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Corticotropin-releasing factor (CRF) plays a central role in the stress response by regulating the hypothalamic-
pituitary-adrenal axis. In order to unravel unsolved issues underlying the regulatory mechanisms for CRF neurons,
modified yellow fluorescent protein (Venus) gene was inserted into the CRF gene in frame, and CRF neurons were
visualized by the Venus fluorescence. Venus expression is overlapped with CRF expression in most brain regions,
including the paraventricular nucleus of the hypothalamus (PVH). This mouse is a useful tool especially for
conducting electrophysiological recordings from CRF neurons. In the first half of the present review, the
backgrounds of the generation of the mouse are described based on the previous literature: first, the anatomical
distribution of CRF-immunoreactive neurons in the rat brain is overviewed, and then the knowledge on the
electrophysiological properties of the parvocellular neuroendocrine neurons that constitute a subpopulation of
neurons in the PVH (including PVH-CRF neurons) is described. These sections may help the readers in
understanding the purpose of generating the CRF-Venus mouse. In the second half of the manuscript, the
distribution of Venus-expressing neurons is characterized in the CRF-Venus mouse, and preliminary results of
electrophysiological recordings from the Venus-expressing neurons are shown. CRF driver mouse lines are also
referred to as a means for the CRF neuron-selective gene transfer or targeting. Novel mouse lines may serve as
tools for disclosing the regulatory mechanisms for CRF neurons in the PVH, as well as other brain regions.
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1. Introduction

The corticotropin-releasing factor (CRF)-containing neurons located in the paraventricular nucleus of the
hypothalamus (PVH) play a pivotal role in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis (Fig. 1).
CRF neurons are regulated by a variety of neural inputs and humoral factors [1]. For example, systemic stress signals
are conveyed primarily to the medulla oblongata, via visceral afferents, and then they are transmitted to the PVH-CRF
neurons; the ascending noradrenergic (NAergic) system is implicated in this pathway. Glutamate-containing
(glutamatergic) and �-aminobutyric acid (GABA)-containing (GABAergic) neurons make direct synaptic contacts with
CRF neurons and may take part in determining the excitability of CRF neurons [2]. Interestingly, NAergic inputs may
modulate the transmitter discharge from the local glutamatergic or GABAergic neurons [2]. Part of the glutamatergic
and GABAergic afferents derive from the regions outside the hypothalamus, where the stress signals, transmitted
mainly from the limbic structures, are relayed to the hypothalamus [3]. Glucocorticoid (GC) is secreted from the
adrenals in response to stress exposure; besides its essential role in protecting an organism from stressors, GC also
regulates CRF neurons in the PVH by a negative feedback mechanism [1–3]. PVH is also a center of the sympathetic
and parasympathetic autonomic nervous systems [3], and the interplay between the neuroendocrine and autonomic
systems has been proposed at various levels of the brain including the PVH itself [4]. A brief summary of topographical
relationship between the two systems are presented schematically in Fig. 1.

Recently, CRF-modified yellow fluorescent protein (Venus) knock-in mouse was generated in my laboratory with the
collaboration of Dr. Kenji Sakimura at Niigata University, for the purpose of overcoming previous difficulties in
carrying out cellular physiological studies [5]. The knowledge of the previous research works may help the readers in
understanding the reason why fluorescent labeling of CRF neurons is important for future research; the background to
the generation of CRF-Venus mouse is described in the first half of the present review. In the second half,
characteristics of the CRF-Venus mouse will be presented, and this may lead to future perspectives of the mouse as a
tool for studying CRF neurons.
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Thorough examination of Venus expression in the whole brain is an essential part of the characterization of the CRF-
Venus mouse because tissue-selective expression of a gene may not always be attained even via the knock-in strategy,
and it is indispensable to check for the possible ‘off-target’ (ectopic) expression of the Venus gene. The following
section, ‘Anatomical distribution of CRF neurons in the brain’, will provide readers with resources for better
understanding the topography of Venus-expressing neurons in later sections. ‘Regulatory mechanisms for CRF neurons
in the PVH’ is discussed in the next section from an electrophysiological viewpoint since the fluorescent visualization
is of greatest benefit to the electrical recordings from CRF neurons. As an ‘Application of novel technologies for
exploring CRF neurons’, CRF-Venus mouse is characterized and compared to other mouse lines for appropriate uses in
future experiments. CRF driver mouse lines are also referred to as a means for the CRF neuron-selective gene transfer
or targeting. The final section presents a summary of the present review.

