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Abstract

Corticotropin-releasing hormone (CRH) is the master regulator of the
hypothalamic–pituitary–adrenal (HPA) axis. CRH is highly expressed in
parvocellular neurons of the paraventricular nucleus of the hypothalamus
(PVN). PVNCRH neurons are primarily recognized for their role in launching
the endocrine stress response. These neurons receive multiple inhibitory and
excitatory afferents monitoring external environmental threats and internal phys-
iological states. The integrated information is translated into hormonal, auto-
nomic and behavioural responses aiming at maintaining homeostasis and
improving chances of survival. The regulation of the HPA axis is closely
associated with glucocorticoid-mediated feedback mechanisms but, in recent
years, it has become evident that CRH and its high-affinity CRH receptor type
1 are constituents of a microcircuit within the PVN directly involved in HPA axis
regulation. Furthermore, our perception of CRHPVN neurons is currently chang-
ing as we have witnessed several exciting studies demonstrating that PVNCRH

neurons directly engage in rapid behavioural responses in reaction to stressful
stimuli beyond their classical role attributed to neuroendocrine regulation.
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9.1 Introduction

The discovery of corticotropin-releasing hormone (CRH; also designated
corticotropin-releasing factor, CRF) as the principal regulator of the hypothalamic–
pituitary–adrenal (HPA) axis was a major breakthrough in neuroendocrinology
(Vale et al. 1981). CRH is part of a neuropeptide family comprising urocortin
1 (UCN1), UCN2 and UCN3. CRH is synthesized as a precursor and matures into
its 41-amino acid biologically active form via proteolytic processing and C-terminal
amidation en route to its storage and release sites at axon terminals. The physiologi-
cal activity of CRH and related peptides is conveyed by two heptahelical receptors
from the family B1 of secretin-like G protein-coupled receptors (GPCRs)—CRH
receptor type 1 (CRHR1) and CRHR2 (Deussing and Chen 2018).

Intracerebroventricular application of CRH in rodents promotes behavioural and
autonomic reactions reminiscent of a response to natural threats. CRH treatment
induces general arousal and anxiogenic behaviour in various behavioural paradigms
(Dunn and Berridge 1990). Simultaneously, CRH activates physiological reactions,
such as increased heart rate, blood pressure, plasma glucose and oxygen consump-
tion, which are indicative of augmented sympathoadrenal outflow (Brown et al.
1982; Fisher and Brown 1991).

Soon after their discovery, clinical observations supported an involvement of
CRH and CRHR1 in stress-related diseases, including mood and anxiety disorders.
Patients suffering from major depression present with HPA axis disturbances such as
elevated plasma cortisol and adrenocorticotropic hormone (ACTH) levels as well as
impaired negative feedback regulation (Holsboer 2000). Post mortem studies
showed increased levels of CRH in the cerebrospinal fluid, an upregulation of
CRH in the PVN and a compensatory reduction of CRHR1 binding sites in the
prefrontal cortex of suicide victims (Arato et al. 1989; Nemeroff et al. 1988;
Raadsheer et al. 1994). Remarkably, successful antidepressant treatment can restore
HPA axis function and CSF levels of CRH (Ising et al. 2007). A wealth of preclinical
and clinical findings has implicated CRHR1 as a promising target for the next
generation of antidepressants and anxiolytics (Holsboer 1999; Sanders and
Nemeroff 2016). However, after an initial successful study, all subsequent clinical
trials failed to demonstrate sufficient efficacy and this has stalled any further
development of CRHR1 antagonists (Griebel and Holsboer 2012; Zobel et al.
2000). Nevertheless, the CRHR1 remains an interesting target and the implementa-
tion of personalized approaches might help to revisit potential therapeutic strategies
based on the CRH/CRHR1 system (Spierling and Zorrilla 2017).

Genetic mouse models underscore the implication of the CRH/CRHR1 system in
anxiety-related behaviour (Timpl et al. 1998; Smith et al. 1998), which is indepen-
dent of the HPA axis disturbances present in CRHR1 knockout mice (Muller et al.
2003). Importantly, mouse models have also revealed that the system is more
complex than originally anticipated. For example, CRHR1 is capable of modulating
anxiety-related behaviour bidirectionally depending on its cellular localization in
glutamatergic or dopaminergic neurons (Refojo et al. 2011; Henckens et al. 2016).
Moreover, the effects of CRH are influenced by the individual’s previous
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experience. Severe stress exposure can, for example, switch the response to CRH
from appetitive to aversive (Lemos et al. 2012).

