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Abstract: The centrally projecting Edinger-Westphal nucleus (EWcp) is a midbrain neuronal group,
adjacent but segregated from the preganglionic Edinger-Westphal nucleus that projects to the ciliary
ganglion. The EWcp plays a crucial role in stress responses and in maintaining energy homeostasis
under conditions that require an adjustment of energy expenditure, by virtue of modulating heart rate
and blood pressure, thermogenesis, food intake, and fat and glucose metabolism. This modulation
is ultimately mediated by changes in the sympathetic outflow to several effector organs, including
the adrenal gland, heart, kidneys, brown and white adipose tissues and pancreas, in response to
environmental conditions and the animal’s energy state, providing for appropriate energy utilization.
Classic neuroanatomical studies have shown that the EWcp receives inputs from forebrain regions
involved in these functions and projects to presympathetic neuronal populations in the brainstem.
Transneuronal tracing with pseudorabies virus has demonstrated that the EWcp is connected polysy-
naptically with central circuits that provide sympathetic innervation to all these effector organs
that are critical for stress responses and energy homeostasis. We propose that EWcp integrates
multimodal signals (stress, thermal, metabolic, endocrine, etc.) and modulates the sympathetic
output simultaneously to multiple effector organs to maintain energy homeostasis under different
conditions that require adjustments of energy demands.

Keywords: Edinger-Westphal nucleus; sympathetic nervous system; energy homeostasis; brown
adipose tissue; white adipose tissue

1. Introduction

The Edinger-Westphal nucleus (EW) has been classically considered synonymous
with the location of the parasympathetic preganglionic neurons that project to the ciliary
ganglion and contribute to the oculomotor nerve (cranial nerve III). Although EW is
typically considered (but not conclusively established in rodents) as the site of these
parasympathetic preganglionic neurons involved with pupillary constriction and lens
accommodation, it is also now clear that EW is a much more complex and multifaceted
region. More than 40 years ago, Saper et al. [1] noted that injections of horseradish
peroxidase (HRP) into the spinal cord and certain brainstem regions retrogradely-labeled
neurons in EW in rats, cats and monkeys. Following that observation, Loewy and Saper [2]
examined projections from EW in cats using anterograde transport of tritiated amino
acids, and they found a variety of brainstem and spinal cord regions receiving input from
EW. They concluded that “the traditional view of the EW nucleus as merely a parasympathetic
preganglionic nucleus should be seriously questioned”. Since then, studies using modern
neuroanatomical techniques have consistently documented a large and diverse population
of non-parasympathetic preganglionic neurons in EW, with EW neurons innervating
multiple regions of the central nervous system (CNS). Much of this anatomical organization,
across multiple species, was comprehensively reviewed by Kozicz et al. [3], leading to a
proposed nomenclature based on the projection target. Thus, cholinergic parasympathetic
preganglionic neurons projecting to the ciliary ganglion were designated as preganglionic
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EW (EWpg), whereas the rest of EW neurons, which contain several neuropeptides and
project to other areas of the CNS, were designated as centrally projecting EW (EWcp).
In the current review, we adopt this nomenclature, while acknowledging that EWcp
represents diverse populations of neurons that can be defined based on neuroanatomical
and neurochemical features [3–5].

The boundaries of EW, which sits in the midbrain, vary across species, as does the
location of EWpg vs. EWcp (for a detailed description, see the review by Kozicz et al. [3]).
Briefly, in non-human primates, birds and reptiles, EWpg is a compact nucleus and the
source of cholinergic preganglionic neurons that project to the ciliary ganglion, whereas
EWcp appears as a discrete structure, although some neurons are located diffusely in
non-human primates [3]. Conversely, in cats, rodents and humans, EWcp conforms a cir-
cumscribed cell group located dorsomedial or dorsal (humans) to the oculomotor nucleus,
whereas neurons in EWpg are scarce and diffusely distributed [3]; it is unclear whether
these scattered neurons are the source of cholinergic projections to the ciliary ganglion.
Although EWpg and EWcp are adjacent and intermingled to some extent in several species,
these populations differ significantly in their connectivity and neurochemical profile.

Another observation that drew attention to EW as not simply the source of pupillary
parasympathetic preganglionic neurons was the discovery of the neuropeptide urocortin-1
(Ucn-1), which belongs to the corticotropin releasing factor (CRF) neuropeptide superfam-
ily [6], and the subsequent finding that EWcp contains the largest population of Ucn-1
neurons in the CNS [6,7]. The presence of Ucn-1 in EWcp is conserved phylogenetically
across vertebrates, suggesting an important role in survival [8]. As discussed below, interest
in Ucn-1 and its potential involvement in various brain functions has sparked the study
of EWcp.

Besides Ucn-1, EWcp neurons express other neuropeptides. In rats and mice, many
EWcp neurons coexpress Ucn-1, cocaine-and-amphetamine-regulated transcript (CART)
and nesfatin-1 [4,9]. A separate subpopulation of EWcp neurons colocalize substance P
(SP) and cholecystokinin (CCK) [10]. Most CCK neurons in EWcp are glutamatergic as they
encode the vesicular glutamate transporter 2 [11], whereas Ucn-1 neurons do not contain
it. A subpopulation of the vesicular glutamate transporter 2-containing neurons in EWcp
does not express either Ucn-1 or CCK [11]. A small subset of non-Ucn-1 dopaminergic
neurons is located in the middle of EWcp and extends ventrally [12] (Figure 1). To date, it
is uncertain whether EWcp neurons express markers of GABAergic transmission.

Projections of EWcp neurons have been characterized in several species, most exten-
sively in rats, although several key questions related to the neuroanatomical organization
of EWcp remain uncertain. Although studies of afferent inputs to EWcp often use Ucn-1 as
a marker for EWcp neurons, the extent to which inputs target subgroups of EWcp neurons
based on their projection targets or on their neurochemical phenotype has not been fully
addressed. Thus, the degree of heterogeneity of EWcp neurons and their respective projec-
tion patterns, as well as the impact of this diversity on the multiple functions attributed
to EWcp, is currently unknown. This review focuses specifically on the neuroanatomical
connections of EWcp to CNS areas involved in the control of the sympathetic nervous
system (SNS) and considers these connections in a functional context, particularly in stress
responses and energy homeostasis because both are sympathetic-mediated functions. This
review is not intended to systematically cover all functions and anatomical connections of
EWcp, as well as the mechanistic features of its interactions with other systems, since these
aspects have been reviewed elsewhere.
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Figure 1. Infected neurons in the EWcp after PRV injection into BAT in rat. Brain sections were 
processed for triple immunofluorescence. Upper image shows infected neurons labeled in green, 
CART-ir neurons in red, and dopaminergic neurons (tyrosine hydroxylase-ir) in blue at low magni-
fication (4×). Most infected neurons in EWcp are CART-ir (double-labeled in yellow), intermingled 
with some non-infected dopaminergic neurons (blue). Lower image shows infected neurons labeled 
in green, Ucn-1-ir neurons in red and Orx-ir fibers in blue at high magnification (10×). Dense Orx 
fibers appear in close contact with infected Ucn-1-ir neurons, which are double-labeled (yellow). 
Bregma level = −6.00 mm (upper image) and −5.62 mm (lower image) based on the rat brain atlas 
from Paxinos and Watson, 6th ed. [13]. Abbreviations: EWcp, Edinger-Westphal nucleus; Aq, aque-
duct; OCN, oculomotor nucleus; TH, tyrosine hydroxylase; VTA, ventral tegmental area. 

Figure 1. Infected neurons in the EWcp after PRV injection into BAT in rat. Brain sections were
processed for triple immunofluorescence. Upper image shows infected neurons labeled in green,
CART-ir neurons in red, and dopaminergic neurons (tyrosine hydroxylase-ir) in blue at low magnifica-
tion (4×). Most infected neurons in EWcp are CART-ir (double-labeled in yellow), intermingled with
some non-infected dopaminergic neurons (blue). Lower image shows infected neurons labeled in
green, Ucn-1-ir neurons in red and Orx-ir fibers in blue at high magnification (10×). Dense Orx fibers
appear in close contact with infected Ucn-1-ir neurons, which are double-labeled (yellow). Bregma
level = −6.00 mm (upper image) and −5.62 mm (lower image) based on the rat brain atlas from
Paxinos and Watson, 6th ed. [13]. Abbreviations: EWcp, Edinger-Westphal nucleus; Aq, aqueduct;
OCN, oculomotor nucleus; TH, tyrosine hydroxylase; VTA, ventral tegmental area.
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2. Response to Stress and Other Functions of EWcp

EWcp is involved in a variety of diverse functions, such as responses to stress, pain
modulation, feeding behavior and addiction. Among them, the most studied is its role
in stress responses due to the initial finding that EWcp is the major source of Ucn-1 in
the brain. CRF, the main hypothalamic stress-related neuropeptide, and Ucn-1 bind to
and activate two G-protein coupled receptors, CRF-R1 and CRF-R2, which have different
patterns of expression in the CNS and appear to be involved in different functions. Both
CRF and Ucn-1 bind to CRF-R1 with high affinity, whereas Ucn-1 binds to CRF-R2 with
much higher affinity than CRF (almost 40-fold higher) [6]. The observation that Ucn-1 is
more potent than CRF in stimulating adrenocorticotropic hormone (ACTH) release from
cultured anterior pituitary cells [6,14] prompted the suggestion that it may mediate some
stress-related functions previously attributed to CRF. Ucn-1 neurons in EWcp in rats are
activated (as reflected by increased Fos expression) by various acute stressors, both physical
and psychogenic, such as restraint [15–17], foot-shock [17], cold exposure [18], dirty cage
exchange [19], lipopolysaccharide injection [4,16] and ether exposure [16,20]. Moreover,
EWcp activation involves the up-regulation of Ucn-1 mRNA expression by some of these
stressors [15,17,20,21].