2. Anatomical distribution of CRF neurons in the brain

2.1 Overall anatomy of CRF-producing neurons in the brain

Earlier studies in the 1980s revealed major sites which contain CRF-immunoreactive (ir) cell bodies and axons
throughout the rat brain [6–8]: brain regions where conspicuous CRF-ir cell bodies were observed include medial and
median preoptic areas, bed nucleus of the stria terminalis (BNST), PVH, lateral hypothalamus, cingulate cortex,
sensorimotor cortices (mainly layers II and III), piriform cortex, central nucleus of amygdala (CeA), laterodorsal
tegmental nucleus (LDTg), pedunclopontine tegmental nucleus (PPTg), periaqueductal gray (PAG), Barrington’s
nucleus, lateral parabrachial nucleus (LPB), nucleus of the solitary tract (NTS), and ventrolateral reticular formation.

Fig. 1. CRF neurons as a center of the hypothalamic-pituitary-adrenal axis and their interplay with the autonomic nervous
system
The CRF neurons in the paraventricular nucleus of the hypothalamus (PVH) play a central role in the regulation of the
hypothalamic-pituitary-adrenal axis. CRF neurons receive inputs from many brain regions, and most extensively studied, among
other neurons, are the ascending catecholaminergic neurons originating from the nucleus of the solitary tract (NTS). These
neurons contain noradrenaline (NA) or adrenaline (A), as well as various neuropeptides. The NTS receives visceral afferents via
the vagal (X) and glossopharyngeal (IX) nerves that convey signals from the visceral organs and great vessels. Thus, the visceral
signals are transmitted to the PVH and regulate the output levels of CRF neurons, besides regulating outputs from the medullary
autonomic center such as the rostral ventrolateral medulla (RVLM). Subpopulations of the vasopressin (AVP) and oxytocin
(OXT) neurons in the PVH are pre-autonomic neurons that project to the RVLM and sympathetic preganglionic neurons in the
spinal cord. Part of the pre-autonomic neurons in the PVH also projects to the dorsal motor nucleus of vagus (DMX). GC,
glucocorticoid; ACTH, adrenocorticotropin; N. ambig., nucleus ambiguous; CVLM, caudal ventrolateral medulla; yellow lines,
pre-autonomic neurons; light blue lines, parasympathetic neurons; red lines, sympathetic neurons (solid lines are preganglionic
and dotted lines postganglionic). The black dotted line represents �-aminobutyric acid-containing interneurons from the CVLM
to RVLM.
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CRF-containing fibers are present in broader brain regions including the areas containing the CRF cell bodies.
The CRF-ir axons are observed throughout the forebrain, midbrain, and hindbrain structures, and sometimes the

fibers appear to traverse a long distance between different brain regions [6–8]. However, it is difficult to know from
which region these axons originate and to which direction they are running, so the physiological role(s) of most CRF-
containing projection neurons is still elusive. Therefore, the ‘connectome’ of the CRF neuronal system in the brain has
yet to be disclosed.

In several groups of CRF-containing neurons, however, the axon terminals can be traced back to the cell bodies of
their origin; for example, terminals in the external layer of the median eminence (ME) derive from the PVH-CRF
neurons [6, 7, 9]. These fibers terminate on the capillary walls in the external layer of the ME, where CRF peptide is
secreted [6]. Then, CRF is carried to the anterior pituitary via the pituitary portal veins and stimulates the synthesis and
secretion of adrenocorticotropin (ACTH) [10]. Prominent expression of CRF is observed in Barrington’s nucleus which
is the pontine micturition center and projects directly to parasympathetic preganglionic neurons in the lumbosacral
spinal cord [11]. CRF is also contained in the inferior olivary nucleus (IO), which is the source of the ascending fibers
to the cerebellum that modulate the long-term depression [12].

Our knowledge on the distribution of CRF-ir neurons in the human brain is limited [13–17]. The cytoarchitectonics
of the human PVH is different from that of rodents, and parvocellular and magnocellular neurons are interspersed
within the same area [14]. CRF-immnoreactivity was present only in the parvocellular neurons and did not appear to
be present in either the magnocellular neurons in the PVH or supraoptic nucleus in the human hypothalamus [13, 14].
CRF-ir axons could also be traced to the ME in humans, where they form a dense network of terminals around the
portal capillaries [16]. CRF-ir cell bodies were also observed in the periventricular nucleus and infundibular nucleus of
human hypothalamus, the latter being the equivalent of rodent arcuate nucleus [17].

The precise map of the CRF-ir neuronal system has not yet been reported in the mouse because CRF neurons
could not be stained satisfactorily with any anti-CRF antibody available. In the mouse, cytoplasmic CRF
concentration could possibly be smaller, compared to that in rats, since CRF neurons can be stained in the mouse
PVH following an injection of colchicine intracerebroventricularly to block the axonal transport and increase CRF
content in the perikarya [5, 18] (vide infra). However, CRF neurons, outside the PVH, are difficult to stain even after
colchicine injection (possibly, colchicine could not readily diffuse into areas far from the ventricular wall). Recently,
Alon and colleagues generated a transgenic mousse line, by the bacterial artificial chromosome (BAC) strategy, in
which the green fluorescent protein (GFP) is expressed under the promoter of CRF [19]; they mapped the distribution
of GFP-ir (putative CRF-containing) cell bodies in the mouse brain [19]. The distribution of CRF mRNA-expressing
neurons in the mouse brain was reported in a few previous reports [19, 20] and Allen’s Brain Atlas (http://
mouse.brain-map.org/).

