), LPS (n = 3), restraint (n = 2) or predator odor (n = 3). Control mice (n = 3) 

were left undisturbed until sacrifice. 

All applied acute stress exposure resulted in robust elevation of corticosterone level 

compared to the control animals (Figure 18).  

Figure 18. Mean ± SEM values of plasma corticosterone in animals exposed to 

different stressors. **p < 0.01; ****p < 0.0001 compared to unstressed control mice. 



52 

 

4.3. Chronic stress 

It is important to distinguish that pathophysiological differences exist between a 

short-term challenge generated acute and a prolonged or frequent stressors-induced 

chronic stress paradigm (14). As so we decided to investigate the probable stress 

response differences. During acute and chronic repeated stress, C57BL/6J mice were 

exposed to one hour restraint stress once (n = 5) or on a daily basis for three weeks (n = 

8). The group of chronic variable stressed animals was exposed twice daily to different 

psychogenic stressors (n = 13) (Table 1). Control animals (n = 5; n = 8; n = 13) were 

left undisturbed except for changing the bedding. Chronic stress is one of the major 

external factors, which precipitates anxiety or depression. Therefore, we aimed to 

elucidate differences in anxiety-related behavior of mice exposed to homotypic (chronic 

repeated restraint stress; CRS) vs heterotypic (chronic variable stress; CVS) chronic 

stress. To reveal the molecular mechanism underlying behavioral response to acute and 

chronic stress, we have measured hypothalamic expression of specific stress-related 

transcription factors of AP-1 family, which are responsible for acute- and lasting 

adaptations in target gene expression (34). 
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4.3.1. Chronic stress induced behavioral changes  

The unpredictable chronic variable stress (CVS) protocol resulted in anxiety-like 

behavior with a decrease of centrum preference and in the latency to first time entrance 

into the corners of the open field arena (Figure 19).  

Figure 19. Chronic variable stress (CVS) but not chronic repeated restraint stress 

(CRS) increases anxiety-like behavior. In the OF test, reduced centrum preference (A) 

and latency of the first entrance into the corner (B) were recorded in CVS exposed mice, 

while these parameters were unchanged in CRS exposed mice. Representative trajectory 

diagrams for control (blue) and chronically stressed (CRS and CVS) mice are shown on 

(C). Data are presented as mean ± SEM. *p < 0.05 vs. the control group. 

 

A 

 



54 

 

4.3.2. Fos-related transcription factors in the stressed hypothalamus 

We have confirmed that c-Fos mRNA was induced in acutely restrained mice. By 

contrast, repeated restraint evoked significantly attenuated c-Fos response, while no 

response was detected in CVS exposed mice (Figure 20). Dramatic elevation of Fosl2 

expression was detected exclusively in the CRS group. All stress paradigms increased 

hypothalamic expression of FosB, however the responses were significantly lower in 

chronically stressed groups, than that of acutely restrained groups.  

 

 

Figure 20. Acute- and chronic stress exposure differentially affects the expression of 

neuronal activation markers in the hypothalamus. Fold change values, relative to 

controls, are shown in acutely restrained animals and mice exposed to repeated 

restraint (CRS) or chronic unpredictable variable (CVS) stress. Data are presented as 

mean ± SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001 vs. control group. 
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4.4. Investigation of CRHPVH neurons 

While neuroendocrine stress response is the outcome of a rather complex interplay 

of diverse cell types and neuronal networks across distinct brain regions, the key 

regulatory role of CRHPVH neurons is well established. PVH, after integrating external 

and internal stress-related information, activates the HPA axis through the initiation of 

CRH release from the hypophyseotropic parvocellular neurons.  

Next, we addressed special functional significance of CRHPVH in 

mediating/initiating hormonal/activational and behavioral stress responses. We have 

compared responses evoked by acute or repeated restraint stress to those evoked by 

acute or repeated chemogenetic activation of CRHPVH neurons. 

For chemogenetic activation, Cre-dependent adeno-associated virus (AAV) 

construct (pAAV8/hSyn-DIO-hM3D(Gq)-mCherry) was stereotaxically administered 

bilaterally into the hypothalamic paraventricular nucleus of Crh-IRES-Cre mice. After 

three weeks of recovery, CRHPVH neurons were either activated once or repeatedly once 

daily for 2 weeks with C21 actuator. Stressed animals received pAAV-hSyn-DIO-

mCherry (control virus) into the PVH and were acutely or repeatedly exposed to 

restraint stress along with C21 intraperitoneal injection(s). 
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4.4.1. Validation of stereotaxic virus administration  

Cre-dependent uptake and transcriptional activity of AAV virus constructs in the 

PVH was confirmed by red fluorescent protein (RFP) immunostaining. In the 

evaluation, only animals with correct injection placement and with clear bilateral RFP 

staining covering the PVH, were included (Figure 21).  

Figure 21. Successful bilateral administration of Cre-dependent adeno-associated 

virus (AAV) into hypothalamic paraventricular nucleus of a Crh-IRES-Cre mouse.  