It is worth noting that although CRF neurons in the paraventricular hypothalamic
nucleus (PVN) and Ucn-1 neurons in EWcp are activated by many of the same stressors,
they differ in their temporal activation. Thus, Fos expression in CRF neurons in PVN
increased in the first hours of stress exposure and declined after 2 h [22], whereas Fos
expression in EWcp Ucn-1 neurons peaked at 2–4 h after stress exposure and lasted up to
18 h [15,21]. Cespedes et al. [17] also reported that PVN and EWcp respond differently to
the same stressors. In particular, restraint stress increased Fos and CRF mRNA expression
in PVN to a greater extent than foot shock, whereas the opposite was noted for Fos in EWcp
(increased Fos after foot shock), though Ucn-1 mRNA expression was higher after restraint
stress. The increased Fos expression in EWcp evoked by foot shock compared to restraint
could be due to the activation of pathways involved in nociception, besides those related to
stress per se, since EWcp is activated by pain stimuli (as explained below). Moreover, the
observation that Fos in EWcp was increased after foot shock, but Ucn-1 mRNA expression
was higher after restraint stress, suggests that neurotransmitters other than Ucn-1 might be
involved in the nociceptive responses in EWcp neurons. Another example of the differential
response of PVN and EWcp is the effect of chronic benzodiazepine administration, which
did not interfere with CRF mRNA expression in PVN, but significantly increased Fos and
Ucn-1 mRNA expression in EWcp [17].

Furthermore, Ucn-1 mRNA in EWcp was up-regulated in CRF-knockout mice [15] and
down-regulated in CRF-overexpressing mice [23], suggesting a close reciprocal relationship
between CRF and Ucn-1 systems. Ucn-1 neurons in EWcp are also activated by chronic
stressors without causing habituation, as demonstrated by increased Fos expression [20,24],
in clear contrast with the habituating response of PVN CRF neurons to chronic stressors.
These data demonstrate that PVN and EWcp do not follow the same pattern of activation
during adaptation to chronic stress conditions. Based on these observations, Kozicz and
colleagues [8,25] proposed that PVN CRF-neurons and EWcp Ucn-1-neurons constitute
two separate, yet functionally complementary systems, which act coordinately during
acute stress responses, but are differentially recruited during chronic stress. The authors
suggest that Ucn-1 neurons in the EWcp play an important role in stress adaptation, and
that the increased Ucn-1 expression may represent a stress-coping mechanism. Moreover,
they proposed that the delayed and prolonged activation of EWcp might contribute to the
termination of stress responses in order to restore homeostasis after perturbation [8,25,26].
This idea is further supported by the effect of chronic benzodiazepine administration,
known to attenuate stress responses, which increased Fos and Ucn-1 mRNA expression in
EWcp without affecting CRF expression in PVN [17], as noted above.

When homeostasis has been restored after being perturbed by a stressor, the stress
response needs to be terminated (adaptation). When the stress response fails to reestab-
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lish equilibrium and/or cannot be terminated, it can elicit stress-related disorders such
as anxiety and major depression, which are characterized by maladaptation to chronic
stress [8]. Consequently, if Ucn-1 neurons in EWcp are implicated in stress adaptation
(termination of stress response), their malfunction may be involved in stress-induced dis-
orders. Consistent with these ideas, brain-wide activity in mice subjected to the learned
helplessness procedure, a widely used model of stress-induced depression-like behavior,
showed much higher activation of EWcp in “resilient” mice than in “helpless” mice [27].
These observations strongly support the notion that EWcp is involved in stress coping
and adaptation. In this context, Ucn-1 seems to be implicated in this adaptation since
Ucn-1 knockout mice subjected to a single restraint stress session displayed a normal corti-
costerone response [28–30], but their adaptation to repeated restraint was impaired [30].
Wild-type mice adapted to repeated restraint with a 35% decrease in corticosterone levels,
whereas Ucn-1 knockout mice displayed a 75% increase. Impaired adaptation to repeated
stress, but not to acute stress, in these mice demonstrates that Ucn-1 has an important
role in stress adaptation, including the regulation of the hypothalamic–pituitary–adrenal
(HPA) axis.

Central administration of Ucn-1 in rats elicited anxiety-like behavior and increased
locomotion [31–34], suggesting that Ucn-1 is an anxiogenic peptide. However, electrolytic
lesions of EWcp in mice had no effect on anxiety-like behavior or locomotion [35,36].
Moreover, Ucn-1 knockout mice did not display decreased anxiety-like behavior and,
instead, showed the opposite [28,29]. The discrepancy between the results from centrally
administered Ucn-1 studies and those from Ucn-1 knockout mice might be due to the
possibility that centrally administered Ucn-1 could activate CRF-R2 as well as CRF-R1,
which are not normally accessed by endogenous Ucn-1, resulting in the reported anxiety-
like behavior. It has been suggested that Ucn-1 neurons in EWcp may modulate anxiety
in opposition to CRF [28]. In agreement with this idea, CRF-R2 knockout mice displayed
increased anxiety-like behavior and a hypersensitive HPA axis response to stress, indicated
by ACTH and corticosterone peaking 2 min after restraint stress, compared to 10 min. in
control mice [37]. Bale et al. [38] have proposed that the absence of CRF-R2 might cause
unopposed CRF-R1 activity in these mice, leading to increased anxiety-like behavior and
enhanced stress responses. Nevertheless, CRF-R2 knockout mice have an increased number
of neurons expressing Ucn-1 mRNA and increased mRNA density in rostral EWcp, which
could be responsible for the augmented responses observed [37]. In this context, Coste
et al. [39] reported that the initiation of the stress response in CRF-R2 knockout mice was
normal, but they displayed early termination of ACTH release, although corticosterone
levels remained elevated 90 min after restraint stress exposure. Moreover, stress-coping
behaviors associated with decreased arousal, such as grooming in a novel open-field,
were reduced in these CRF-R2 knockout mice. These observations suggest that CRF-R2 is
involved in the recovery phase of the HPA axis response after stress exposure.

Conversely, ACTH and corticosterone secretion after acute restraint in Ucn-1 knockout
mice did not differ from wild-type littermates [29], in agreement with a previous observa-
tion in rats that the administration of anti-Ucn-1 serum failed to block the stress-induced
secretion of ACTH and corticosterone [40]. These results suggest that although endogenous
Ucn-1 is a potent ACTH secretagogue, it does not seem to be involved in the regulation
of the HPA axis in response to acute stress or, alternatively, it has a minor or redundant
role. However, Smagin et al. [41] reported that central administration of Ucn-1 in rats
activated the HPA axis, and this effect was attenuated by administration of antisense
oligonucleotides to CRF-R2 mRNA. Nevertheless, in this study, the control rats were in-
jected with a sense oligonucleotide, and it has been reported that central administration of
oligonucleotides causes a non-specific (or toxic) activation of the HPA axis [42] as well as
fever [43], suggesting that this might be the case in that study.

It is worth noting that Ucn-1 expression in rats seems to be sex-dependent [44], and
the majority of Ucn-1 neurons in mice and rats contain estrogen receptor β (ER-β) [45,46].
Haeger et al. [47] reported decreased transcription of the human Ucn-1 promoter with
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estrogen activation of ER-β (and increased transcription via ER-α activation) in PC12
transfected cells. However, the authors were not able to immunohistochemically detect
ER-β in EWcp, the major source of Ucn-1 in the brain [47]. In mice, there is a high density
of ER-β in most EWcp Ucn-1 neurons, with no differences in ER-β and Ucn-1 mRNA
expression between males and females, although the estrous phase was not considered in
this study (43). In rats, BDNF, CART and ER-β colocalize in EWcp neurons (44). There were
no differences in CART and BDNF mRNA expression between males and females; however,
the numbers of BDNF-ir and CART-ir neurons were 16% and 19% lower, respectively, in
females compared to males (44). Derks et al. [44] have shown that there is an absence of
ER-α and presence of ER-β in EWcp in rats, using immunohistochemical techniques, and
that most Ucn-1 neurons express ER-β. Using QRT-PCR, ER-β mRNA expression in EWcp
in female rats in diestrus phase (low estrogen) was found to be 83% and 85% lower than
in females in proestrus phase (high estrogen) and males, respectively. In addition, Ucn-1
mRNA expression in females in diestrus phase was found to be 75% and 91% lower than
in proestrus stage females and males, respectively, indicating a sex-dependent difference
in Ucn-1 biosynthesis closely associated with the estrous phase [44]. Besides the dramatic
differences in mRNA expression, the number of Ucn-1 neurons in EWcp and the density of
Ucn-1 in cell bodies (measured by immunohistochemistry) did not differ between male
and female rats (in both diestrus and proestrus phases). Based on these results, the authors
hypothesized that the rate of axonal Ucn-1 transport and secretion might be sex-dependent
to the same degree as Ucn-1 biosynthesis is [44]. Since Ucn-1 plays an important role
in stress adaptation and estrogens are involved in the control of sex-dependent stress
adaptation, the authors proposed that the activity of EWcp Ucn-1 neurons differs between
sexes and it is related to estrogen signaling via ER-β activation [44].