The current progress in basic neuroscience research provides refined tools for
in-depth analysis and manipulation of complex ligand/receptor systems from the
molecular to the neurocircuit level. CRH effects are traditionally segregated func-
tionally and spatially: in the context of the HPA axis, CRH is regarded as a classical
hypothalamic releasing hormone while CRH is considered as a neuromodulator
when engaged in neurotransmission and interneuronal communication. Along
these lines, it has been a long-standing perception, virtually a dogma, that hypotha-
lamic CRH primarily regulates the activity of the neuroendocrine stress system
whereas the modulation of stress-related behaviours is attributed to
extrahypothalamic CRH sources.

In this chapter we will focus on the hypothalamic CRH/CRHR1 system, its
distribution, physiology and regulation. We will particularly highlight recent
findings which provide ample evidence for the convergence of neuroendocrine,
autonomic and behavioural responses to stress onto CRH-related neurocircuits
within the paraventricular hypothalamic nucleus.

9.2 Hypothalamic Expression of CRH

The antibody-based detection of neuropeptides is frequently hindered by their
comparably low baseline expression accompanied by rapid clearance from the
neuronal soma via axonal transport in large dense-core vesicles. Experimentally,
this can be overcome using a colchicine pretreatment, which blocks vesicular
transport and allows visualization of peptide accumulation in the soma
(Merchenthaler et al. 1982; Cummings et al. 1983). Application of colchicine,
however, is itself a stressor and might also affect the expression of stress-responsive
neuropeptides such as CRH (Alonso et al. 1986). Therefore, mRNA in situ
hybridization (ISH) has proven to be a valuable and sensitive complementary
approach to address the spatial CRH expression pattern in the brain at baseline and
following stress (Keegan et al. 1994).

In Vivo Access to CRH Neurons
In the past decade, we have witnessed the establishment of rodent genetic
tools, i.e., CRH reporter mice and rats, which provide a previously unmet level
of sensitivity to understand peptide expression and distribution of CRH+

neurons in the rodent brain. Direct reporters have been developed, for exam-
ple, by integrating a fluorescent protein into the CRH gene. Thus, reporter
gene expression reflects the current state of CRH production. However, the
relatively low expression level usually requires amplification by antibody
staining (Kono et al. 2017; Alon et al. 2009). Indirect reporter mice are

(continued)
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based on the expression of Cre recombinase under the control of the CRH
promoter. CRH+ neurons can be visualized by breeding general Cre reporter
mice or by local application of viral vectors expressing Cre-dependent
reporters (Taniguchi et al. 2011; Krashes et al. 2014; Pomrenze et al. 2015;
Itoi et al. 2014). Indirect reporters provide the highest sensitivity, as the
reporter is usually driven by a strong promoter. However, this approach cannot
discriminate between current and legacy expression, which is caused by any
transient activation of the reporter, e.g., during developmental stages resulting
in permanent reporter gene expression. In addition, a significant time lag
between induction of CRH expression and detection of the indirect reporter
has to be considered in experiments addressing induction of de novo expres-
sion of CRH. It is of note that the regulatory elements of the CRH gene are not
yet fully understood. Thus, knock-in strategies have proven their superiority
compared to transgenic strategies involving short promoter fragments or even
bacterial artificial chromosome (BAC)-based constructs when carefully com-
paring the exogenous with the endogenous expression pattern (Chen et al.
2015; Dedic et al. 2018a).

Within the hypothalamus, CRH expression is dominated by the PVN but cells
expressing CRH are also found in the lateral (LPOA) and medial preoptic area
(MPOA), the lateral (LH) and dorsomedial hypothalamus (DMH), the perifornical
area (PFA) and in scattered neurons of the posterior periventricular zone and the
suprachiasmatic nucleus (SCN) (Keegan et al. 1994; Merchenthaler et al. 1982;
Cummings et al. 1983). Reporter mice confirmed previously identified hypothalamic
expression and identified additional CRH+ neurons in the anterior (AHA) and
posterior hypothalamic area (PHA), the ventromedial hypothalamus (VMH) as
well as the arcuate nucleus (Arc) (Walker et al. 2019; Peng et al. 2017) (Fig. 9.1).