Figure 22 shows that the pattern of the virus infected CRHPVH cells entirely overlaps 

with the distribution of tdTomato+ neurons observed in Crh-IRES-Cre;Ai9 mice. 

Figure 22. Location of virus infected PVH cells in Crh-IRES-Cre and tdTomato+ 

PVH cells in Crh-IRES-Cre;Ai9 mice.  
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4.4.2. CRHPVH neurons in acute stress reactions 

After three weeks of recovery, animals injected with pAAV8/hSyn-DIO-

hM3D(Gq)-mCherry (act. DREADD group; n = 5) were treated with DREADD agonist 

C21 for chemogenetic activation of CRHPVH neurons. Mice injected with pAAV-hSyn-

DIO-mCherry were also treated with DREADD agonist C21, while they also endured 

one hour restraint stress (Restraint group; n = 4). Animals were sacrificed 90 minutes 

post-injection/or stress. Neuronal activation was revealed by FOS-immunostaining. The 

timeline of the experiment is shown on Figure 23.  

Figure 23. Experimental design of functional analysis of CRHPVH in acute challenges. 

 

4.4.2.1. Neuronal activation 

Both chemogenetic and restraint stress-induced activation of the animals resulted 

in c-Fos induction throughout the mouse brain. The number and distribution of c-Fos 

positive neurons in the PVH were comparable in mice exposed to chemogenic or stress-

induced activation. A thorough comparison of c-Fos activational patterns in the stress-

related neuronal circuit revealed areas that have been differentially activated. There 

were more areas that have been activated by acute restraint than those that became c-

Fos positive following chemogenetic activation of CRHPVH neurons. The areas that 

contained more c-Fos positive profiles in response to stress than activation of CRHPVH 
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neurons are listed in Table 4. Activation of these areas means that they are involved in 

the brain stress system(circuit) but their activation is independent from the PVH. 

Microcopic image of the activated neurons of PVH, medial amygdalar nucleus (MEA), 

lateral septal nucleus (LS), supramammillary nucleus (SUM) and locus coeruleus (LC) 

can be seen on in Figure 24. 

 

 Table 4. Comprehensive list of brain regions, in which neuronal activation differed. 

Brain regions were ranked on a ”+” - ”+++++” scale, where ”+”  = number of FOS+ 

cells/mm2 < 50 and ”+++++” = number of FOS+ cells/mm2 > 200.  
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Figure 24. DREADD agonist 21 (C21) vs acute restraint induced neuronal activation 

in the mouse brain. PVH-paraventricular hypothalamic nucleus; MEA-medial 

amygdalar nucleus; LS-lateral septal nucleus; SUM-supramammillary nucleus; LC-

locus coeruleus; third ventricle (3V); lateral ventricles (LV); fourth ventricle (4V).  
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4.4.3. CRHPVH neurons in chronic stress reaction 

To address the role of CRHPVH neurons in organizing chronic stress responses, 

animals were injected with pAAV8/hSyn-DIO-hM3D(Gq)-mCherry into the PVH (act. 

DREADD group; n = 14). After 3 weeks of recovery, mice were injected daily for two 

additional weeks with DREADD agonist C21 for repeated chemogenetic activation of 

CRHPVH neurons. Additional group of mice were injected with control virus pAAV-

hSyn-DIO-mCherry treated for two additional weeks with DREADD agonist C21 daily 

and exposed to one hour restraint stress each day (Repeated Restraint group; n = 10). 

Control animals (n = 7) were not virus injected, but received intraperitoneal saline 

injection daily, for two weeks. The timeline of the experiment is shown in Figure 25. 

Body weight (BW) and nest building (NB) behavior of the animals were observed at the 

beginning and at the end of the two weeks treatment. To investigate anxiety and 

depression-like behavior, open field (OF) and tail suspension (TST) tests were carried 

out at the end of experiment. Blood samples from retro-orbital sinus were collected at 

two different time points: we sacrificed half of the mice after the TST, which test can 

be also considered as an acute stressor (Sacrifice I.), while the rest of the animals were 

sacrificed on the following day under basal (no-stress) conditions (Sacrifice II.). 
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Figure 25. Experimental design of functional analysis of CRHPVH in chronic 

challenges. Nest building (NB I-II. time point), open field (OF) and tail suspension 

(TST) tests were performed on the indicated days of the trial. Body weight (BW) of the 

animals was measured at the beginning and at the end of the experiment. 
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4.4.3.1. Body weight changes 

Both repeated restraint and repeated chemogenetic activation of CRHPVH neurons 

resulted in decrease of body weight of the mice by the end of the two weeks treatment. 

Their body weight change was significantly different from that of controls (Figure 26). 

Figure 26. Change of body weight due to repeated restraint and repeated 

chemogenetic activation of CRHPVH neurons. Data are presented as mean ± SEM. 