2.2 CRF in the PVH as a neuroendocrine peptide

The CRF neurons in the PVH are studied most extensively because they play a central role in the regulation of the
HPA stress axis [10]. The PVH comprises three types of neurons: the magnocellular neuroendocrine neurons,
parvocellular neuroendocrine neurons, and pre-autonomic (parvocellular) neurons [21]. In the rat, magnocellular
neuroendocrine neurons are localized in a more dorsolateral portion of the PVH (mainly in the posterior magnocellular
subdivision), while the parvocellular neuroendocrine neurons are located in the medial region of the PVH (mainly the
medial parvocellular subdivision). A less prominent parvocellular cell group is present in the periventricular nucleus
which is medial to the medial parvocellular subdivision and adjacent to the wall of the 3rd ventricle [6].

In the rat PVH, the magnocellular neurons are greater in size compared to the parvocellular neurons, but it is
not always easy to discriminate the former from the latter morphologically. The magnocellular neurons comprise
vasopressin (AVP)- and oxytocin (OXT)-containing neurons that project to the posterior pituitary where the
neuropeptides are secreted into the systemic circulation [21]. The parvocellular neuroendocrine neurons in the PVH are
smaller in size and comprise multiple populations of neuroendocrine neurons [CRF-, thyrotropin-releasing hormone
(TRH)-, and somatostatin-synthesizing neurons] that project to the ME [21]. To help understand the topography of CRF
neurons in the PVH, distribution of CRF mRNA in the rat PVH, together with that of AVP mRNA, is shown in Fig. 2;
the region where CRF mRNA is expressed corresponds to the parvocellular subdivision, and the region with AVP
mRNA to the magnocellular subdivision. Although not shown in Fig. 2, TRH and somatostatin are also expressed in the
parvocellular subdivision, and OXT in the magnocellular subdivision as described above.

The pre-autonomic neurons are distributed in the dorsomedial ‘cap’, and ventral-most, as well as the extreme
posterior, region of the rat PVH [2, 22]; these neurons are not neurosecretory and project to brain stem [the rostral
ventrolateral medulla (RVLM) and dorsal motor nucleus of the vagus (DMX)] and the lateral column of the spinal cord
which are involved in sympathetic or parasympathetic control [23–25] (Fig. 1). In the mouse, the margins between
subpopulation of the neuronal species in the PVH are more ambiguous [26]. In addition, the differences in sizes of cell
bodies are not as great between the ‘parvo-’ and ‘magnocellular’ neurons as they are in the rat PVH, making it more
difficult to discriminate the ‘parvo-’ from the ‘magnocellular’ neurons.

CRF neurons in the PVH have a potency to express AVP [27–29], and co-expression of AVP in the parvocellular
CRF neurons becomes most conspicuous in a chronically GC-deficient state [27–29]. After bilateral adrenalectomy, a

Exploring the Regulatory Mechanism of Stress Responses in the Paraventricular Nucleus of the Hypothalamus 215



significant proportion of CRF-ir neurons began expressing AVP-immunoreactivity in the rat [27–29] and mouse [5].
Co-localization of AVP in the PVH-CRF neurons was also observed in post-mortem human brain [14, 17]. In the rat,
CRF and AVP are co-stored in the same secretory granules in nerve terminals at the ME [30] and exert a synergistic
effect on ACTH secretion [31, 32]. Therefore, co-secretion of AVP together with CRF may help facilitate the release of
ACTH in the anterior pituitary in GC deficient conditions.

3. Regulatory mechanisms for CRF neurons in the PVH

CRF neurons in the PVH are regulated by neural inputs and humoral factors [1, 3]. The local neural circuits within
the PVH contain the glutamatergic and GABAergic neurons [2]. The glutamatergic or GABAergic inputs were
identified in both magno- [33, 34] and parvocellular neurons in the PVH [35]. Albeit the presence of glutamatergic
projection neurons from outside the PVH [3], a considerable proportion of glutamatergic cell bodies are presumed to be
present in the PVH [33]. GABAergic cell bodies, however, cannot be identified within the PVH; the GABAergic
neurons are present in the peri-PVH regions [35], which circumscribe the PVH, as well as outside the PVH, including
the lateral hypothalamic area, BNST, anterior hypothalamic area, medial preoptic area, and dorsomedial hypothalamus
[3, 36].