These results do not seem to support decreased transcription of the Ucn-1 gene by
estrogen activation of ER-β in rats, as reported by Haeger et al. in transfected cells [47].
On the contrary, the results suggest the opposite, because high levels of ER-β mRNA
and Ucn-1 mRNA are co-expressed. Considering the neuroprotective effect of estrogens
together with the proposed role of increased Ucn-1 expression in EWcp as a stress-coping
mechanism, possibly involved in stress adaptation and cessation of stress responses [8,25],
then the activation of EWcp Ucn-1 neurons by estrogens would be protective and adaptive.
Since ER-β (but not ER-α) are expressed in Ucn-1 neurons in EWcp in rodents, estrogen
activation via ER-β probably increases Ucn-1 expression. Therefore, females in diestrus
phase, with low estrogen levels and low Ucn-1 and ER-β mRNA expression in EWcp, will
be less protected against the deleterious effects of stress, compared to females in proestrus
phase (high estrogen levels, high Ucn-1 and ER-β mRNA expression) and males (high
Ucn-1 and ER-β mRNA expression).

The sexual dimorphism of Ucn-1 neurons in EWcp might be related to the different
stress response strategies adopted by males (‘fight-or-flight’) and females (‘tend-and-
befriend’) [48], as well as the higher vulnerability of females to develop stress-related
disorders, such as depression and anxiety, possibly because of cycling through low estrogen
phases that are associated with low Ucn-1 expression in EWcp. In this context, it has been
reported that Fos expression in the EWcp of rats subjected to chronic mild stressors for
two weeks was increased only in males [25], further supporting the sex-dependent role of
EWcp in stress adaptation. Nevertheless, mechanisms other than ER-β activation might
exist in males, leading to increased Ucn-1 expression and its protective effects.

Taken together, the results summarized above provide strong, but incomplete, evi-
dence that EWcp plays an important role in stress responses and stress adaptation.

Pain could be considered in the context of stress responses because acute pain consti-
tutes a warning system to alert the organism towards actual or potential harmful stimuli,
whether internal or external. Acute pain triggers an active response to avoid such harmful
situations, which includes HPA axis activation as well as the involvement of autonomic,
endocrine and behavioral responses. Pain is a powerful stressor, and the body’s response
to pain shares some of the main biological mechanisms of the classic stress response.
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Evidence suggests that EWcp is involved in the response to acute pain. In early
studies, Lantéri-Minet et al. [49] analyzed the expression of several immediate early gene-
encoded proteins after noxious visceral stimulation, and reported nociception-evoked
overexpression of these proteins in what is now recognized as EWcp. Similarly, EWcp
was activated after an acute visceronociceptive stimulus that causes cystitis in rats [50].
Moreover, EWcp neurons that contain CCK were sensitive to noxious stimuli [10] and
projected to the trigeminal nucleus [51]. Similar to what has been reported for other stress
stimuli, an acute painful stimulus such as formalin injection in the hind paw, induced
the sustained activation of Ucn-1 neurons in EWcp, with a peak of Fos expression and
up-regulated Ucn-1 mRNA 4 h after stimulus application [21]. In Wistar rats, the same
acute pain stimulus caused Ucn-1 peptide content and Ucn-1 mRNA expression in EWcp
to peak 2 h after exposure, which returned to control values at 4 h, demonstrating that
acute pain stimulated both Ucn-1 transcription and translation [26]. In both cases, the
EWcp response was delayed with respect to CRF activation in PVN, and EWcp neurons
became activated after corticosterone levels had decreased to control values, leading to the
proposal that CRF plays a major role in the initiation of the response to acute pain, whereas
Ucn-1 may be involved in its termination phase and adaptation [26].

Similar to other stress responses, when the pain response functions ideally, it con-
stitutes an adaptative trait that protects the organism. Thus, pain alerts the body on a
short-term basis, and the organism deals with it for a short period of time. However,
when pain persists (e.g., becomes chronic), it turns harmful and maladaptive. The observa-
tion that EWcp activation is long-lasting and delayed with respect to CRF-mediated HPA
axis activation, together with the notion that EWcp activation might represent a coping
mechanism [8,25] and a critical component of the response termination [26], suggests that
improper functioning of EWcp could be part of a maladaptive process that leads to the
emergence of chronic pain. Nevertheless, it has been reported that a chronic pain model in
rats (sciatic nerve constriction for 24 days) produced changes in the activity of the limbic
system but not in EWcp neurons [52], suggesting that EWcp may have an intermediary
role in establishing chronic pain (by virtue of its dense projections to limbic areas), but
not in perpetuating it. We are unaware of any studies to date that have directly examined
the role of Ucn-1 or EWcp in chronic pain by manipulating these neurons and assessing
pain responses.

EWcp has also been reported to have an important role in feeding behavior, mainly in
appetite suppression. Central administration of Ucn-1 potently decreased food intake in
both food-deprived and free-feeding rats [6,31,53,54]. Ucn-1 is more potent than CRF in
suppressing appetite [31], but much weaker in producing anxiety-like behavior, consistent
with a segregation of stress-induced responses between Ucn-1 and CRF [31]. In contrast,
Ucn-1 knockout mice and wild-type littermates displayed similar basal food intake and
food consumed after 24 h of food deprivation [28,29]. However, CRF-R2 knockout mice
showed normal basal feeding and body weight gain, but decreased food intake following
24 h of food deprivation [37], although it is unclear if this was a purely metabolic effect or
a stress response to food deprivation.

Ucn-1 and CART colocalize in the same EWcp neurons, and CART is an anorexigenic
neuropeptide known to decrease feeding and induce satiety [55]. Thus, the involvement
of EWcp in regulating feeding behavior could be mediated by the activation of CART
neurotransmission independently of stress activation, or in combination with Ucn-1 neu-
rotransmission during hunger suppression induced by stress. Surprisingly, electrolytic
lesions of EWcp significantly reduced food and water consumption in mice that had free
access to food and after food deprivation [36], suggesting that other neurotransmitters in
EWcp besides Ucn-1 and CART may be involved in feeding behavior.

In response to an acute stressor, there is inhibition of all physiological activities that are
non-essential for addressing that stressor (such as feeding, drinking, sleep, reproduction,
immune function, etc.) and full activation of those functions that are crucial for mounting a
successful fight-or-flight response (increased heart rate and blood pressure, augmented
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temperature, energy mobilization, etc.). One important event occurring during stress
responses is hunger suppression and, in this context, EWcp neurons that contain a potent
anorexigenic neuropeptide such as Ucn-1 [31] and are activated by numerous stressors
appear to play a significant role. Although this hypothesis is appealing, we are unaware
of any studies to date that have specifically addressed the role of EWcp in stress-induced
suppression of feeding. Conversely, the role of Ucn-1 neurons in EWcp during normal
feeding is unclear because of the lack of studies in freely behaving animals.

EWcp is not only involved in feeding behavior, but it also seems to sense the metabolic
state in connection to stress responses. A successful stress response requires energy avail-
ability proportional to the nature of the stressor (physical vs. psychogenic; fight-or-flight
response vs. adaptation) and duration (acute vs. chronic). In this context, Xu et al. [25]
have proposed that EWcp receives and integrates information about stressors as well as
about the peripheral metabolic status (glucose, triglycerides, etc.), and orchestrates an
appropriate response by activating various neuropeptide systems. These observations
suggest that EWcp might be more broadly involved in energy homeostasis in general,
rather than in feeding behavior specifically.

Another reported function of EWcp is its role in addiction, particularly in alcohol
consumption (for a review, see [5]). Chang et al. [56] first reported that an acute injection of
ethanol increased Fos expression in EWcp. Subsequent studies, using a variety of ethanol
consumption models in rats and mice, have demonstrated that EWcp is very sensitive to
alcohol administration. For example, EWcp expressed Fos after alcohol involuntary admin-
istration in rats [12], voluntary consumption in mice [57], and operant self-administration
with or without saccharin in rats [58]. In agreement with these observations, c-fos mRNA
expression in EWcp was correlated positively with alcohol intake in chronic administration
protocols [59], whereas increased Fos B expression in EWcp was observed after 7 days of al-
cohol free-access in mice [60]. Other drugs have induced increased Fos expression in EWcp
in rats and mice, such as heroin [61], morphine [62], cocaine and methamphetamine [63].

Most alcohol-sensitive neurons in EWcp contain Ucn-1 [12,59,64], although in some
mouse strains there are non-Ucn-1 neurons sensitive to alcohol [12]. In rat strains selec-
tively bred for different alcohol sensitivities, Ucn-1 levels were higher in alcohol-preferring
rats [57]. Similarly, C5BL/6J mice, which drink more alcohol than DBA/2J mice, showed
significantly higher levels of Ucn-1 mRNA and higher numbers of Ucn-1-expressing neu-
rons in EWcp [65,66].