**p < 0.01; ***p < 0.001 vs. control group; ns = not significant. 

 

4.4.3.2. Behavioral changes 

4.4.3.2.1. Nest building (NB) test 

The quality of the nests, built by the animals was scored (1-5) before and after 

exposure to repeated challenges. Two weeks of repeated chemogenetic CRHPVH neuron 

activation reduced the quality of the nests built by the animals. By contrast, chronic 

restraint stress did not induce significant changes in this type of behavior (Figure 27). 
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Figure 27. Quality of nests significantly dropped after two weeks of chemogenetic 

activation of CRHPVH neurons. Change in nest quality scores obtained after and before 

the repeated challenges. Data are presented as mean ± SEM. *p < 0.05 vs. control 

group, ns = not significant. Representative photographs of the nests were taken at the 

end of the experiment (NB II. time point).  

 

4.4.3.2.2. Open field (OF) test 

The activity pattern of control mice was not significantly different from those 

exposed to repeated challenges tested in a novel open field environment for 10 minutes. 

All experimental mice had similar centrum preference and latency to first step into the 

corner region (Figure 28A). Representative trajectory diagrams also showed no 

outstanding pattern difference among the treatment groups (Figure 28B).  

However a more detailed analysis of open field behavior: surveying, walking, 

rearing and grooming revealed significant differences. As a result of two weeks restraint 

stress, mice groomed significantly more frequently and for a longer period of time 

compared to the animals in the other two groups. Furthermore, we observed that the 

duration of surveying was significantly elevated in case of animals that received  

act. DREADD virus injection compared to the restrained ones. Duration and frequency 

of walking and rearing remained alike in all treatment groups (Figure 28C-D).  

 

 

A 

B 
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Figure 28. Repeated restraint and repeated chemogenetic CRHPVH activation induced 

behavioral changes observed in open field arena. Centrum preference and latency of 

the first entrance into the corner (A), representative trajectory diagrams (B) and 

ethograms (C). Occurrence of the selected behavioral element (survey, walk, real, 

grooming) during the test can be seen on C, where each row represents one mouse. 

Frequency and duration of specific elements are seen on D. Data are presented as 

means ± SEM. ****p < 0.0001 vs. control group. ###p < 0.001; ####p < 0.0001 between 

Restraint and act. DREADD groups; ns = not significant. 

 

 

 

 

 

C 

D 
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4.4.3.2.3. Tail suspension (TST) test 

During the 6 minutes long tail suspension test, moving and immobile state of the 

animals were monitored and quantified. As Figure 29 shows, moving frequency of the 

mice exposed to repeated chemogenetic activation of CRHPVH neurons were 

significantly higher compared to that of the restrained mice. During the second half of 

the test, observed immobility duration of the act. DREADD group was also significantly 

elevated compared to the control animals. 

Figure 29. Detailed ethogram of moving and immobility behavioral elements of the 

animals during tail suspension test. On the ethogram each row represents one mouse. 

Diagram of moving frequency represents the data collected over the entire six-minute 

duration of the test, while the immobility duration diagram specifically represents data 

observed during the 4th-6th minutes of the test. Data are presented as mean ± SEM. *p 

< 0.05 vs. control group. ##p < 0.01 between Restraint and act. DREADD groups; ns = 

not significant. 
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4.4.3.3. Corticosterone measurement 

Basal serum corticosterone level (sampled at Sacrifice II. time point) did not differ 

significantly among the groups at the end of the two weeks treatment. 

Tail suspension test (as an acute stress) evoked significant corticosterone elevation 

in all groups. In chronically restrained mice, acute stress induced CORT level was 

significantly higher compared to that of the other two groups (Figure 30). 

Figure 30. Basal and acute stress induced serum corticosterone level of control, 

repeatedly restrained mice and animals in which CRHPVH neurons were repeatedly 

activated. Data are presented as mean ± SEM. *p < 0.05; ****p < 0.0001 between 

Basal and After acute stress states; ####p < 0.0001 vs. After acute stress states; ns = not 

significant. 
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5. Discussion 

5.1. CRH involvement in the organization of acute stress 

responses 

Here we provide a detailed analysis of stress-dependent recruitment of 

corticotropin-releasing hormone (CRH) neurons in the mouse brain. Putative CRH-

producing neurons have been identified using Cre reporter transgenic mice (Crh-IRES-

Cre;Ai9) in which a CAG-LoxStopLox-tdTomato construct is integrated into 

Gt(Rosa)26Sor locus (112). Because Cre recombinase and CAG promoter are active 

throughout the whole ontogenesis, it is likely that neurons, which are active during 

embryonic development, but not in adults, express the tdTomato marker. Nevertheless, 

there was a good correlation between tdTomato and CRH mRNA expressions in most 

of the areas except the thalamus, striatum and midbrain. In these structures, the 

fluorescent marker expression exceeded that of the mRNA. Chen et al. reported an 

almost complete overlap of native peptide and the tdTomato reporter in the Crh-IRES-

Cre;Ai14 mouse, although their analysis was limited to PVH, BNST, amygdala and the 

hippocampus (69).  

Previous studies used Ai14 reporter line (68, 69, 113), while we found that the Ai9 

is more suitable for colocalization studies, due to the moderate expression of the 

fluorescent marker gene. Importantly, tdTomato expression is independent of the 

strength of CRH expression, because the marker gene is driven by a constitutively active 

CAG promoter. Indeed, neither adrenalectomy nor acute stress exposure, which are 

known as strong activators of CRH neurons, affected tdTomato staining intensity. 