Hypothalamic CRH neurons display rather small somatic volumes with simple
dendritic branches and present only limited numbers of spines (Wang et al. 2021). A
molecularly more comprehensive characterization has been obtained by single-cell
RNA sequencing, demonstrating that hypothalamic CRH is present in different
inhibitory and excitatory neuronal populations (Romanov et al. 2017b; Kim et al.
2020). CRH was primarily found in GABAergic neurons either positive for LIM
homeobox 6 or G-protein coupled receptor 15-like. In another study, CRH expres-
sion defined a subcluster of neurotensin-positive GABAergic neurons in the hypo-
thalamus (Mickelsen et al. 2019). In addition, CRHwas identified in two populations
of glutamatergic neurons, confirming previous results that had shown that PVNCRH

neurons co-express the vesicular glutamate transporter 2, similar to CRH neurons in
the piriform cortex (Dabrowska et al. 2013; Dedic et al. 2018b). Further evidence for
the PVN-restricted presence of CRH in glutamatergic neurons originates from
conditional CRH knockout mice using the Dlx5/6-Cre driver, which directs
Cre-mediated recombination to forebrain GABAergic neurons. These knockout
mice lack CRH in the entire hypothalamus but spare CRH expression in the PVN
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and thus exhibit normal HPA axis function (Dedic et al. 2018b). Reporter mice in
combination with immunohistochemistry revealed that PVNCRH neurons are unique
with regard to their co-expression of other peptides. About 30% of CRH neurons
contain neurotensin and 20% enkephalin, while only a small fraction of
parvocellular PVNCRH neurons is also positive for cholecystokinin, galanin or

Fig. 9.1 CRH-expressing neurons in the murine hypothalamus. Representative coronal brain
sections covering the murine hypothalamus. CRH-expressing somata are illustrated as filled orange
circles. CRH neurons in extrahypothalamic areas are not depicted. Abbreviations: AHA anterior
hypothalamic area, DMH dorsomedial hypothalamus, LA lateral hypothalamus, LPOA lateral
preoptic area, MPOA median preoptic area, PFA perifornical area, PHA posterior hypothalamic
area, PVN paraventricular nucleus of the hypothalamus, SCN suprachiasmatic nucleus
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vasoactive intestinal polypeptide (Ceccatelli et al. 1989). There is no overlap with
thyrotropin-releasing hormone or somatostatin and only limited co-expression with
oxytocin and arginine vasopressin (AVP) (Wamsteeker Cusulin et al. 2013). Under
conditions of low circulating corticosterone, however, the overlap with AVP
increases significantly, which is in line with the potentiation of ACTH secretion
by AVP co-release (Gillies et al. 1982; Rivier and Vale 1983; Muller et al. 2000).

The widespread distribution of CRH in different populations of hypothalamic
neurons is in accordance with observations in the hippocampus and cortex
suggesting that the production of CRH reflects a functional modality that is acquired
by different types of neurons, rather than a classifier defining neuronal identity
(Gunn et al. 2019; Kubota et al. 2011; Romanov et al. 2017a).

9.3 Connectivity of Hypothalamic CRH Neurons

The afferent and efferent connections of the vast majority of CRH+ neurons in the
hypothalamus have not been explored yet using modern anterograde and retrograde
tracing tools. Only parvocellular PVNCRH neurons have been studied in greater
detail in this regard. PVNCRH neurons project to the external zone of the median
eminence to release their peptide cargo to the portal vasculature (Lennard et al.
1993). Whole-brain mapping of afferents of PVNCRH neurons by rabies virus-
mediated trans-synaptic retrograde tracing using CRH-ires-Cre mice revealed that
PVNCRH neurons integrate information from a plethora of different stress- and
reward-related brain areas (Fig. 9.2). PVNCRH neurons receive excitatory inputs
from several stress-related brain areas, such as the prefrontal cortex (PFC),
paraventricular thalamus (PVT), ventral hippocampus (vHPC) and parabrachial
nucleus (PBN), to rapidly activate PVNCRH neurons. At the same time, several
nuclei, such as the lateral septum (LS), raphe magnus nucleus (RMg) and bed
nucleus of the stria terminalis (BNST), send direct long-range GABAergic inputs
onto PVNCRH neurons. Together, these presynaptic stress and reward circuits pro-
vide the means to bidirectionally modulate dynamics and plasticity of PVNCRH

neurons (Fig. 9.2) (Yuan et al. 2019).
Efferent projections of PVNCRH neurons have been characterized by injecting