There are numerous populations of projection neurons to the PVH-CRF neurons from multiple brain regions
[1, 3, 37]. Among these projection neurons, the ascending NAergic neurons, originating from the brain stem, have been
studied most extensively [1, 3, 37, 38]. In the rat, the parvocellular subdivision of the PVH, where CRF neurons are
present, receives NAergic afferents mostly from the A2 region in the NTS [39]. It was proposed that ascending
catecholaminergic pathways may mediate systemic stress responses [3]. Several neuropeptides are colocalized with
noradrenaline (NA) in the brain stem, and these peptides may modulate the action of NA at the PVH [40]. The NAergic
projection from the locus ceruleus (A6) is also postulated to convey signals to the PVH indirectly via the dorsal medial
prefrontal cortex and stimulate CRF neurons by disinhibition of the GABAergic afferents to the PVH-CRF neurons
[41].

The GCs play a key role in the regulation of CRF neurons under acute or chronic stress via a negative feedback
mechanism [1, 3, 37]. GCs are the ligands for the GC receptors (GRs), and the ligand-bound GRs exert their effects on
CRF gene expression (the genomic effects of GCs). GCs also exert non-genomic effects on CRF neurons [35, 42], and
endocannabinoid signaling may mediate part of the GC-mediated negative feedback regulation of the HPA-axis
[35, 42, 43]. In the following sections, the regulatory mechanisms for the CRF neurons will be discussed from the
electrophysiological viewpoints. Molecular mechanisms of CRF gene expression are discussed in an excellent review
by Aguilera in the present issue of IIS [44].

3.1 Differentiation of subpopulation of neurons in the PVH

In the rat PVH, the distribution of parvocellular neurons differs from that of magnocellular neurons, and the somata
of parvocellular neurons are smaller than those of magnocellular neurons (vide supra). However, it is difficult to
differentiate the former from the latter only by morphological characteristics. Tasker and colleagues developed a
method to differentiate subpopulations of neurons in the PVH electrophysiologically [45–47]. The magnocellular
neurons are grouped into the type I, and parvocellular neurons type II and type III; type II neurons correspond to the

Fig. 2. Distribution of CRF mRNA and AVP mRNA in the rat PVH
Distributions of CRF mRNA and AVP mRNA are identified by in situ hybridization histochemistry using radiolabeled probes.
CRF mRNA is in the parvocellular subdivision, while AVP mRNA in the magnocellular subdivision. In a basal (unstressed)
state, very few CRF neurons co-express AVP, but after bilateral adrenalectomy, a considerable proportion of CRF neurons start
expressing AVP (not shown). III, third ventricle. Scale bar = 250 mm.
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parvocellular neuroendocrine neurons, and type III neurons to the pre-autonomic neurons. This classification was
initially made in the rat PVH, but an identical method can be applied to the mouse PVH (Fig. 3). Both magno- and
parvocellular neurons have resting membrane potential of approximately �60 mV. The intracellular potential was
monitored under a current clamp mode, and then, the cell was hyperpolarized from the basal state to �100 mV (the
conditioning step), after which it was depolarized in a step-wise manner; the cells showing the transient outward
rectification was designated as type I, and those not showing it as type II or type III [2, 46, 47]. Luther and Tasker [46]
demonstrated that the outward rectification that delays action potential generation [45] was attributed to the
predominant expression of the voltage-gated potassium currents (an A-type Kþ current: IA) in type I neurons. Type III
neurons generated a low-threshold Ca2þ spike and T-type Ca2þ current (IT) [2, 47, 48]. Although the electro-
physiological differentiation is not an absolute means, the method contributed greatly in characterizing the parvo- and
magnocellular neurons in the PVH.

3.2 Glutamatergic, GABAergic, and NAergic inputs

In the rat and mouse PVH, either glutamatergic excitatory post-synaptic currents (EPSCs) [35] or GABAergic
inhibitory post-synaptic currents (IPSCs) [49] can be recorded in patch-clamped parvocellular neurons, under a voltage-
clamp mode. The glutamatergic and GABAergic neurons comprise the local hypothalamic circuits to regulate the
neuroendocrine CRF neurons. Among the projection neurons that innervate the PVH-CRF neurons, NAergic neurons
have been studied most extensively [1, 37, 38] as was described above. NAergic axon terminals run in close apposition
to CRF neurons [50] and make direct synaptic contacts with CRF neurons [51], as demonstrated by electron
microscopic immunocytochemical method using an antibody against tyrosine hydroxylase. NA has been shown to
stimulate the PVH-CRF neurons in vivo, in which ablation of NA inputs to the PVH inhibited stress-induced activation
of CRF neurons [52]. NA increased CRF gene expression and secretion of ACTH in a dose-dependent manner when
injected directly to the PVH of conscious rats [53, 54].