FOS-immunostaining was used as a functional anatomical marker of stress-

activated neurons. c-Fos is an immediate early gene, which became activated in 

response to various acute stimuli and peaks at 90–120 min post-challenge (86). Cell 

population commonly displaying stress-induced c-Fos-immunoreactivity in response to 

all kinds of stressors is regarded as a core stress-related circuit. Various parts of this 

core stress circuit have been analyzed in detail in the forebrain and brainstem (77, 79, 

114, 115). Similar commonly activated brain structures have been identified by Pacak 

and Palkovits (14) using different stressors (immobilization, cold, insulin-induced 

hypoglycemia, hemorrhage and pain). It should be noted however, that the strength of 
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FOS induction is very heterogeneous even in a commonly activated area of the 

hypothalamic paraventricular nucleus. Although the functional domains of the PVH in 

mice are not as well distinguishable as in rats, it is likely that the hypophysiotropic 

neuron population has been ubiquitously activated. Indeed, all stressors used here 

resulted in significant elevation of plasma CORT. 

In addition to the core system, stressor-specific regions have also been revealed. 

For instance, contribution of olfactory areas was evident in ether vapor and predator 

odor exposed animals, which were not activated at all in hypertonic salt or LPS-injected 

animals. By contrast, magnocelluar neurosecretory cells in the supraoptic nucleus 

displayed significant FOS staining in response to systemic challenges but not to 

psychological insults. Comparison of FOS patterns in the mouse brain responding to 

systemic vs. neurogenic stimuli revealed them as highly distinct with more widespread 

neuronal activation seen after neurogenic stressors. Such differential activation by 

interleukin-1 (systemic) vs. foot shock (neurogenic) stressors has been described in rats 

(116). 

The neurobiological function of CRH goes far beyond the initiation of the 

neuroendocrine stress cascade. CRH has been highly implicated in mediation of 

behavioral, emotional and affective aspects of the stress response (117). For instance, 

central delivery of CRH results in changes in locomotion, arousal, anxiety, reward, 

learning and memory (62, 118, 119). However, the distribution of 

extrahypophyseotropic stress-related CRH neurons remains to be precisely located and 

functionally tested. Colocalization of tdTomato signal with FOS protein was used to 

identify such stress-related CRH neuron population. Among the 95 areas studied, 

anterior cingulate and orbital/orbitofrontal cortices showed significant colocalization of 

the two markers in response to all stressors. These cortical areas have been shown to be 

stress sensitive and implicated in regulation of cognitive functions and affect (120). In 

response to psychological stressors CRH neurons in another prefrontal cortical area, the 

dorsal peduncular cortex, became activated. This cell population has been referred to as 

master regulator, which connects emotion-related cortical structures with the 

sympathoexcitatory preganglionic neurons in the dorsomedial hypothalamic nucleus 

(121). This circuit has been shown to mediate thermogenic and cardiovascular responses 

to psychological challenges. 
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External and internal threats commonly mobilize both the hypophyseotropic and 

brain CRH systems. CRH containing, median eminence projecting, parvocellular 

neurons in the PVH initiate the neuroendocrine stress response, while the widespread 

brain CRH system governs autonomic and behavioral aspects of stress (29-31). It should 

also be noted that these functions are not completely distinct, since glucocorticoid 

hormones, the end-products of the neuroendocrine stress cascade, also have profound 

central effects on behavior (122). Furthermore, a subpopulation of PVHCRH neurons that 

possess angiotensin I receptor via projections to the lower brainstem orchestrate 

neuroendocrine and cardiovascular (autonomic) axes (123). 

Brain CRH is involved in arousal and affects the sleep–wake cycle. Noradrenergic 

output from the locus coeruleus (LC) has been implicated as the major regulator of the 

arousal. LC is innervated by CRH-positive fibers and CRH injections to LC results in 

sympatomedullary activation. Furthermore, CeACRH neurons have been revealed as the 

source of stress-related CRH into LC (124). The very same LC projecting CRH neurons 

have also been implicated in stress-induced anxiety, despair and aversion. 

More recently, chemogenetic inhibition BNSTCRH neurons enhanced fear behavior 

to predator odor (125), although the target of this CRH-positive neuron population 

remains to be established. By contrast, systemic IL-1, but not foot shock, resulted in the 

activation of cells in the same BNST subfield, although the neurochemical nature of 

these neurons has not been directly addressed (73). 