AAVs expressing a Cre-dependent anterograde tracer into the PVN of CRH-ires-Cre
mice. As expected, this approach revealed massively labelled axon terminals within
the median eminence but also moderate to dense projections in multiple sites
throughout the brain. Abundant PVNCRH

fibres were identified in the cingulate
cortex, anterior and medial amygdala, LS, subnuclei of the BNST and nucleus
accumbens, as well as in multiple intrahypothalamic sites (Zhang et al. 2017). In
contrast, Fuzesi and colleagues detected projections of PVNCRH neurons to the LH
only, which target an electrophysiological defined population of LH neurons (Fuzesi
et al. 2016). Whether these neurons are identical to a population of hypocretin
(HCRT)-expressing neurons, which were identified by retrograde trans-synaptic
rabies tracing as monosynaptically innervated by PVNCRH neurons, remains to be
investigated (Li et al. 2020).
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Fig. 9.2 Presynaptic partners of PVNCRH neurons. Rabies virus (RV)-mediated trans-synaptic
retrograde tracing. (a) Upper bar graph illustrates brain-wide distribution of neurons labelled by
retrograde trans-synaptic tracing. Lower bar graph illustrates the proportion of rabies virus and
glutamate decarboxylase 1 (GAD1)-positive neurons in each input nucleus. (b) A whole-brain
model of selected monosynaptic afferents onto PVNCRH neurons. Colours of the arrow encode the
proportion of PVNCRH-projecting GABAergic neurons in each input nucleus. Blue, 100%,
magenta, 0%. (Modified with permission from Yuan et al. 2019)
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9.4 CRH—Master Regulator of the HPA Axis

CRH controls the daily rhythm of ACTH and glucocorticoid secretion and regulates
the stress-induced activation of the HPA axis (Herman et al. 2003). CRH is
synthesized in parvocellular neurons in the dorsomedial aspect of the PVN, which
integrate excitatory and inhibitory afferents to convey a net secretory signal to the
anterior pituitary (Herman et al. 2003). CRH is stored in large dense-core vesicles
(LDCVs) and transported to nerve terminals located in the external zone of the
median eminence (Merchenthaler et al. 1984). Exocytosis and release of LDCV
content is regulated by the formation of a SNARE complex, which allows fusion
with the cell membrane (Pang and Sudhof 2010). In the median eminence, CRH is
co-localized with the calcium-sensing protein secretagogin (SCGN), which has been
found in neuroendocrine cells including parvocellular neurons of the PVN (Mulder
et al. 2009). SCGN directly interferes with CRH release, thus limiting hormonal
responses to stress (Romanov et al. 2015). After its release, CRH reaches the anterior
pituitary via the hypothalamic–pituitary portal vasculature, binds to CRHR1 present
on corticotropes and triggers the secretion of ACTH into the circulation. In turn,
ACTH stimulates the synthesis and release of glucocorticoids from the zona
fasciculata of the adrenal gland. Cortisol (in primates) and corticosterone
(in rodents) are the key effectors of the stress response and are indispensable for
successful recovery and adaptation to internal or external threats to homeostasis
(de Kloet et al. 2005). Glucocorticoid effects are mediated via two nuclear receptors:
the glucocorticoid and the mineralocorticoid receptor. These play also a fundamental
role in negative feedback inhibition of the HPA axis to keep glucocorticoid levels in
a tolerable range involving genomic and non-genomic mechanisms (Tasker et al.
2006). In addition, HPA axis activity is controlled on the level of the PVN by
changes in neuronal plasticity. Plasticity is shaped by afferents of local stress-
responsive GABAergic neurons (Herman et al. 2002) and by long-lasting suppres-
sion of N-methyl-D-aspartate (NMDA) receptors, which converts parvocellular
neurons into a primed state and thereby increases hormonal responses to a novel
stressor (Kuzmiski et al. 2010; Bains et al. 2015). PVNCRH neurons show tonic
activity in the absence of external threat stimuli. PVNCRH neurons adapt to
homotypic stressors but this adaptation is not mediated by negative feedback of
corticosterone. Although negative corticosterone feedback suppresses ACTH secre-
tion, it has only a minor effect on CRH neuron activity. Accordingly, corticosterone
inhibits the tonic activity of PVNCRH neurons but not stress-induced activity (Kim
et al. 2019b).