Electrolytic lesions of EWcp in mice reduced alcohol intake and alcohol preference
in a two-bottle choice [35,65,67,68]. These effects seem to be mediated by Ucn-1 neurons
because Ucn-1 knockout mice displayed a similar effect [68]. Deletion of Ucn-1 or CRF-R2 in
mice abolished alcohol conditioned place preference, but had no impact on the conditioned
aversive effect of alcohol [68]. Ucn-1 seems to mediate the progressive escalation of
alcohol intake since Ucn-1 knockout mice displayed reduced alcohol intake and preference
when concentrations were increased from 10% to 20% to 40%, but showed no difference
with respect to wild-type mice when the concentration remained at 10% [59]. Ucn-1
RNA interference-mediated knockdown via lentiviral injection in EWcp replicated the
phenotype of Ucn-1 knockout mice on blunting alcohol intake, demonstrating the absence
of developmental compensatory mechanisms in these animals [59].

Although addiction is a complex phenomenon, it can be considered in the context
of the original definitions of stress and stress responses. Thus, stress is an internal or
external stimulus that threaten the internal milieu, whereas a stress response is a non-
specific response of the body to any demand upon it, which is accompanied by HPA
axis activation [69,70]. Based on these concepts, the allostasis model of addiction has
been proposed [71–73]. In this model, addiction is considered as a mechanism for stress
adaptation because the external stimulus (drug administration) disrupts the homeostasis
of the internal milieu, shifting the biological systems towards an allostatic state away from
equilibrium. Subsequently, the body responds to the demand upon it (i.e., mounting a
stress response). Biological systems are designed to return to the homeostatic state once the
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perturbation has ended. However, repeated drug administration (e.g., chronic stress) shifts
the system towards the allostatic state over and over, until a point at which the system
cannot adjust anymore and adapts to the allostatic state by establishing it as the “new”
homeostatic state (e.g., a new “normal”) [71].

Taking together the observations described above, it seems that most known functions
of Ucn-1 neurons in EWcp might be in part related, directly or indirectly, to stress responses
or stress adaptation. The two main components of the stress response are activation
of the SNS and the HPA axis. EWcp may be involved in the central neural pathways
orchestrating both responses, but the evidence for its involvement in regulating the SNS is
particularly strong. Sympathetic responses to stress involve the coordination of complex
brain circuits that modulate sympathetic outflow to organs and tissues via activation of
preganglionic and postganglionic neurons in the spinal cord and ganglia, respectively.
Within this framework, Ucn-1 neurons in EWcp are well placed to be a key element in
the central circuit that modulates SNS activity in stress responses (and most likely in
other sympathetic-mediated functions). EWcp receives and integrates information from
brain regions involved in multiple functions and conveys the output signal directly to the
spinal cord and/or to brainstem presympathetic neurons. In the following sections, we
provide evidence for the involvement of EWcp as a significant component in the central
control of sympathetic-mediated functions, including metabolic regulation, by examining
neuroanatomical and physiological data that support such a role.

3. EWcp Connections to Sympathetic Targets

Organs and tissues are innervated by sympathetic postganglionic neurons that, in
turn, are innervated by sympathetic preganglionic neurons (SPNs) located primarily in
the intermediolateral cell column (IML) in the thoracic and upper lumbar segments of the
spinal cord. The activity of these SPNs is controlled by descending projections from brain
presympathetic areas, as well as by inputs from spinal interneurons and sensory neurons
in the dorsal horn. Typically considered brain areas that directly innervate SPNs (termed
presympathetic areas) include the rostral ventrolateral medulla (RVLM), ventromedial
medulla (VMM), caudal raphe nuclei (comprising raphe magnus, pallidus (RPa) and
obscurus), A5 cell group and PVN. We have previously suggested that the Barrington’s
nucleus, the ventral part of the locus coeruleus, and the subcoeruleus nucleus should be
added to this list [18,74–76] (Figure 2). These presympathetic areas receive and integrate
inputs from complex brain circuits and convey multimodal information to SPNs, which
ultimately control the sympathetic outflow to efferent organs. In addition, there is an
intricate (and inadequately studied) intra-spinal circuit that affects the output of SPNs at
the spinal level.

Neuroanatomical data support the notion that EWcp is part of the central network that
controls sympathetic outflow to different organs and tissues, probably through connections
to presympathetic areas. There are several types of anatomical data that support this:
tracing studies of EWcp neuron projections, location of Ucn-1 fibers, location of receptors
for Ucn-1 (CRF-R2), and virus-based retrograde trans-synaptic tracing from sympathetically
innervated organs and tissues. Classical neuroanatomical tracing studies and the location
of Ucn-1 and its receptors supply useful information; however, these observations must
be considered as providing indirect evidence because they cannot directly connect EWcp
neurons to sympathetic targets. In contrast, virus-based retrograde trans-synaptic tracing
from sympathetically innervated targets provides more direct evidence connecting EWcp
to sympathetic outflow.
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Although the functions of EWcp mentioned in the previous section are the most
studied, the anatomical connections of EWcp with other CNS systems unrelated to those
functions (i.e., afferents to cerebellum, thalamus, suprachiasmatic nucleus, substantia nigra,
lateral septum, superior colliculus, reticular formation, cochlear and vestibular nuclei, etc.;
efferents from infralimbic and prefrontal cortex, lateral septum, ventral pallidum, habenula,
cerebellum, mesencephalic reticular nucleus, zona incerta, tegmental nuclei, etc.) [77–79]
strongly suggest that EWcp is involved in numerous functions that have not yet been
identified.

The scope of this review is the link between EWcp and sympathetic control; therefore,
in the following sections, we describe the neuroanatomical connections of EWcp pertaining
to central pathways involved in the regulation of sympathetic outflow. We focused on
stress responses and energy homeostasis because the sympathetic component is crucial in
both. Considering the vast amount of afferent and efferent projections from and to EWcp
described in the literature [77–79], those involved in the sympathetic circuitry described
below only constitute a small proportion of them.

3.1. Evidence Based on Efferent Monosynaptic Tracing Studies

Characterizing the efferent connections of EWcp using anterograde tracer injections
has been challenging because of the difficulty with restricting tracer injections into such a
small, irregularly shaped nucleus that is intermingled with other neuronal groups. Few
studies have addressed this challenge. A complementary approach has been the injection
of retrograde tracers in CNS areas suspected of receiving projections from EWcp. Here, we
focus on the evidence that such studies have provided regarding CNS regions involved in
sympathetic control, primarily the spinal cord and presympathetic brain areas.

In early studies, labeled neurons were observed in EWcp after injection of the retro-
grade tracer HRP into the spinal cord (lower cervical to thoracic levels) in cats, rats and
monkeys [1]. Nevertheless, it could not be established whether the projections from EWcp
to the spinal cord terminated on SPNs or upon other spinal neurons. Following this initial
observation, Loewy and Saper (1978) [2] characterized the EWcp efferent pathways using
autoradiographic anterograde axonal transport of [3H]-amino acids after injections into
EWcp in cats. Most injections included part of the ventral or ventrolateral periaqueductal
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gray (PAG) or the ventral tegmental area; thus, these data need to be interpretated with
considerable caution. The authors reported a substantial system of descending pathways.
Some of the brainstem areas that were shown to receive projections from EWcp contain
presympathetic neurons, such as the VMM (including the lateral paragigantocellular nu-
cleus, gigantocellular reticular nucleus (Gi), Gi alpha part, and Gi ventral part), as well as
A5, A6 (locus coeruleus) and A7 groups, RVLM and the superior central raphe nucleus
(which includes raphe magnus, RPa and raphe obscurus). The authors also reported
projections to the medial parabrachial nucleus, which is involved in the control of some
autonomic functions [80]. To determine whether these fibers innervated these brain regions
or were merely fibers of passage, HRP was injected into raphe magnus or VMM; labeled
neurons were observed in rostral EWcp and entire EWcp, respectively, which corroborated
the existence of direct projections from EWcp to these brainstem nuclei containing presym-
pathetic neurons. Descending fibers in the spinal cord originating from the region of EWcp
were observed near the dorsal horn and appeared to terminate predominantly in lamina
I and possibly in lamina V. The authors acknowledged that it could not be determined
whether the fibers from EWcp ended preferentially on any specific spinal neuronal type.
Surprisingly, no ascending efferent projections from EWcp were observed [2], in contrast to
their previous report of a projection from EWcp to PVN and to the results of more recent
studies using anterograde tracers [79]. The existence of a direct projection from EWcp to
the spinal cord in cats was corroborated by labeling of EWcp neurons after injecting the
retrograde tracer HRP into the spinal cord [81].