Another interesting finding of this study is the relative weakness of brain CRH 

recruitment to systemic (LPS and hypertonic salt) challenges compared to stressors with 

strong psychological components. Indeed, a number of observations suggest the 

involvement of brain CRH in different psychopathologies. Abnormal levels of CRH 

were found in the cerebrospinal fluid (CSF) of depressed patients. Melancholic 

depression was associated with hypersecretion of central CRH and a positive correlation 

was found between CRH level and the severity of depression. On the other hand, 

atypical depression is characterized by hypoactive brain CRH activity and suppressed 

HPA axis. By contrast, PTSD patients have hyperactive central- and blunted 

neuroendocrine CRH activities (90). It is very likely that CSF CRH originates from the 

cortical CRH neurons; however, further functional studies are needed to clarify the 

recruitment of central CRH neurons in these psychopathologies. 
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In summary, our present comprehensive analysis of the stress-dependent 

recruitment of brain CRH neurons provides starting points for functional 

characterization of the brain stress system and for the development of new targets to 

treat stress-related mental disorders. 

 

5.2. Comparison of acute and chronic stress responses 

In everyday life, stress is not an only event. It occurs either repeatedly or 

chronically. Subsequently, we aimed to model these scenarios and to highlight the 

differences between hormonal, and behavioral changes induced by acute- repeated- or 

chronic stress. With comparison of chronic repeated restraint (CRS) and chronic 

variable stress (CVS), we aimed to observe differences resulting from the variability 

and unpredictability of chronic stressors. 

Variation in the characteristics of stress responses are contingent upon diverse 

molecular mechanisms underlying the reactions. Fos-related transcription factors, which 

modulate both acute- and lasting adaptations in gene expression in the target neurons, 

exhibit distinct expression patterns in the stressed hypothalamus (34). Our current data 

validate a significantly higher elevation in c-Fos mRNA levels following acute stress 

compared to chronic challenges. In the latter case, induction of Fosl2 and FosB as 

markers of chronic neuronal activation could be detected. Most prominent increase in 

Fosl2 expression could be observed in the hypothalamus of CRS exposed mice. While 

all stress paradigms led to an elevation in hypothalamic expression of FosB, responses 

were significantly lower in chronically stressed groups compared to acutely restrained 

mice. Indeed, Fosl2 encodes Fra-2, a Fos-related protein, which has been shown to 

mediate gene expression changes in response to repeated immobilization stress (126). 

FosB has been previously identified as a factor critical for long-term neural and 

behavioral plasticity to chronic stimuli and in stress resilience (127, 128).  

Chronic (variable) mild stress is often co-mentioned with anxiety and depression-

like/anhedonic behaviour (129). In our study, anxiety-like behavior developed in 

response to heterotypic unpredictable- (CVS), but not to homotypic chronic repeated 

stressors. 

In summary, in contrast to the acute stressed animals, in chronically stressed mice, 

induction of transient transcription factor (c-Fos) is desensitized, while mRNA of 
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chronic markers is differentially activated in CRS vs CVS exposed mice. Our findings 

on comparison of mouse behavior in open field test, may support the evidence that 

chronic exposure to variable stressors induces anxiety and depressive symptoms, unlike 

the same quality repeated stressors.  

 

5.3. CRHPVH neurons in distinct stress reactions 

Besides CRHPVH neurons, the major drivers of neuroendocrine stress response, 

several diverse cell types and neuronal networks participate in the generation and 

regulation of the stress cascade. Here, we investigated the specific role of CRHPVH cells 

in the organization of acute and chronic stress reactions by comparing the activational 

and behavioral changes seen after acute or repeated restraint stress with those seen after 

exclusive activation of CRHPVH neurons. For chemogenetic studies, pAAV8/hSyn-DIO-

hM3D(Gq)-mCherry viral particle was injected into the PVH of Crh-IRES-Cre mice. 

This experimental scenario results in Gq-DREADD (hM3D(Gq)) receptor expression 

exclusively in CRHPVH neurons. DREADD mediated neuronal activation of these 

neurons was induced by intraperitoneal injection of compound 21 (C21) actuator. In 

contrast to clozapine N-oxide (CNO) the classic ligand of DREADD, C21 has minimal 

off-target activity and has exclusive effect on hM3D(Gq) activation (81). It has been 

shown that CNO is converted to clozapine and may exert clozapine-like behavioral 

effects (130) and therefore it is not well suited for stress experiments. For this reason, 

we have used the more specific DREADD agonist compound 21 for activation of 

hypothalamic neurons. The used dose (1 mg/kg) was recommended by HelloBio, 

however recent studies report some off-target effects of this compound as well (131). 

Comparing the effects of selective CRHPVH neuron activation and one hour 

restraint-induced acute responses showed that the two treatments resulted in comparable 

degree of CRH neuron activation, as similar number of FOS+ neurons could be observed 

in the PVH of the animals. Interestingly, several brain regions (e.g. LS, SUM, LC) 

showed higher level of neuronal activation in the restrained mice compared to the 

CRHPVH neuron activated animals. The observation, that neuronal activation pattern of 

the two groups differ, underlies the importance of brain regions other than the PVH in 

the organization of acute stress response. Areas, which became c-Fos positive in 

response to CRHPVH activation are members of a circuit whose activation is dependent 
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on CRHPVH master cells. By contrast, neurons that display c-Fos after restraint but 

express much less or no IEG after chemogenetic CRHPVH activation, are stress-

responsive, but CRHPVH-independent and/or situated upstream to CRHPVH neurons. 