9.5 A CRH-CRHR1 Microcircuit Within the PVN Controls HPA
Axis Activity

The establishment of BAC-transgenic CRHR1-GFP reporter mice revealed poten-
tially CRHR1-expressing neurons in the PVN (Justice et al. 2008). These CRHR1-
GFP neurons are responsive to CRH applied by bath application but also to local
CRH release induced by photo-stimulation, indicating the presence of functional
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CRHR1. These neurons resemble a unique population of PVN neurons as they do
not express any classical markers of magnocellular or parvocellular neurons but
rather possess characteristics of preautonomic neurons that project to brainstem
nuclei (Ramot et al. 2017). The majority of PVN CRHR1-GFP neurons are inhibi-
tory, making local GABAergic synapses within the PVN. Additionally,
glutamatergic CRHR1-GFP neurons exist and make long-range projections to the
LS, BNST, periaqueductual grey (PAG), parabrachial nucleus (PB) and the nucleus
of the solitary tract (NTS). Interestingly, a significant portion of CRHR1-GFP
neurons express GABAergic as well as glutamatergic markers. PVNCRH neurons
make only partially synaptic contacts with CRHR1-GFP neurons but signalling
seems to be also possible by CRH release involving volume transmission (Ramot
et al. 2017). CRHR1-GFP neurons are positively regulated by glucocorticoids, while
low glucocorticoids, as present in CRHR1-knockout mice or adrenalectomized mice,
downregulate GFP expression. CRHR1 in the PVN is co-expressed with Sim1,
allowing conditional PVN-specific inactivation using Sim1-Cre driver mice. Basal
corticosterone levels are unaffected in CRHR1CKO-Sim1 mice compared to control
mice. However, chronic social defeat stress resulted in decreased basal corticoste-
rone levels after the end of the stressor. These chronically stressed mice also showed
reduced anxiety-related behaviour (Ramot et al. 2017). Selective ablation of
PVNCRHR1 neurons by selective expression of diphtheria toxin resulted in HPA
axis hyperactivity due to reduced feedback inhibition of PVNCRH neurons (Jiang
et al. 2018). These results revealed an intra-PVN CRH-CRHR1 microcircuit
(Fig. 9.3) introducing a previously unrecognized level of HPA axis activity (Jiang
et al. 2019).

Fig. 9.3 The intra-PVN
CRH/CRHR1 microcircuit.
Parvocellular CRH neurons
signal to CRHR1 neurons in a
short negative feedback
microcircuit. Released CRH
activates recurrent inhibition
via neighbouring GABAergic
CRHR1+ neurons.
Abbreviations: AP anterior
pituitary, ME median
eminence, PVN
paraventricular nucleus of the
hypothalamus
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9.6 PVNCRH Neurons Are Activated by Aversive Stimuli
and Regulate Stress-Induced Behaviours

Parvocellular PVNCRH neurons have classically and almost exclusively been
acknowledged for their role in orchestrating the neuroendocrine stress response via
the HPA axis. PVNCRH neurons have been demonstrated to control autonomic
outflow. For example, PVNCRH neurons project to sites controlling autonomic
function and selective stimulation of PVNCRH terminals in the NTS increases
blood pressure (Wang et al. 2019). Early experiments involving electrical stimula-
tion suggested that these cells may also regulate complex behaviours but they gained
only limited attention (Kruk et al. 1998). Mice show an immediate reaction to acute
stressors, e.g., a foot-shock, reflected by the expression of multiple behaviours,
which differ in their duration depending on the encountered stressor and the animals’
environmental context (Fuzesi et al. 2016). Interestingly, instantaneous optogenetic
inhibition of PVNCRH neurons following an acute stressor switched the pattern of
stress-induced behaviours from self-grooming to rearing and walking. Accordingly,
photoactivation of PVNCRH neurons had the opposite effect, reflected by increased
grooming and decreased rearing behaviour. These behavioural alterations were
independent of the corticosterone surge induced by optogenetic stimulation of
PVNCRH neurons. Moreover, the clear context-dependence of stress-induced
behavioural profiles was blunted by stimulation of PVNCRH neurons. Double retro-
grade tracing using retrobeads and fluorogold revealed that individual PVNCRH

neurons project to the median eminence but at the same time send axon collaterals
to other brain structures, particularly the LH. Photo-stimulation of those PVNCRH

fibres present in the LH had behavioural consequences similar to those seen with
direct stimulation of PVNCRH neurons (Fuzesi et al. 2016).