Further validating some of the observations from Loewy and Saper [2], retrogradely
labeled neurons were observed in EWcp after injection of the retrograde tracer cholera
toxin subunit B (CTB) in the nucleus reticullaris magnocellularis (analogous to the Gi/Gi
ventral part in the VMM, and known to contain presympathetic neurons) in cats [82]. All
retrogradely labeled neurons were SP-immunoreactive (-ir) or CRF-ir (the antibody was
most likely cross-reacting with Ucn-1, which had not yet been discovered), and some were
also CCK-ir. In additional studies, labeled neurons were observed throughout the length
of EWcp after large injections of HRP into the cervical and lumbar spinal cord, and the
majority were SP-ir [83,84], most of them were CRF-ir [85] and some of them were CCK-
ir [51]. All these early studies were performed before Ucn-1 was discovered and, therefore,
the proportion of retrogradely labeled neurons that were Ucn-1 in these studies remains
unknown; nevertheless, neurons labeled with a CRF antibody in those studies are most
likely Ucn-1-ir neurons. Klooster et al. [86] injected the anterograde tracer Phaseolus vulgaris
lectin L (PHA-L) into EWcp in Wistar rats to identify terminal projections from EWcp to
brainstem. Fibers originating from the rostral part of EWcp were observed terminating in
several brainstem regions, including VMM and RVLM, which both contain presympathetic
neurons.

More recent studies by Bittencourt and colleagues aimed to systematically describe
the efferent targets of EWcp in the brain and spinal cord of Long-Evans rats, using standard
tracers in combination with immunohistochemistry for the phenotypic characterization
of some projection targets [79]. Injection of the anterograde tracer biotinylated dextran
amine (BDA) in EWcp resulted in the identification of multiple ascending and descending
projections from EWcp. With respect to areas containing presympathetic neurons, BDA-
labeled fibers were observed in PVN, A5 group, subcoeruleus nucleus, Barrington’s nucleus,
Gi and caudal raphe (raphe magnus, RPa and raphe obscurus). BDA-labeled fibers were
observed throughout the entire rostro-caudal extent of the spinal cord, distributed in the
medial part of laminae VII, VIII, and IX, and reaching the ventral part of the central canal
in lamina X, which showed the highest density of anterogradely labeled fibers. Some
BDA-labeled fibers were also observed in laminae I to IV. Although projections to the IML
region (lamina VII), where most SPNs are located, may have been observed, this extensive
pattern of spinal projections highlights a potentially broader role of descending EWcp
pathways.
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Despite the technical challenge of selectively injecting EWcp, all these tracing stud-
ies strongly support the existence of projections from EWcp to several presympathetic
areas and to the spinal cord. Nevertheless, it is unclear if these fibers establish synaptic
connections or are merely fibers of passage, although the studies that include retrograde
tracing from some projection targets support the existence of a real projection. Although
there are many common findings across these studies, differences are also apparent, likely
due to the use of diverse tracing techniques, different species (cat, rat and monkey) or, in
the case of rat studies, different strains (Sprague Dawley, Wistar and Long-Evans) that
are known to display different neuroanatomical projection patterns (e.g., there are sub-
stantial differences in the density of EWcp fibers in different brain regions in pigmented
Long-Evans rats vs. albino Sprague Dawley rats [79]. In addition, the different functions
exerted by EWcp may be mediated by spatially segregated neurons (e.g., rostro-caudally)
and, therefore, anterograde tracer injections at different EWcp levels may render different
patterns of projections.

3.2. Evidence Based on the Location of Ucn-1 Fibers

EWcp is the main source of Ucn-1 in the brain; therefore, immunohistochemical
localization of Ucn-1 fibers has been used extensively to identify EWcp projections in the
CNS. Bittencourt et al. [77] described the distribution of Ucn-1 fibers in Sprague Dawley
rats, using a Ucn-1 antibody that was affinity purified to eliminate cross-reactivity with
other neuropeptides of the CRF family. Among the presympathetic groups, Ucn-1 fibers
were observed in PVN, caudal raphe (raphe magnus, RPa and raphe obscurus), VMM
(lateral paragigantocellular nucleus, Gi and Gi alpha part), locus coeruleus and Barrington’s
nucleus. Other presympathetic regions were not mentioned in that report and, given how
the results of that study were presented, it is unclear if they were labeled for Ucn-1. In the
spinal cord, Ucn-1 fibers were more abundant in the intermediate and central grey, IML
(where most SPNs are located), and ventral horn. These observations support the idea of
EWcp being involved in the control of sympathetic outflow via direct projections to SPNs
or spinal interneurons. In the same study, injections of the retrograde tracers fast blue
or diamidino yellow in the upper thoracic levels of the spinal cord labeled a substantial
number of Ucn-1 neurons in EWcp, further supporting the existence of a direct projection
from EWcp to the spinal cord. Nevertheless, not all studies have described this pattern of
Ucn-1 fiber distribution. Kozicz et al. [87] did not report Ucn-1 descending efferent fibers to
the brainstem and spinal cord in CD rats, using a Ucn-1 antibody not commonly employed
in most neuroanatomical studies, although dense fibers were observed in forebrain regions
such as the lateral septum. Similarly, Morin et al. [88] observed a high density of Ucn-1
fibers in the lateral septum, and scattered fibers in few forebrain regions, but not in the
brainstem and spinal cord of Sprague Dawley rats, using a Ucn-1 antibody produced
by them.

In mice, Weitemier et al. [89] characterized the distribution of Ucn-1 cells and fibers in
two strains, C57BL/6J and DBA/2J. Although Ucn-1 fibers were more abundant in DBA/2J
mice, both strains showed fibers in some areas that contain presympathetic neurons such
as locus coeruleus, Gi and reticular nucleus (both part of VMM) and raphe magnus. Korosi
et al. [90] described the distribution of Ucn-1 fibers in the entire spinal cord (cervical to
sacral) in C57BL/6J mice and they noted that in the thoracic cord, where SPNs are located,
a low density of Ucn-1 fibers was observed in laminae I-II, V and IX, whereas moderate
density was reported in lamina VII (including the IML and intermediate zone) and in
lamina X (around the central canal). Since SPNs are located in the IML, intermediate zone
and central autonomic nucleus (localized around the central canal), these observations
strongly support the idea that Ucn-1 fibers project to SPNs in the mouse spinal cord.

These studies demonstrate the existence of Ucn-1 fibers close to brain presympathetic
groups and to SPNs in the spinal cord, strongly suggesting the existence of an anatomical
connection between EWcp and the SNS. However, although EWcp is the main source of
Ucn-1 in the CNS, it is not the sole source. In the initial characterization of Ucn-1, Ucn-1
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mRNA expression in rats was primarily found in the EWcp, and to a lesser extent in the
lateral superior olive and supraoptic nucleus [6]. This was corroborated by Bittencourt
et al. [77] by in situ hybridization and immunohistochemistry. Moreover, additional brain
sites containing Ucn-1 were found in rats pretreated with colchicine (which inhibits axonal
transport causing neuropeptides to accumulate in the soma), including PVN, zona incerta,
substantia nigra and ventral tegmental area [77]. Kozicz et al. [87] also reported additional
Ucn-1 neurons in the supraoptic nucleus, parvicellular PVN, ventromedial hypothalamic
nucleus (VMH) and substantia nigra in colchicine-pretreated rats. Similarly, Morin et al. [88]
described Ucn-1 neurons in the supraoptic nucleus, lateral hypothalamus, interpeduncular
nucleus and sphenoid nucleus in colchicine-pretreated rats. These additional colchicine-
dependent sites of Ucn-1 expression, in addition to the EWcp, most likely contribute to
the distribution of central Ucn-1 projections observed in these studies. Similarly, in naïve
mice, Weitemeier et al. [89] have reported the existence of Ucn-1 neurons in EWcp, lateral
superior olive, interstitial nucleus of Cajal and dorsal nucleus of the lateral lemniscus. With
respect to the spinal cord, there is a possibility that some of the Ucn-1 fibers observed close
to the IML arise from presympathetic neurons in PVN that project directly to SPNs and
contain Ucn-1 under certain conditions [77,87,91].

Besides Ucn-1, EWcp neurons contain several neuropeptides, such as CART, CCK,
SP and nesfatin-1. It is possible that non-Ucn-1 neurons in EWcp could project to other
brain areas different from the ones targeted by Ucn-1 fibers and, therefore, the Ucn-1
immunostaining will be missing these projections. Taken together, these observations
suggest that a better approach would be to consider anterograde tracer data in combination
with Ucn-1 immunohistochemistry, or retrograde tracing that documents that the only
Ucn-1-containing projection to an area is from EWcp.

3.3. Evidence Based on the Location of CRF-R2

Ucn-1, which is contained in the majority of EWcp neurons, binds with high affinity
to CRF-R2 (in contrast to CRF, which binds with low affinity). The CNS distribution of
these receptors might therefore serve as an index of Ucn-1 targets, although an indirect one
at best because, as noted above, some other neurons may also express Ucn-1 and Ucn-1
may not be the only endogenous agonist for CRF-R2. Furthermore, CRF-R2 may not be the
only receptor for Ucn-1, as Ucn-1 also binds to CRF-R1. The first description of the location
of CRF-R2 mRNA in the brain of Sprague Dawley rats [92] reported moderate density in
the medial parvocellular PVN, known to contain presympathetic neurons that project to
the spinal cord, but it did not describe any CRF-R2 expression in brainstem presympathetic
regions. Van Pett et al. [93] characterized the distribution of CRF-R2 mRNA in the brain of
Sprague Dawley rats and C57BL/6 and NIH Swiss mice. Surprisingly, among the brain
areas that contain presympathetic neurons, the CRF-R2 signal was only detected in the
PVN in mice, but not in rats.