Further experiments are needed to identify the neurochemical phenotype, connections 

and functional relevance of these neurons. For instance, the lateral septum (LS) is among 

the basal forebrain structures that was activated by restraint but not by CRHPVH 

stimulation. LS integrates aboundant stress-related cortical/subcortical information and 

projects to downstream targets to generate appropriate behavioral stress responses 

independent from CRHPVH activation (132). 

Chronic stressors, due to their extended duration, are more prone to instigate 

enduring physical and behavioral alterations. These changes serve as valuable indicators 

for observing the underlying processes (133, 134). Repeated stress and repeated 

stimulation of CRHPVH neurons resulted in decrease of body weight gain. Body weight 

is a sensitive marker of chronic stress as previously reported (135). CRH is involved in 

the web of neuropeptides and neurotransmitters regulating food intake and metabolism. 

CRH itself is anorexigenic, central administration of this neuropeptide results in 

depressed appetite and increased energy expenditure (136). Furthermore, CRH neurons 

through their projections to hypothalamic feeding centers and descending projections to 

the brainstem and spinal cord are capable to inhibit food intake and increase energy 

expenditure (137), which alignes with our current observations. The fact that both 

repeated challenges resulted in comparable body weight loss, suggests that effect of 

chronic stress on the body weight regulation is partly or might entirely mediated through 

CRHPVH neuron population.  

Chronic/repeated stress precipitates anxiety, anhedonia and depressive behavior in 

human and in laboratory rodents (138). Although we did not reveal major differences in 

specific markers of anxious behavior (centum preference, latency in corners) in 

openfield test, detailed analysis of ethograms, revealed a tendency for decreased rearing 

in both repeatedly challenged groups and tendency for decreased survey in the group of 

repeatedly restrained animals. Decreased rearing and exporatory behavior in a novel 

environment are also a sign of anxiety (64). Significant difference was found in 

grooming, where both frequency and duration of this behavior was higher in repeatedly 

restrained animals compared to controls or animals in which CRHPVH neurons were 
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repeatedly activated. Mouse self grooming is a complex innate behavior, a specific 

sequence of stereotyped movements. It has been shown that aversive stimuli, including 

stress, precipitate grooming (139). This observation is in line with our results, showing 

increased grooming in repeatedly restrained animals. It has also been reported that the 

patterning of self grooming is different in stressed animals compared to those that are 

„in comfort” (139). Although grooming is a stress-related behavior in a novel 

environment, based on our present findings, it is not very likely that CRHPVH neurons 

are involved in the neuronal circuit which regulates grooming in a repeated stress 

paradigm. By contrast, data reported by Füzesi et al. (140) have shown that foot shock 

stress-induced grooming is suppressed by optogenetic inhibition of CRHPVH neurons. 

Furthermore, acute optogenetic activation of CRHPVH neurons significantly increased 

grooming activity in the homecage. The reason why these findings are different, remains 

to be systematically revealed. It may be a difference between optogenetic vs. 

chemogenetic activation of PVH CRH neurons. Alternatively, in our experiment, 

CRHPVH neurons were repeatedly stimulated for two weeks, not only once for a short 

period of time. Additional difference may originate from the location where the 

experiments have been performed. Füzesi et al. tested their mice in the homecage, while 

our data were obtained in an open field arena. Indeed, grooming was context-dependent 

also in optogenetically activated animals. It should also be noted that stress hormones, 

ACTH and corticosterone have been shown to induce self-grooming behavior. Thus, the 

difference between our results and that of Füzesi et al. may originate from hormone-

release differences in response to optogenetic vs chemogenetic activation of HPA axis. 

Decrease in nest’s quality in chronically challenged mice is also indicative of 

disturbed well-being, loss of motivation, or disturbed goal-oriented performance. Nest 

building is an innate behavior, which is seen in both sexes (141). It has been shown that 

the nest building behavior is reduced by stress (142). In line with this information, we 

found that the quality of nests was reduced in both repeatedly challenged groups. 

Although the neuronal circuit which mediates nest building behavior is not fully 

established, our present results suggest that direct, repeated (chemogenetic) activation 

of CRH neurons in the hypothalamic paraventricular nucleus may interfere with nest 

building.  
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Data obtained in the tail suspension test (TST) also indicate some behavioral 

despair. This test has been developed for mice to examine the effects of antidepressants 

in preclinical setting, however there are still debates about the interpretation of 

immobility and escape seen during TST (143). The moving frequency was significantly 

higher in animals with activated CRHPVH neurons (compared to repeatedly restrained 

animals). These data, together with the finding of significantly higher duration of 

immobility in both chronically challenged animals reveals that the immobile state is 

more frequently interrupted by attempts of escape in mice, whose CRHPVH neurons have 

been repeatedly activated.  

Restraint − as a psychological stressor – recruits numerous brain regions to 

formulate an adequate stress response, including stress-induced behavioral adaptation. 

Several limbic (e.g. BNST and amygdala), cortical- (sensory and motor cortex) and 

subcortical structures exert their impact via interconnections among each other (32, 33). 