The response of PVNCRH neurons has been addressed in detail by in vivo calcium
imaging using fibre photometry. GCaMP6s expressing PVNCRH neurons are imme-
diately activated by a broad array of exteroceptive (e.g. forced swimming, predator
odour) and interoceptive (e.g. gastric malaise, food deprivation) stressors/aversive
stimuli (Fig. 9.4). On the contrary appetitive or rewarding stimuli such as accessible
food or sweet solution rapidly suppressed the activity of PVNCRH neurons (Kim
et al. 2019a; Yuan et al. 2019). PVNCRH neurons also responded to social stimuli
(Fig. 9.4). Depending on the stimulus, neurons were either suppressed, e.g. when a
female mouse was presented with a pup, or activated, e.g. when a mouse was
attacked by an aggressive intruder. These bidirectional changes in PVNCRH neuron
activity suggest that these neurons convey information with regard to the valence of
the encountered stimulus. Accordingly, optogenetic activation of these PVNCRH

neurons induces place aversion while optogenetic inhibition of the same neuronal
population promotes place preference. Furthermore, photo-stimulation or -inhibition
is able to blunt natural preferences (e.g. to food) or aversions (e.g. to LiCl injection),
respectively (Kim et al. 2019a).

Moreover, when a rewarding stimulus is presented in conjunction with a stressor,
the stress response of PVNCRH neurons is significantly decreased. Similarly, reward-
ing sucrose-solution is able to diminish signs of a stress response that was artificially
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Fig. 9.4 Activation and Inhibition of PVNCRH neurons. GCaMP6s was selectively expressed in
PVNCRH neurons and activity was recorded by fibre photometry. (a) Cartoon illustrating the forced
swim test (FST) and a representative trace illustrating an increased GCaMP6 signal recorded from
PVNCRH neurons during FST (red bar, above) and decreased activity while back in home cage
(white bar). Behavioural epochs, swimming (light blue) and climbing (blue) are annotated in colour-
coded shaded bars. The plot shows combined data from all animals tested aligned to the start and
end of FST, and the following rest in the home cage. (b) Cartoon illustrating the tail restraint-test
(TRT) and a representative trace showing increased GCaMP6 signal from PVNCRH neurons during
restraint (red bars, above). Colour-coded shaded bars depict the periods during which mice were
chased by a hand (grey) and struggled (beige). The plot shows a peri-event time histogram plot
across all tested animals aligned to the start of TRT. (c) Cartoon illustrating presentation of freely
accessible chow in a chamber. Representative traces showing GCaMP6 signal from PVNCRH

neurons of ad libitum-fed and 22-h fasted animals exposed to a non-food object (grey bar), followed
by chow pellet (orange bar). Shaded bars depict the epochs during which mice investigated the
non-food object (grey) and consumed the chow pellet (orange). The plot across all animals was
aligned to the introduction of chow. (Modified with permission from Kim et al. 2019a)
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induced by direct chemogenetic stimulation of PVNCRH neurons, i.e., reducing the
elevated self-grooming, anxiety and corticosterone release. Mechanistically,
repeated stress upregulates glutamatergic neurotransmission and induces NMDA
receptor-dependent burst firing. In this context, reward consumption is able to
rebalance synaptic homeostasis by increasing inhibition and decreasing excitation
resulting in abrogation of burst firing (Yuan et al. 2019).

PVNCRH neurons have been further interrogated with respect to their role in
innate defensive behaviours using a looming shadow paradigm as threat (Daviu
et al. 2020). This advancing threat leads to an activation of PVNCRH neurons and
induces escape behaviour. Optogenetic inhibition switches defensive behaviours
from escape to freezing, suggesting that PVNCRH neurons control the balance
between passive and active response strategies. Interestingly, PVNCRH neurons
generate a preparatory signal anticipating escape behaviour, i.e., CRH neurons are
activated before the initiation of escape behaviour. Furthermore, this anticipatory
signal is sensitive to stressful stimuli that have high or low levels of controllability.
Stressors with high outcome control increase PVNCRH anticipatory activity and thus
escape behaviour. In contrast, stressors that do not allow control prevent the occur-
rence of anticipatory activity and subsequent escape behaviour (Daviu et al. 2020).