The effect of NA on the electrophysiological properties of parvocellular neurons was examined by application of NA
in the bath solution. The effects of NA were bimodal, excitatory or inhibitory, depending on the neuron being recorded
[55]. NAergic excitation was blocked by prazosin, an �1-adrenoceptor antagonist, whereas NAergic inhibition was
blocked by yohimbine, an �2-adrenoceptor antagonist. In adrenalectomized rats, the proportion of neurons excited by
NA increased, and supplementation with corticosterone reversed the potentiation of NAergic excitation [55]. Thus, NA
may act in either an excitatory or inhibitory manner on the parvocellular neurons, and GC increases the excitability of
these neurons in response to NA. Daftary and colleagues [56] showed that bath application of NA increased the
frequency of excitatory post-synaptic potentials (EPSPs) in a subpopulation of parvocellular neurons, and the EPSP was
blocked by ionotropic glutamate receptor antagonists. The NA-induced increase in EPSC frequency was mediated by
�1-adrenoceptors since it was abolished by prazosin. In addition, the NA-induced glutamate release was spike-
dependent [56]. In another subpopulation of parvocellular neurons, NA induced hyperpolarization that was blocked by
the �-adrenoceptor antagonist, propranolol. They argue that this apparently inhibitory effect may be caused by a direct
postsynaptic action of NA [56].

Since the stimulatory action of NA on CRF gene expression was shown in earlier studies [53, 54], and NAergic
neurons may make direct synaptic contact with the CRF neurons [50, 51], NA was anticipated to depolarize CRF

Fig. 3. Electrophysiological differentiation between the magnocellular neuroendocrine neurons and parvocellular neuro-
endocrine neurons in the PVH
A. Tasker and colleagues have developed a method for discriminating magnocellular neuroendocrine neurons from parvocellular
neuroendocrine and pre-autonomic neurons in the rat PVH. The whole-cell clamp was carried out using an acute hypothalamic
slice, and the time course of the initial phase of firing, elicited by a depolarization current, was observed under a current-clamp
mode. In the magnocellular neurons, the transient outward rectification (arrow in the left recording) was observed by applying a
depolarization current immediately after hyperpolarization. On the other hand, no transient outward rectification was observed in
parvocellular neurons (arrow in the right recording). Reproduced from Levy and Tasker, 2012 [2], under the permission from
Frontiers in Cellular Neuroscience. B. In the PVH of the CRF-Venus knock-in mouse, Venus-expressing neurons showed no
transient outward rectification, confirming that they are parvocellular neurons [5] (for detail, see text).

Exploring the Regulatory Mechanism of Stress Responses in the Paraventricular Nucleus of the Hypothalamus 217



neurons and induces their firing. However, there have been no electrophysiological reports of NA activating directly an
inward current or inducing depolarization in parvocellular neuroendocrine neurons [2]. Tasker and colleagues have
proposed that NA may initiate signal transduction pathways without altering membrane conductance. Alternatively,
postsynaptic NAergic receptors may stimulate synthesis of a retrograde messenger that could trigger the activation of
upstream local glutamatergic circuits [2].

Although parvocellular neuroendocrine neurons have been characterized electrophysiologically, PVH-CRF neurons
could not have been specified in previous studies. Very recently, it became possible to visualize CRF neurons labeled
by fluorescent proteins in genetically engineered mouse lines (vide infra).

4. Application of novel technologies for exploring CRF neurons

4.1 Labeling CRF neurons with fluorescent proteins

In earlier studies, DNA sequences which determine the tissue-specific expression of the CRF gene were explored
using transgenic mice lines, and very large regions of 50- and/or 30-flanking DNA sequences appear to be important for
cell-specific expression and developmental regulation of CRF gene [57]. Cell-specific expression improved
significantly with the inclusion of 8.7 kb of CRF 50-flanking DNA, the entire CRF structural gene, and 2 kb of CRF
30-flanking DNA [57], but even with the inclusion of 21 kb of 50-flanking CRF DNA, the CRF transgene was not
properly expressed compared to the endogenous CRF gene (Dr. Audrey Seasholtz, personal communication).

The BAC transgenic strategy was employed later in multiple laboratories. Alon and colleagues [19] reported a mouse
line in which GFP was driven by CRF promoter (vide supra). GFP was expressed in brain regions of the transgenic
mouse, and the anatomical distribution of the GFP-expressed neurons appeared mostly consistent with that reported in
earlier studies using the rat [6–8]. These regions include the BNST, median/medial preoptic area, PVH, lateral
hypothalamus, cingulate cortex, sensorimotor cortices, piriform cortex, CeA, LDTg, PPTg, PAG, Barrington’s nucleus,
LPB, NTS, and ventrolateral reticular formation. In addition to these regions, IO expressed prominent GFP-ir neurons,
and CRF mRNA was also expressed in these regions [19, 20]. The reason is not clear why IO was not described as one
of the areas that express CRF-immunoreactivity conspicuously in the rat [6–8], and further examinations are required to
examine whether this is due to the species difference. In the transgenic mouse line reported by Alon and colleagues
[19], CRF expression was verified to be colocalized with GFP expression in the PVH. However, GFP expression was
not intense enough to visualize CRF neurons under fluorescent microscope without immunostaining (personal
communication), so this mouse line cannot be used for electrophysiological experiments.