A possible explanation for the lack of CRF-R2 mRNA signal in brain sites expected
to have them is that the receptors might be located on distal dendrites or presynaptic
terminals, very far from the cell bodies that contain the CRF-R2 mRNA. To address this
possibility, Tan et al. [94] conducted autoradiographic studies to characterize the location
of CRF-R1 and CRF-R2 in the mouse brain and compared with the location of CRF-R1 and
CRF-R2 mRNAs from Van Pett et al.’s study [93]. Nevertheless, these studies failed to
provide evidence to support this hypothesis because the patterns of mRNA expression and
binding site distribution were similar, with very few exceptions, such as CRF-R2 expression
in the nucleus of the solitary tract (NTS).

The distribution of CRF-R2 mRNA in the entire spinal cord (cervical to sacral) of
C57BL/6J mice was described by Korosi et al. [90]. In the thoracic cord, the highest
mRNA density was observed in lamina VII (including the IML and intermediate zone)
and lamina X (around the central canal), where SPNs are located. Moderate density was
found in laminae IV–VI, VIII and IX, and low density in laminae I–III. The distribution
of CRF-R2 mRNA matches with the location of Ucn-1 fibers in these laminae in the same
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mice. Moreover, immunohistochemical labeling of Ucn-1 fibers and CRF receptors with
an antibody that recognizes both CRF-R1 and CRF-R2 demonstrated that Ucn-1 fibers
contacted CRF-receptor containing neurons in laminae VII and X, although the neurons
were not confirmed to be SPNs [90]. These observations are consistent with the notion that
CRF-R2 in the spinal cord may mediate the sympathetic actions of Ucn-1.

Although data from the spinal cord supports the involvement of CRF-R2 in sympa-
thetic control, the location of CRF-R2 in the brain is controversial. Anterograde labeled
fibers from EWcp as well as Ucn-1 fibers are located in brain regions that do not express
CRF-R2 [77,87], and the restricted CRF-R2 distribution does not provide support for the ef-
fects of central Ucn-1. Thus, i.c.v. administration of Ucn-1 elicited widespread activation of
cell groups involved in central sympathetic control that only express CRF-R1, such as cau-
dal raphe (raphe magnus, RPa and raphe obscurus) and VMM, or that do not express either
CRF receptor, including the central amygdala (CeA), PVN and brainstem catecholaminergic
groups such as locus coeruleus, RVLM and caudal ventrolateral medulla [6,95]. In the
case of presympathetic regions that only express CRF-R1, Ucn-1 can activate these neurons
by binding to them. For brain regions that do not express any CRF receptor, a possible
explanation is that the activation of these central sympathetic groups might be secondary
to the effects of Ucn-1 exerted directly on brain regions that express CRF-R2 or CRF-R1 and
are anatomically connected to the former, such as the lateral parabrachial nucleus (which
expresses CRF-R1) and the medial NTS (which expresses CRF-R2) [95]. On the other hand,
evidence against the colocalization of Ucn-1 fibers and CRF-R2 in numerous brain regions
has led to the suggestion of the existence of a novel CRF receptor subtype not yet identified
that binds Ucn-1 [6,96] or, alternatively, the involvement of the CRF-binding protein, which
is expressed in the brain and can bind Ucn-1 [97,98]. However, this discrepancy between
the location of Ucn-1 and CRF receptors remains unresolved and raises questions regarding
the signaling from Ucn-1 neurons in EWcp. Until this is resolved, using the location of
CRF-R2 or the effects of centrally administered Ucn-1 as evidence for the involvement of
EWcp must be considered with caution.

Taken together, the data based on anterograde and retrograde tracing of EWcp pro-
jections, as well as the localization of Ucn-1 fibers, overwhelmingly support the existence
of pathways that connect EWcp to presympathetic neurons in the brainstem and possibly
to SPNs or presympathetic interneurons in the spinal cord, providing a neuroanatomical
basis to support the role of EWcp in sympathetic control. Nevertheless, this evidence is
indirect because the synaptic contacts need to be confirmed at the electron microscope level.
Most importantly, although the Ucn-1 fibers are in close apposition to neurons located in
presympathetic areas, these are heterogenous populations and not all neurons in these
regions project to SPNs (e.g., interneurons or brain-projecting neurons are intermixed with
spinal cord-projecting neurons).

3.4. Evidence from Trans-Synaptic Tracing Studies with Pseudorabies Virus

More direct evidence linking EWcp with sympathetic outflow derives from studies
utilizing the trans-synaptic retrograde transport of pseudorabies virus (PRV). PRV is a
neurotropic herpesvirus that is transported retrogradely from neuron to neuron across
synapses [99]. Due to this specific trans-synaptic passage, an attenuated strain of PRV
(PRV-Bartha) has been widely used to characterize CNS pathways that control peripheral
organs and tissues. Infected neurons can be identified immunohistochemically at differ-
ent post-injection survival times, which allows the identification of subsequent steps of
infection and permits the delineation of the hierarchical organization of central pathways.
Thus, following the injection of PRV into a sympathetically innervated target, the virus
is sequentially transported across synapses from postganglionic neurons (located in par-
avertebral and prevertebral ganglia), to SPNs (mainly in the IML in the spinal cord), to
presympathetic neurons in the brain, to neurons that innervate the presympathetic neurons,
with approximately 12 h intervals between successive steps of infection.
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The trans-synaptic retrograde transport of PRV from many sympathetic-innervated
targets has been described in numerous studies. EWcp has been reported to be infected
after PRV injection into the adrenal gland [100,101], spleen [74], kidney [75], brown adipose
tissue (BAT) [18,102], white adipose tissue (WAT) [103,104], pancreas after vagotomy [105],
stellate ganglion (which supplies the sympathetic innervation of the heart) [106–108], heart
(sympathetic innervation) [109] and tail artery [110]. These results clearly demonstrate
that EWcp is part of the CNS circuitry that controls sympathetic outflow to multiple
organs and tissues. Infection in EWcp has not been reported after PRV injection into other
sympathetically innervated organs, such as the thymus [111] and bone marrow [112,113],
most likely because the survival post-injection times used in these studies were short and
only allowed infection of presympathetic neurons in the brain.

Based on the temporal profile of infection following the injection of PRV, EWcp does
not seem to contain presympathetic neurons, except for one study. Shah et al. [101] reported
infected Ucn-1 neurons in EWcp after PRV injection in the adrenal gland at the earliest
survival time at which infected neurons were detected in the brain. The authors concluded
that these infected EWcp neurons were presympathetic and projected directly to SPNs in
the spinal cord. However, the earliest survival time used in this study was 96 h, which
is much longer than the early survival times used in the majority of PRV studies. This
survival time is long enough to allow several steps of infection in the brain, especially
after injection into the adrenal gland, which is directly innervated by preganglionic fibers
from SPNs (thus, it involves one fewer step of infection compared to other sympathetically
innervated targets). Moreover, the authors reported the earliest infection in the brain
not only in EWcp but also in PVN, dorsal raphe, lateral hypothalamus–perifornical area
(LH-PeF), dorsomedial hypothalamic nucleus (DMH), posterior hypothalamus, PAG and
red nucleus. Except for PVN, none of these brain regions has been considered a classic
presympathetic group [76,80,114], further demonstrating that the shortest survival time
used in this study was not short enough to distinguish between infected presympathetic
and infected higher-order neurons in the brain.

Despite the existence of a direct projection from EWcp to the spinal cord described in
several studies using monosynaptic tracers and the presence of Ucn-1 fibers (likely arising
from EWcp) in several spinal cord laminae, nearly all PRV studies of sympathetically
innervated targets in rats and mice reported that the infection in EWcp is delayed with
respect to the infection of presympathetic areas. There are several possible explanations for
the temporal progression of PRV infection in EWcp:

(1) The existence of a non-direct multisynaptic pathway from EWcp to the spinal cord via
projections to classic presympathetic neurons located in PVN, gigantocellular reticular
formation (part of VMM), caudal raphe, locus coeruleus, Barrington’s nucleus, RVLM
and A5 group, known to be infected earlier and to project directly to SPNs located in
the IML in the spinal cord. Supporting this pathway, Luppi et al. [82] have reported
that the main projection targets from EWcp are the VMM groups (Gi, Gi ventral
part and lateral paragigantocellular nucleus), and we have detected infected neurons
in these groups at the earliest brain infection, especially after BAT or WAT PRV
injection [18,104].

(2) EWcp projects to interneurons in the spinal cord, not directly to SPNs. This would
explain the delay with respect to infection in brain presympathetic neurons because
there would be an extra step of infection in the pathway at the level of the spinal cord.
Supporting this possibility, we have observed that SPNs located in the IML become
infected first in the spinal cord after PRV injection into several organs. Then, 6–8 h later,
infected interneurons appear intermingled with infected and non-infected SPNs in the
IML, intermediate zone and central autonomic nucleus [18,74], strongly suggesting
that these interneurons become infected via short projections to infected SPNs. Further
supporting this possibility, Dos Santos et al. [79] reported that descending fibers from
EWcp were denser in lamina X around the central canal, where we have commonly
observed infected interneurons [18,74].
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(3) A third possibility is that EWcp neurons could have become infected via sparse
axonal projections to infected SPNs, which delays trans-synaptic labeling because it is
necessary to reach a viral particle threshold to start efficient replication in infected
neurons [99]. The three possibilities are not mutually exclusive (e.g., EWcp can project
to presympathetic neurons in the brain and to interneurons and/or SPNs in the
spinal cord).