Many brain regions play essential role in organization of chronic restraint-induced 

behavioral elements. For instance, basolateral amygdala, CEA and the anterior division 

of bed nuclei of stria terminalis (BSTa) play essential role in the initiation of movement 

patterns associated with stress responses (139, 144, 145). In contrast, behaviors 

observed after C21 actuator-induced selective CRHPVH activation represents the 

exclusive action of these neurons. With the comparison of behavioral elements that are 

differentially affected by restraint vs the specific activation of CRHPVH neurons, one can 

start to tease apart the neuronal circuit involved in organization of stress response. Thus, 

the observed stress response differences are likely to arise from the differences of 

neuronal network and/or differences in signal transduction pathways and molecular 

cascades in stress-related neurons.  

Tail suspension test is not only a behavioral test, but also a robust stressor. This 

allowed us to investigate hormonal responses to a novel, heterotypic stressor (i.e. tail 

suspension). Prior exposure to severe stressors results in a hyperresponsive state to 

further novel stressors. This sensitization provides a basis of certain stress-induced 

psychopathologies such as post-traumatic stress disorder (PTSD) or psychosis (146). As 

expected, the heterotypic stressor resulted in significant elevation of serum 

corticosterone in all groups. However, the corticosterone (CORT) response was highly 

sensitized in mice, which have been repeatedly restrained for 2 weeks before exposure 
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to tail suspension. By contrast, tail suspension induced CORT elevation of mice with 

repeated chemogenetic activation of CRHPVH neurons, was not sensitized. Therefore, 

sensitization of hormonal responses might be mediated by hyperactivity of the stress-

related neuronal input projecting upon the paraventricular nucleus, rather than the 

CRHPVH neurons itself. Bhatanagar et al. (147) provided a strong, c-Fos based evidence 

that the posterior part of the paraventricular thalamic nucleus (postPVTh) is involved in 

the chronic stress-induced sensitization of hormonal responses to novel stress. 

Moreover, an increased activity through the parabrachial nucleus-, posterior 

paraventricular thalamic nucleus-, amygdala- and hypothalamic PVH circuit has been 

proposed to cause sensitization of HPA activity. Radley and Sawchenko (148) provided 

functional anatomical evidence for decreased GABAergic inhibitory input originating 

in the anterior BNST to the hypophyseotropic neurosecretory neurons as the main cause 

of exaggregated hormonal response to novel stress in rats. 

Orexin and cholecystokinin are the neuropeptides that have been hypothesized to 

mediate facilitated stress response. It has also been shown that impaired fast or delayed 

glucocorticoid negative feedback may not be involved. Although the 

extraparaventricular brain CRH pathways (i.e. brain-stress system) appear to influence 

cross-sensitization between chronic stress and drugs of abuse (146), the recruitment of 

extrahypothalamic CRH neurons in facilitation of hormonal stress response needs to be 

established.  

In summary, our study revealed that cells in distinct brain regions – in addition to 

CRHPVH neurons – do play significant role in the modulation of stress cascade 

management: different behavioral characteristics and stress-induced sensitization 

develop in response to chronic restraint, but not to exclusive CRHPVH activation. To 

distinguish the exact circuits that are exclusively CRHPVH neuron activated, cross-

correlation and network connectivity analysis on c-Fos immunostained brain sections is 

needed.  
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6. Conclusion 

Main conclusions of my thesis: 

 

1. Crh-IRES-Cre;Ai9 is a proper mouse model for examining stress-induced CRH 

neuron recruitment of the brain. 

 

2. CRH neurons are widely spread throughout the mouse brain. 

 

3. Different neuronal circuits and CRH clusters take part in the organization of 

stress cascade in heterotypic acute stress reactions. 

 

4. Neurogenic stimuli result in highly distinct with more widespread neuronal 

activation compared to the systemic stressors. 

 

5. Recruitment of brain CRH to systemic (LPS and hypertonic salt) challenges 

shows relative weakness compared to stressors with strong psychological 

components. 

 

6. In chronically stressed mice induction of neuronal activity marker: transient 

transcription factor (c-Fos) is desensitized, while mRNA of chronic markers is 

differentially activated in chronic repeated restraint stress (CRS) vs chronic 

variable stress (CVS) exposed mice. 

 

7. Chronic exposure to heterotypic unpredictable stressors (CVS) provokes 

anxiety/depressive symptoms in contrast to repeated stressors.  

 

8. Selective chemogenetic activation of CRHPVH induces neuroendocrine stress 

response, which justifies key role of CRHPVH in initiation of stress cascade. 

  

9. Exclusively CRHPVH neuron driven stress cascade differs from restraint induced 

response in many aspects, that highlights the importance of the interplay of 

additional brain regions. 
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7. Summary 

Corticotropin-releasing hormone (CRH) neurons in the paraventricular 

hypothalamic nucleus (PVH) are in the position to integrate stress-related information 

and initiate adaptive neuroendocrine-, autonomic-, metabolic- and behavioral responses. 