Recently, Wamsteeker Cusulin and colleagues reported a mouse in which tdTomato is driven by the CAG promoter
[18]. They crossed the CRH-IRES-Cre knock-in mouse [58] with a tdTomato reporter mouse, Ai14 [59], to be able to
generate a mouse in which tdTomato fluorescent protein is expressed in the CRF neurons selectively. Itoi and
colleagues also generated a novel knock-in mouse line, CRF-Venus, and succeeded in visualizing CRF neurons with
Venus fluorescent protein [5].

4.2 Generation of CRF-Venus knock-in mouse and CRF-iCre knock-in mouse

Details of the methods for the generation of CRF-Venus knock-in mouse are described elsewhere [5]. The DNA
constructs of the targeting vector is shown in Fig. 4. A DNA fragment, which carried Venus sequence and pgk-1
promoter-driven neomycin phosphotransferase gene (pgk-Neo) flanked by two flippase recognition target (frt) sites,

Fig. 4. DNA construct of targeting vector for generation of the CRF-Venus knock-in mouse
The mouse CRF genome, Venus vector, and Venus-targeted allele are shown. By homologous recombination, the Venus,
together with the pgk-neomycin resistant cassette (pgk-neo), was inserted into exon 2 of the CRF gene in frame. The exons of
the CRF gene are represented by colored boxes, while the Venus sequence, FRT-flanked pgk-neo, and diphtheria toxin (DT)
cassette by open boxes. Closed boxes indicate 50- and 30-probe regions used for Southern blot analysis. Cleavage sites of
restriction enzymes are also shown in the figure.
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was inserted into the translation initiation site of exon 2. The targeting vector was electroporated into the embryonic
stem cell line RENKA [60], which is of C57BL/6N origin, and recombinant clones were identified by Southern blot
analyses. It is noteworthy to mention that the backcross was unnecessary following the germ line transmission because
the ES line of C57BL/6N origin (RENKA), and not of 129, was used in this study. Only the heterozygous mice were
used in subsequent experiments. Itoi and colleagues [5] also generated the CRF-iCre knock-in mouse (CRF-iCre) with
an identical strategy. The CRF-iCre is a driver mouse, and CRF neuron-selective knockout can be realized if a floxed
line is available. CRF neuron-selective induction of a protein of interest may also be attained by crossing the driver
with a reporter mouse line, in which the target sequence is flanked by a floxed-stop sequence, or local injection of a
viral vector encoding an insert flanked by a floxed-stop sequence.

4.3 Characterization of the CRF-Venus mouse and CRF-iCre mouse

The Venus fluorescence was observed within the cytoplasm of neurons in the PVH of acute brain slices under a
fluorescent microscope (Fig. 5A). The Venus-labeled neurons were also visible in other brain regions which are
reported to express CRF-ir neurons in the rat [6–8] and CRF mRNA in mice [19]; these regions include the BNST,
CeA, Barrington’s nucleus and IO (not shown). We first examined whether the distribution of Venus-expressing cells
was identical to that of CRF-expressing neurons.

To make a precise anatomical localization of the Venus-expressing neurons, immunofluorescence histochemistry
was carried out. Venus-expressing neurons were observed in the brain regions which were reported to contain CRF-ir
neurons in the rat [6–8] and CRF mRNA in the mouse [19, 20]. These regions include the BNST (dorsal and ventral),
medial preoptic area, cerebral cortex (cingulate cortex, rostrocaudal extent of the sensorimotor cortices, mostly in
layers II and III), piriform cortex, PVH, CeA, interstitial nucleus of the posterior limb of the anterior commissure

Fig. 5. Visualization of CRF neurons with Venus fluorescence and electrical recordings from the Venus-expressing neurons
A. Venus-expressing neurons are observed under a fluorescent microscope in an acute hypothalamic slice without
immunostaining. III, third ventricle. Scale bar = 200 mm. B. A glass pipette was made access to a Venus-expressing neuron,
and conventional whole-cell clamp was performed. The arrowhead indicates the tip of the glass pipette, and the arrow the
clamped cell. Scale bar = 20 mm. C. Upper panel: the slice was perfused with artificial cerebrospinal fluid (sCSF). Picrotoxin
(50 mM), a GABAA channel blocker, was applied to the bath solution. Under a voltage-clamp mode at �60 mV, spontaneous
EPSCs were recorded. Middle panel: noradrenalin (NA, 100 mM) increased the frequency of spontaneous EPSCs in
approximately 60% of Venus-expressing neurons [5]. The amplitude and decay time of EPSCs were not affected significantly by
NA (not shown). The lower panel: the bath application of N-methyl-D-aspartate (NMDA) receptor antagonist, D,L-2-amino-5-
phosphonovalerate (APV), and non-NMDA receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), abolished the
EPSCs with or without (not shown) bath application of NA.
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(IPAC) (this nucleus has not been specified in the rat), LDTg, LPB, Barrington’s nucleus, IO, and NTS (Fig. 6). As a
whole, the regions which contained Venus-expressing neurons in the CRF-Venus mouse were similar to those which
contained GFP-expressing neurons in the CRF-GFP transgenic mouse reported by Alon and colleagues [19].