In summary, results from PRV studies conclusively demonstrate that EWcp is part
of the central circuit that controls the SNS outflow to many sympathetically innervated
targets, most likely via an indirect multisynaptic pathway through a few brainstem regions,
or perhaps via direct projections to interneurons in the spinal cord or sparse direct pro-
jections to SPNs (Figure 3). Besides providing direct evidence of the link between EWcp
and sympathetic-innervated targets, this technique allows further phenotypic characteri-
zation of infected neurons (Figure 1). Moreover, PRV tracing enables the cre-dependent
determination of projection patterns when used in transgenic animals.
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Figure 3. EWcp is part of the central circuit that controls sympathetic-innervated targets. There are
several possible pathways for the early infection of EWcp after PRV injection in organs/tissues: (1) via
indirect multisynaptic pathway through brainstem presympathetic neurons; (2) via direct projections
to interneurons in the spinal cord; or (3) via sparse direct projections to SPNs in the IML. Infection
of EWcp neurons at later survival times might include multisynaptic pathways. Abbreviations: IN,
interneuron; SPN, sympathetic preganglionic neuron. Coronal section templates were obtained from
the rat brain atlas from Paxinos and Watson, 3rd ed. [115].

4. EWcp Connections to Sympathetic Targets in Stress Responses

EWcp may serve as a key node in the central neural orchestration of SNS responses
to stress. Core sympathetic responses to stress include cardiovascular adjustments (e.g.,
increased arterial blood pressure and heart rate, mobilization of energy stores, augmented



Brain Sci. 2021, 11, 1005 17 of 57

body temperature and suppression of immune function). All these autonomic responses
contribute to boosting physical and mental performance, which generate appropriate fight-
or-flight responses that promote survival. As described below, there is evidence that EWcp
is involved in each of these sympathetic responses.

4.1. Cardiovascular Function

One of the first and most robust physiological effects elicited by numerous stressors is
an increase in arterial blood pressure and heart rate. Presympathetic brain areas that are
involved in these responses include RVLM, RPa and PVN [116], and these regions receive
projections from the EWcp, some of them containing Ucn-1-ir fibers [77,79]. Other presym-
pathetic brain regions involved in cardiovascular regulation (e.g., the A5 group) [117] also
receive input from EWcp [79]. The medial parvicellular PVN, known to contain presympa-
thetic neurons, shows a moderate density of CRF-R2 expression in rats [92] and mice [93].
Observations from the temporal progression of PRV infection strongly suggest that EWcp
becomes infected via direct projection to these regions (among others) in rats injected
with PRV into sympathetically innervated tissues importantly involved in cardiovascular
control, including the kidneys [75], heart [109] and stellate ganglion, the site of sympathetic
postganglionic neurons innervating the heart [106–108]. Thus, the neuroanatomical data
provide a substrate for the involvement of EWcp in the cardiovascular component of the
stress response (Figure 4). Supporting this hypothesis, increased arterial blood pressure
and heart rate have been reported following i.c.v. injection of Ucn-1 [31], or injection of a
CRF-R2 agonist into the fourth ventricle [118] or directly into RVLM [119] in rats. CRF-R2
knockout mice have elevated basal arterial blood pressure and diastolic pressure compared
to wild-type mice [39], suggesting a role for CRF-R2 in cardiovascular homeostasis.

However, Wang et al. [29] reported that Ucn-1 knockout mice did not show differ-
ences in heart rate at baseline, during physical restraint or during recovery from restraint,
compared to wild-type mice. Although this may be evidence that EWcp is not involved
in stress-induced cardiovascular changes, the lack of an effect of Ucn-1 knockout might
be due to several reasons, including differential involvement of Ucn-1 in cardiovascu-
lar control among different species, the possibility that these knockout mice might have
some developmental compensatory mechanisms, the existence of redundant mechanisms
supporting these responses, or the involvement of other signaling molecules from EWcp.
Furthermore, air-jet stress in rats elicited increases in arterial blood pressure and heart rate,
but was not reported to increase Fos expression specifically in EWcp [120], suggesting a
lack of involvement of EWcp in the cardiovascular responses to stress. However, given the
number of other stressful stimuli that induce Fos expression in EWcp, the lack of evidence
with air-jet stress might reflect that EWcp could have been included as part of PAG, as
authors reported increased Fos signal in all PAG subdivisions. Given the clear evidence that
presympathetic neurons in brain areas involved in cardiovascular regulation receive inputs
from EWcp and that stimulation of CRF-R2 receptors produces cardiovascular responses
similar to stress, the involvement of EWcp warrants further attention in this regard.
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Figure 4. Connections of EWcp to presympathetic regions involved in stress-induced cardiovascular
activity. Presympathetic neurons in brain areas involved in cardiovascular regulation, such as
PVN, A5, RPa and RVLM, receive inputs from EWcp, which is also activated by stress. The medial
parvocellular PVN, known to contain presympathetic neurons, shows a moderate density of CRF-R2.
Stress-induced increase in sympathetic outflow to the kidneys and heart increases blood pressure
and heart rate. For terms, see the list of abbreviations.

4.2. Glucose Mobilization

Another component of the sympathoadrenal response to stress is the mobilization of
glucose stores and an increase in blood glucose levels. This response involves the activation
of RVLM, particularly the C1 neurons [121–123]. It also involves the activation of CRF
receptors in the brain, as it is mimicked by central injection of CRF and sauvagine [124,125]
and attenuated by a CRF receptor antagonist [126]. The increase in plasma glucose induced
by centrally administered CRF is mediated by activation of the SNS as it is completely
prevented by pretreatment with a ganglionic blocker [124]. Although the subtype of
CRF receptor involved in this response has not been investigated, the greater potency of
sauvagine compared to CRF (5–10 times) [125] suggests that the CRF-R2 may be involved.
Zhao et al. [123] showed in mice that a variety of inputs, including from glutamatergic
PVN neurons, might be involved in exciting RVLM C1 neurons required for evoking stress-
induced hyperglycemia. The physical (lipopolysaccharide challenge) and psychogenic
stressors (foot shock and restraint) used in this study are known to evoke a strong Fos
expression in EWcp [4,15–17]. Although the authors did not specifically note EWcp in the
list of stress-activated excitatory inputs to RVLM C1 neurons, EWcp projects to RVLM [2,86];
therefore, it is possible that they included it as ventrolateral PAG or that the EWcp projection
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to C1 neurons is not monosynaptic. The authors reported that the activation of RVLM C1
neurons induces hyperglycemia via descending projections to the spinal cord by virtue
of activating the adrenal gland, as adrenalectomy completely blocked hyperglycemia.
EWcp is part of the central circuit that controls the sympathetic outflow to the adrenal
gland [100,101], and receives projections from brain areas activated by stress, including
limbic (CeA and BNST) and hypothalamic (PVN and LH-PeF) regions [78]. Besides their
involvement in stress responses, these hypothalamic areas are important modulators of
glucose homeostasis, suggesting that the pathway: limbic system/hypothalamus -> EWcp
-> RVLM -> spinal cord -> adrenal gland could be a key element of the neural circuit
involved in stress-evoked hyperglycemia (Figure 5). Moreover, EWcp is also part of the
central circuit that controls the sympathetic innervation of the pancreas [105], suggesting
that EWcp could also be involved in the stress-induced sympathetic inhibition of insulin
secretion [127], needed for elevating blood glucose levels.
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Figure 5. Connections of EWcp with the circuit involved in stress-induced hyperglycemia. Gluta-
matergic inputs from PVN excite RVLM C1 neurons, inducing glucose mobilization via projections
to the spinal cord that activate the adrenal gland (adrenalectomy completely blocks hyperglycemia).
EWcp, which is activated by stress, is part of the central circuit that controls the sympathetic outflow
to the adrenal gland. EWcp receives projections from limbic and hypothalamic regions that are
activated by stress. For terms, see the list of abbreviations.
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4.3. Hyperthermia

Stress-induced hyperthermia is a physiological response that contributes to increased
physical and neural endurance by warming up muscles and the CNS, respectively. Psy-
chogenic stress produces a rapid elevation of body temperature by increasing metabolic
heat production and decreasing heat loss from the skin surface, and it is independent
of prostaglandin-mediated mechanisms that induce fever. Several psychogenic stressors
known to activate EWcp (e.g., dirty cage exchange, foot shock, restraint, social defeat,
etc.) evoke a substantial increase in body temperature, which in rodents is mediated by
augmented BAT sympathetic nerve activity and BAT activity, as well as cutaneous vaso-
constriction [128,129]. β3-adrenoceptors mediate sympathetic thermogenesis in BAT [130]
and blockade of these receptors decreases stress-induced hyperthermia [128].