In addition to hypophysiotropic cells, CRH is widely expressed in the CNS, however 

their involvement in the organization of the stress response is not fully understood. In 

our experiments, we used the recently available Crh-IRES-Cre;Ai9 mouse line to study 

the recruitment of hypothalamic and extrahypothalamic CRH neurons in categorically 

distinct, acute stress reactions. To investigate the role of CRHPVH neurons in the 

initiation of stress reaction, we compared hormonal, behavioral and molecular responses 

of mice in which CRHPVH neurons were chemogenetically activated with those exposed 

to single or repeated restraint. Differences of acute-, chronic variable (CVS)- and 

chronic repeated restraint (CRS)-induced stress cascade features were also examined. 

95 brain regions in the adult male mouse brain have been identified as containing 

putative CRH neurons with significant expression of tdTomato marker gene. With 

comparison of CRH mRNA and tdTomato distribution, we found match and mismatch 

areas. Reporter mice were then exposed to restraint, ether, high salt, lipopolysaccharide 

or predator odor stressors and neuronal activation was revealed by FOS 

immunohistochemistry. In addition to a core stress system, stressor-specific areas have 

been revealed to display activity marker FOS. A stressor-specific differential activation 

pattern was observed in CRH neurons in extrahypothalamic regions. Comparison of 

acute selective chemogenetic CRHPVH activation and acute restraint-induced stress 

cascade revealed several neurons, whose activation is CRHPVH-independent and/or are 

situated upstream to CRHPVH neurons. Hormonal and behavioral responses induced by 

repeated activation of CRHPVH differed from those, which were produced by repeted 

restraint stress, highlighting the importance of additional brain regions in organizing the 

stress response. In chronic stress (CRS and CVS) the expression of FOS was 

desensitized, while the mRNA of chronic markers (Fosl2 and Fosb) was differentially 

activated. Comprehensive description of stress-related CRH neurons in the mouse brain 

provides a starting point for a systematic functional analysis of the brain stress system 

and its relation to stress-induced psychopathologies.   
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8. Összefoglalás 

A paraventricularis hypothalamus mag (PVH) corticotropin-releasing hormont 

(CRH) termelő neuronjai képesek a stresszel kapcsolatos információk integrálására, 

majd adaptív neuroendokrin, autonóm, metabolikus és viselkedési válaszok 

indukálására. CRH széles körben expresszálódik a központi idegrendszerben a 

hipofiziotróp sejteken kívül is, azonban ezen neuronok stresszválaszban betöltött 

szerepe nem eléggé tisztázott. Kísérleteink során Crh-IRES-Cre;Ai9 egerek 

segítségével feltérképeztük és összehasonlítottuk különböző stresszorok hatására 

indukálódó hypotalamikus és extrahypothalamikus CRH neuronok eloszlását. Az 

egerek agyában 95 régiót azonosítottunk, melyek neuronjai jelentős mértékben fejeztek 

ki tdTomato markergént, azaz potenciális CRH-t expresszálnak. Egyes területeken 

egyezett, míg máshol eltért a CRH mRNS és a tdTomato eloszlása. A riporter egereket 

restrainnek, éternek, magas koncentrációjú sóoldat-, és lipopoliszacharid injekciónak, 

valamint ragadozószagnak tettük ki. Az aktivált sejteket FOS immuncitokémia 

segítségével azonosítottuk: alapvető stresszreaktív régiókat és stresszor-specifikus 

területeket mutattunk ki. A CRHPVH neuronok mind az 5 akut stresszor hatására 

aktiválódtak; azonban az extrahypothalamikus régiók CRH neuronjainak aktivációs 

mintázata eltért. A CRHPVH neuronok stresszválaszban betöltött szerepének vizsgálata 

céljából összehasonlítottuk restraint stressznek kitett állatok hormonális, FOS 

mintázatbeli- és viselkedési változásait azokkal az egerekkel, melyekben kizárólag a 

CRHPVH neuronokat aktiváltuk kemogenetikailag.  Megfigyeltük az akut, a krónikus 

változó (CVS) és a krónikus ismételt restraint (CRS) stressz által kiváltott 

stresszkaszkád jellemzőit is. Az akut szelektív kemogenetikai CRHPVH aktiváció és az 

akut restraint indukálta stresszkaszkád összehasonlításával kimutattunk agyterületeket, 

melyek aktivációja független CRHPVH neuronokétól. A CRHPVH sejtek ismétlődő 

aktivációja indukálta krónikus stresszreakció számos aspektusban eltér a krónikus 

restraint indukáltától, mely kiemeli az egyéb agyterületek sztresszreakció 

megszervezésében betöltött szerepét. Krónikus stressz esetén (CRS és CVS) a FOS 

expresszió deszenzitizált, míg a krónikus markerek (Fosl2 és Fosb) mRNS szintje eltérő 

volt. Az egéragy stresszel kapcsolatos CRH neuronjainak azonosítása kiindulópontot ad 

az agyi stresszrendszer szisztematikus funkcionális elemzéséhez, valamint a stressz által 

kiváltott pszichopatológiai betegségek hátterében húzódó folyamatok megértéséhez.    
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