Next, distribution of CRF-expressing neurons was compared to that of Venus-expressing neurons in the PVH by
double immunofluorescence histochemistry (Fig. 7). Unexpectedly, there was a considerable inconsistency in
distribution between Venus-expressing neurons and CRF-expressing neurons in a physiological state of a CRF-Venus
mouse [5] (not shown). Partial inhibitory effect of circulating GC, on the Venus- or CRF gene expression, may underlie
these phenomena. So, the co-localization of Venus with CRF was examined under a GC-deficient (adrenalectomized)
condition; most Venus-expressing neurons co-expressed CRF under GC deficiency (Fig. 7). Thus, a partial suppression
of the CRF promoter by physiological GC may have been related to the discrepancy between Venus expression and
CRF expression in the CRF-Venus mouse.

4.4 Alternative methods to generate mice for visualization of CRF neurons

In the mouse generated by Wamsteeker Cusulin and colleagues (crh-IRES-Cre;Ai14) [18], the tdTomato fluorescent
protein is driven by the constitutive promoter, CAG, which is present in the upstream region of the tdTomato reporter
mouse, Ai14 [59]. Double immunofluorescence histochemistry revealed that most CRF neurons in the PVH expressed
tdTomato, and vice versa, indicating that tdTomato was expressed selectively in the PVH-CRF neurons [18]. The
tdTomato expression was bright enough to be able to carry out electrophysiological studies.

With an identical strategy to that of Wamsteeker Cusulin and colleagues [18], Itoi and colleagues also generated
another mouse, TgCAG-CAT-EGFP/wt;CRFiCre/wt (EGFP/CRF-iCre), in which enhanced green fluorescent protein (EGFP)
was driven by the CAG promoter, by crossing the CRF-iCre knock-in mouse with the CAG-CAT-EGFP reporter [5]. In
the PVH of the EGFP/CRF-iCre, EGFP was expressed more constitutively than Venus in the CRF-Venus mouse [5].

Fig. 6. Distribution of Venus-expressing neurons in brain regions outside the PVH of the CRF-Venus mouse
Distribution of Venus-expressing neurons in the brain regions outside the PVH were examined in the CRF-Venus knock-in
mouse by immunofluorescence histochemistry. The Venus-expressing cells were observed in brain regions including the bed
nucleus of the stria terminalis (BNST), CeA (not shown), interstitial nucleus of posterior limb of anterior commissure (IPAC),
piriform cortex, Barrington’s nucleus, and inferior olive. Bar = 400 mm.

Fig. 7. Co-localization of Venus and CRF in the PVH of CRF-Venus mouse in a glucocorticoid-deficient state
Co-localization of Venus-expressing neurons and CRF-expressing neurons was examined by double immunofluorescence
histochemistry in the PVH of CRF-Venus mouse after bilateral adrenalectomy. Most Venus-expressing neurons expressed CRF.
Colchicine was injected intracerebroventricularly 24 h prior to sacrifice. III, the side facing the third ventricle, scale
bar = 100mm.
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The reason is probably because their genes are driven by the constitutive bacterial promoter, CAG, and the
transcriptional state is independent of the regulatory factors such as GC.

The genomic construct of CRF-Venus mouse was designed so that Venus expression was driven by the CRF
promoter. This may be advantageous for monitoring dynamic changes in CRF neurons and CRF networks in different
conditions, including pathological hyperglucocorticoid states (Cushing syndrome), hypoglucocorticoid states
(Addison’s disease), or acute or chronic stressful conditions. On the other hand, EGFP/CRF-iCre and crh-IRES-
Cre;Ai14 have the advantage of being able to label CRF neurons more constitutively.

Recently, another mouse line, CRF-Venus�Neo, was generated (Itoi and colleagues, unpublished; reported in an
abstract form at the Annual Meeting of Endocrine Society, 2015); the pgk-Neo cassette was deleted from the CRF-
Venus genome in the CRF-Venus�Neo. In the PVH of the CRF-Venus�Neo mouse, the Venus expression became
more intense, and most Venus-expressing neurons co-expressed CRF, and vice versa (ibid). Thus, multiple animal
resources are now available, and it is desirable to choose an appropriate mouse line(s) depending on the aim and design
of each individual study.