Another intriguing finding is the capacity of PVNCRH neurons to transmit signals
of distress among individuals (Sterley et al. 2018). Exposure to acute stress alters the
short-term plasticity of PVNCRH neuron afferents at glutamatergic synapses. Inter-
estingly, similar changes occur at the synaptic level when naïve mice interact with a
previously stressed cage-mate. The transmission of synaptic changes does not even
require direct interaction between individuals but can be transferred via currently
unknown chemosensory signals (Sterley et al. 2018).

9.7 Hypothalamic CRH Promotes Hyperarousal
and Anxiogenic Behaviour

Conditional and constitutive CRHR1-knockout mice consistently exhibit reduced
anxiety-related behaviour (Timpl et al. 1998; Muller et al. 2003; Smith et al. 1998).
Surprisingly, constitutive CRH knockout mice did not recapitulate the anxiety-
related phenotype of CRHR1-mutant mice (Muglia et al. 1995; Muglia et al.
2001). The underlying reasons for the observed discrepancy are unclear but different
hypotheses have been put forward: (1) Early inactivation of CRH during embryonic
development might induce compensatory mechanisms, including the functional
substitution by UCNs or other yet undiscovered family members. (2) The constitu-
tive disruption of CRH might entail pleiotropic effects, which together with the
chronic corticosterone deficit mask the consequences on anxiety-related behaviour.
(3) CRHR1 possesses to some extent tonic activity independent of ligand-based
receptor activation. (4) CRH activity is only relevant under conditions of severe
stress. From genomic data, there is no trace of unidentified family members in
mammals and it seems unlikely that UCNs can compensate for the CRH loss as
their expression is spatially more restricted and no compensatory upregulation has
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been observed in CRH knockout mice. Moreover, CRHR1 knockout mice are prone
to similar pleiotropic effects including a severe corticosterone deficit. Beside the
observation that CRHR1 antagonists are still able to block some of the stress-
induced behavioural effects in CRH knockout mice (Weninger et al. 1999), there
is no experimental evidence for a constitutively active CRHR1.

The generation of a conditional CRH allele amenable to Cre-mediated inactiva-
tion allowed contesting some of the postulated explanations for the absence of any
anxiety-related phenotype in constitutive CRH knockout mice (Zhang et al. 2017;
Dedic et al. 2018b). Combination of the conditional CRH allele with Dlx5/6-Cre
driver line results in the deletion of CRH from forebrain GABAergic neurons,
including anxiety- and fear-related brain regions such as the central amygdala
(CeA) and BNST, while preserving CRH expression in the PVN and thus leaving
the HPA axis intact. However, anxiety-related behaviour was unaffected in
CRHCKO-Dlx5/6 mice. Interestingly, and in support of a specific role for CRH under
conditions of severe or enduring stress, CRH deletion from forebrain GABAergic
neurons conferred resilience to chronic social defeat stress (Dedic et al. 2019).
Temporally controlled CRH deletion from long-range GABAergic projection
neurons of the CeA and BNST using the tamoxifen-inducible Camk2a-CreERT2
driver line resulted in increased anxiety-related behaviour. This is in accordance with
results obtained by selective deletion of CRHR1 from dopaminergic neurons in the
ventral tegmental area which is the target region of CeA and BNST CRH+ neurons
(Refojo et al. 2011). Restricted deletion of CRH from the small population of CRH
in glutamatergic neurons mainly in the piriform cortex did not affect anxiety-related
behaviour or the response to chronic stress (Dedic et al. 2018b).