4.5 Future perspectives using novel animal tools

Since the Venus-expressing (putative CRF) neurons were visualized under a fluorescent microscope, a glass pipette
was made access to the Venus neuron, and conventional whole-cell patch-clamp recordings were made (Fig. 5B).
Shown in Fig. 5C is a representative recording of glutamatergic EPSCs under a voltage-clam mode. The frequency of
the glutamatergic EPSCs was increased by NA, and therefore, at least part of the excitatory action of NA may be
mediated through the glutamatergic interneurons within the PVH (Fig. 5C). The effect of NA was inhibited by an
�1-adrenergic receptor antagonist, prazosin (our unpublished observation). These results are consistent with those in
previous studies in which the parvocellular neurons were examined in the rat and mouse PVH [55, 56]. GABAergic
IPSCs were also observed in the Venus-expressing neurons (not shown). Wamsteeker Cusulin and colleagues also
reported that the tdTomato-expressing (putative CRF) neurons in the PVH of the crh-IRES-Cre;Ai14, receive direct
glutamatergic and GABAergic inputs [18].

The advent of the mouse lines, in which CRF neurons are visualized by fluorescent proteins, will contribute greatly
to the development of the cellular physiological studies of CRF neurons. Using these animal tools, neurotransmitters
and modulators that regulate the CRF neurons will be identified, and their mechanisms of actions on CRF neurons will
be unraveled. These animals may also be used for studies aiming at elucidating the mechanisms of excitability, signal
transduction, and genomic expression in the CRF neurons.

Wamsteeker Cusulin and colleagues were able to express channelrhodopsin 2 (ChR2) by local microinjection of an
adeno-associated virus containing a floxed ChR2 construct into the PVH of a crf-IRES-Cre mouse [18]. They could
elicit firing of the putative CRF neurons by delivering 473-nm blue light pulses to the slice. CRF neuron-selective
expression of channelrhodopsins or halo-/archeo-rhodopsins [61] will enable us to excite or silence CRF neurons in
either in vitro or in vivo experimental setups. In addition, a gene of interest can be knocked out or induced in a CRF
neuron-selective manner, as was described above. Taken together, these novel mouse tools will enable us to explore the
mechanisms for the control of the HPA-axis from both the cellular and systemic standpoints and to elucidate how it
functions to defend an organism from various stressors and maintain the homeostatic balance.

5. Summary

In the present review, I intended to help readers understand the characteristics of the mouse lines generated in my
laboratory, and hopefully, encourage them to use these animals in future studies for unraveling the cellular mechanisms
for CRF neurons in the PVH (and perhaps outside the PVH as well). Attempts to label CRF neurons have been made
since two decades ago, but the tissue- (or cell-) specific targeting of the CRF gene was no easy task. The BAC
transgenic strategy [62] became widely used later, and the tissue-selective expression of transgenes appears much
improved. As far as the CRF gene is concerned, however, even with the insertion of the long promoter regions
contained in the BAC clone(s), the transgene(s) were not expressed ‘correctly’ in tissues where CRF gene ought to be
expressed. Recently, CRF neurons became labeled by fluorescent proteins by the knock-in strategy [5, 18]. CRF-Venus
and CRF-Venus�Neo mouse lines will be of great benefit in uncovering the unsolved problems related to CRF
neurons. CRF-driver mouse lines, crh-IRES-Cre and CRF-iCre, were generated by a similar strategy. Besides their use
for obtaining a mouse that express fluorescent markers [5, 18], they will also be utilized in conjunction with other
technologies such as the gene transfer by viral vectors (e.g., transfer of channelrhodopsin genes for the purpose of
stimulating or silencing CRF neurons in vitro and in vivo), activation or suppression of CRF neurons by designer
receptors exclusively activated by designer drugs (DREADD) [63], or CRF-neuron selective knockouts.
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Y, Hooks BM, Boyden ES, Buzsáki G, Ramirez JM, Jones AR, Svoboda K, Han X, Turner EE, Zeng H (2012) A toolbox of
Cre-dependent optogenetic transgenic mice for light-induced activation and silencing. Nat Neurosci 15:793-802.

[62] Yang XW, Model P, Heintz N (1997) Homologous recombination based modification in Escherichia coli and germline
transmission in transgenic mice of a bacterial artificial chromosome. Nat Biotechnol 15:859-865.

[63] Krashes MJ, Koda S, Ye C, Rogan SC, Adams AC, Cusher DS, Maratos-Flier E, Roth BL, Lowell BB (2011) Rapid, reversible
activation of AgRP neurons drives feeding behavior in mice. J Clin Invest 121:1424-1428.

224 ITOI