The first conditional knockout mice targeting CRH expression in the PVN have
been generated by breeding floxed CRHmice to the Sim1-Cre driver line. Sim1-Cre-
mediated deletion of CRH in the hypothalamus is not as profound as in constitutive
knockout mice. PVN CRH levels are reduced by 70% resulting in decreased basal,
diurnal and stress-induced plasma corticosterone levels. Accordingly, the chronic
corticosterone deficit results in adrenal atrophy. CRHCKO-Sim1 mice showed mark-
edly reduced anxiety-related behaviour in the open field, hole board, elevated plus
maze and dark/light box tests compared to control mice. These behavioural
alterations occurred independent of the chronic corticosterone deficit as corticoste-
rone substitution was not able to fully restore normal anxiety related-behaviour in
CRHCKO-Sim1 mice (Zhang et al. 2017).

Another line of evidence for a direct involvement of CRH itself in
PVN-controlled stress-related behaviours has been demonstrated recently. Restraint
stress induces hyperarousal and insomnia, which is accompanied by activation of
PVNCRH neurons, as indicated by stress-induced co-expression of the immediate
early gene cFos. Restraint stress specifically activates a population of PVNCRH

neurons that innervate wake promoting HCRT neurons in the LH. Accordingly,
optogenetic stimulation of LH-projecting PVNCRH neurons elicits hyperarousal and
wakefulness. In contrast, chemogenetic suppression and ablation of PVNCRH

neurons attenuates wakefulness and locomotor activity (Ono et al. 2020). To test
the direct impact of CRH on stress-induced arousal, CRH was selectively disrupted
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in the PVN using CRISPR-Cas9-mediated inactivation (Li et al. 2020). Similar to the
ablation of LH HCRT neurons, downregulation of CRH expression in the PVN was
sufficient to block the stress-induced hyperarousal. In this context, it is of interest
that GABAergic neurons in the SCN—the organism’s central circadian clock—
negatively regulate the activity of PVNCRH neurons, which in turn positively
regulate wake promoting HCRT neurons (Ono et al. 2020).

Taken together, these results demonstrate that the constitutive deletion of CRH
might have been hampered by compensatory and pleiotropic effects due to early
deletion throughout the brain, which has been unmasked by conditional strategies of
CRH inactivation. In addition, it has become apparent that the function of CRH in
parvocellular PVN neurons extends beyond the simple regulation of HPA axis
activity but is an integral part of PVN’s capability to orchestrate stress-induced
behaviours.

9.7.1 Perspectives

CRH in parvocellular neurons of the PVN is well known for its role in activating and
controlling HPA axis activity. In particular, genomic and non-genomic glucocorti-
coid-driven mechanisms promote negative feedback inhibition and tightly regulate
HPA axis function. Only recently, with the advent of CRHR1 reporter mice, an intra-
PVN CRH/CRHR1 system has been identified and characterized. This microcircuit
represents an immediate response system providing another level of neuroendocrine
control over the HPA axis. To what extent this microcircuit is also involved in stress-
induced behaviours remains to be further investigated. Functional interrogation of
PVNCRH neurons is complicated by the inseparability of their neuroendocrine and
behavioural functions. In this regard, it will be of utmost importance to better
understand to what extent PVNCRH neurons projecting to the median eminence
simultaneously send axon collaterals to brain regions relevant to behavioural stress
responses.

Fostered by the availability of optogenetic and chemogenetic tools, in recent
years we have seen an increasing number of studies focussing on the behavioural
stress response conveyed by PVNCRH neurons. These studies have demonstrated that
PVNCRH neurons are activated immediately and even anticipatorily upon external
threats. Conversely, inhibition of PVNCRH neurons, e.g., by appetitive stimuli, is
able to attenuate the stress response. PVNCRH neurons encode a broad spectrum of
properties allowing for bidirectional control of behaviour, including selection of
suitable innate defensive behaviours or social transmission of distress signals. These
findings suggest that PVNCRH neurons control the transition to a state that is
permissive for motor action enabling the engagement in stress-related behaviours
(Daviu and Bains 2021). It is highly likely that PVNCRH neurons are not a homoge-
nous population but might comprise functionally distinct populations, which could
be addressed by applying intersectional approaches in the future. Furthermore, it
would be highly relevant to better understand the stimuli that trigger neuropeptide
release from CRH neurons. With the establishment of G-protein coupled receptor-
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activation based sensors, in vivo monitoring of CRH release might be within reach in
the near future. Finally, it is remarkable that hypothalamic neurons outside of the
PVN have largely been neglected in the past with regard to their physiology although
there is evidence that they also contribute to the neuroendocrine, autonomic and
behavioural stress response.
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