Activation of presympathetic neurons in RPa, driven by glutamatergic inputs from
DMH, is required for BAT sympathetic nerve activation and subsequent stress-induced
hyperthermia [128,129]. EWcp receives inputs from DMH [78] and projects to RPa [79]. Fur-
thermore, Ucn-1-ir fibers, presumably arising from EWcp, terminate on RPa neurons [77],
which express CRF-R1 mRNA and become activated by central administration of Ucn-
1 [95]. PRV injection into BAT demonstrated that RPa becomes infected earlier than DMH
and EWcp [18,102], suggesting the existence of direct (DMH -> RPa and EWcp -> RPa) and
indirect (DMH -> EWcp -> RPa) pathways that could be involved in the central control
of BAT activity during stress responses (Figure 6). In addition, EWcp is also part of the
central circuit that controls the tail artery [110], which is a key element for cutaneous
vasoconstriction in rodents, also involved in stress-induced hyperthermia.

Stress-induced hyperthermia seems to be potentiated by orexin (Orx), a neuropep-
tide located in the LH-PeF [131]. Orx is involved in a variety of physiological functions
including stress and arousal responses, as demonstrated by activation of Orx neurons
and increased Orx mRNA expression evoked by numerous stressors [132,133]. Central
administration of Orx augmented body temperature and motor activity [134] and increased
Fos in RPa [135], which receives a direct projection from Orx neurons [136]. Activation of
Orx neurons induces a long-lasting increase in body temperature via sympathetic-mediated
BAT activation [136], whereas Orx injection in RPa (presympathetic neurons) produces a
sustained increase in BAT sympathetic outflow and BAT thermogenesis [136]. Moreover,
Orx is a key component of the central circuit that controls sympathetic innervation to multi-
ple organs and tissues, as shown in PRV studies [137–141]. These observations demonstrate
that Orx is an important element of the central circuit responsible for stress-induced hyper-
thermia mediated by the SNS via BAT activation. Importantly, Orx neurons are activated by
stressors that also activate Ucn-1 neurons in EWcp. Orx-ir axon terminals densely innervate
Ucn-1 neurons in EWcp (Figure 1), which express Orx receptor 1 mRNA [142]. Injections
of the retrograde tracer FluoroGold into EWcp labeled numerous neurons throughout the
rostro-caudal extension of LH-PeF where Orx neurons are located, whereas biotinylated
dextran amine injections into LH-PeF showed anterogradely labeled fibers in close contact
with Ucn1-ir cells in the EWcp [78]. Besides receiving an orexinergic input, EWcp projects
to RPa [79], which is the key component to evoke an increase in body temperature via
sympathetic-mediated BAT activation. PRV injection into BAT produces infection of Orx
neurons in LH-PeF [137,140,141], as well as in EWcp and RPa [18,102]. These observations
suggest the possibility of an additional pathway (Orx (LH-PeF) -> EWcp -> RPa) that could
participate in stress-induced hyperthermia.

In summary, stressors that induce hyperthermia activate Orx neurons in LH-PeF and
Ucn-1 neurons in EWcp. Orx neurons directly project to Ucn-1 neurons in EWcp, which
are part of the sympathetic circuit that controls BAT activity known to be increased by
stress. Taking together, these data suggest that Ucn-1 neurons in EWcp are a component
of the central circuit responsible for stress-induced hyperthermia by virtue of integrating
descendent inputs from areas involved in stress and thermoregulation and providing an
output to brainstem presympathetic regions implicated in the sympathetic control of BAT
(Figure 6).
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Figure 6. Connections of EWcp with the circuit responsible for stress-induced hyperthermia. Acti-
vation of presympathetic neurons in RPa, driven by glutamatergic inputs from DMH, is required
for BAT sympathetic nerve activation and subsequent stress-induced hyperthermia. EWcp receives
inputs from DMH and projects to RPa, which expresses CRF-R1, receives Ucn-1 innervation (presum-
ably from EWcp), and becomes activated by central administration of Ucn-1. Moreover, stressors
that induce hyperthermia activate Orx neurons in LH-PeF and Ucn-1 neurons in EWcp. Orx neu-
rons directly project to RPa and EWcp, which contain Orx-R1. EWcp provides output to brainstem
presympathetic regions involved in the sympathetic control of BAT and also the tail artery, which is a
key element for cutaneous vasoconstriction in rodents. For terms, see the list of abbreviations.

4.4. Immunosuppression

Stress induces peripheral immunosuppression [143], which can be mimicked via ac-
tivation of the HPA axis and the SNS by i.c.v. CRF injection [144]. Nevertheless, CRF
knockout mice still show a significant stress-induced immunosuppression [145,146], sug-
gesting that another neuropeptide of the CRF family participates in this response, and
Ucn-1 is a good candidate. Indeed, i.c.v. injection of Ucn-1 in rats produced a marked
decrease in the proliferative activity of splenic lymphocytes [147], which was much more
potent than the effect induced by CRF. Central Ucn-1-evoked immunosuppression was
mediated by sympathetic activation, and not by HPA axis activation, as it was completely
abolished either by pretreatment with a ganglionic blocking agent or by a β-adrenergic
receptor antagonist, but not by adrenalectomy [147].
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The spleen receives a dense sympathetic innervation, and norepinephrine release from
sympathetic fibers inhibits the proliferative activity of splenic immune cells via activation
of noradrenergic receptors [148,149]. The increased sympathetic tone in the spleen during
stress responses is controlled by a CNS circuit that includes the EWcp, as supported by
the infection of EWcp neurons after PRV injection into the spleen [74]. Thus, EWcp is
activated by stress and it is part of the central circuit that controls sympathetic outflow to
the spleen; in addition, Ucn-1 in the brain exerts a potent peripheral immunosuppressive
effect. Therefore, Ucn-1 neurons in EWcp are most likely involved in stress-induced
immunosuppression via activation of the SNS.

4.5. Emotional Component in Psychogenic Stressors

Activation of CeA and bed nucleus of the stria terminalis (BNST) has been classically
considered an important element in initiating stress responses with a psychogenic (emo-
tional) component, such as conditioned fear, dirty cage exchange, foot shock and restraint.
Activation of these limbic regions modulates the sensory, motor and autonomic responses
associated with affective behavior and stress reactions. In early studies in cats, afferent pro-
jections from CeA and BNST to EWcp were identified using retrograde tracing [82]. Later,
similar descending projections were also observed in rats [78]. Interestingly, it seems to be
a reciprocal connection between CeA-BNST and EWcp. Ucn-1 neurons in the caudal part of
EWcp project densely to CRF neurons in CeA, which contain CRF-R1 that Ucn-1 can bind
with high affinity [79]. To verify that these were real projections instead of fibers of passage,
CTB was injected in CeA, resulting in Ucn-1 neurons in EWcp being CTB-labeled [79].
BNST also receives projections from EWcp [79] and displays CRF-R1 and CRF-R2 mRNA
expression in rats and mice [93].

The central regulation of the SNS depends on structures distributed throughout the
brain, including limbic regions such as CeA and BNST. Activation of these regions evokes
emotional arousal and autonomic responses to visceral and somatic stress stimuli, as well
as to fight-or-flight stress responses. This activation is mediated via connections from
limbic regions to hypothalamic areas and/or to PAG that, in turn, project to brainstem
presympathetic neurons that control sympathetic outflow. Similar to PAG, EWcp receives
afferent projections from limbic areas (CeA and BNST) and projects to brainstem presym-
pathetic neurons that, in turn, project to the spinal cord. This parallelism suggests that
EWcp could be a hub of an additional pathway that conveys limbic information to the
autonomic brainstem, besides the classic pathway via PAG (Figure 7). Moreover, the
ventral PAG and EWcp are located close to each other and their neurons are intermingled
at their rostro-caudal boundaries, raising the question of whether some of the sympathetic
effects attributed to activation of the limbic–PAG–presympathetic pathway might instead
be caused by activation of the limbic–EWcp–presympathetic pathway. Furthermore, the
reciprocal connections between EWcp and CeA-BNST [78] could be part of a negative
feedback loop to modulate the strength and duration of the response to a stressor. Since
EWcp response to stress is delayed with respect to the CRF response in PVN, and EWcp
activation has been associated to termination of the stress response rather than initiation
(attributed to CRF), the projection from EWcp to CeA-BNST might constitute a pathway to
terminate the limbic activation induced by stress. This hypothesis remains to be tested.
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Figure 7. Connections of EWcp with the circuit activated by psychogenic stressors, which evokes
emotional arousal and autonomic responses. One of the branches of this circuit comprises the
activation of limbic regions (CeA and BNST) that project to PAG that, in turn, projects to brainstem
presympathetic neurons that control sympathetic outflow. As with PAG, EWcp receives afferent
projections from limbic regions and projects to brainstem presympathetic neurons. This parallelism
suggests that EWcp could be a key element of an additional pathway that conveys limbic information
to the autonomic brainstem, besides the classic pathway via PAG. EWcp has reciprocal connections
with CeA, BNST, PAG, and with serotonergic neurons (Ser) in dorsal raphe (DR), which are activated
by psychogenic stressors and express high density of CRF-R2. For terms, see the list of abbreviations.

Neuroanatomical data support the hypothesis that some functions attributed to ventral
PAG might be mediated by EWcp due to their proximity and connectivity. Neurons in
EWcp and ventral PAG colocalize at the same rostro-caudal levels and, in some cases, are
intermingled. Studies that involved manipulations of this midbrain area, without properly
identifying EWcp phenotypically, might have included both neuronal populations or might
have affected EWcp more than ventral PAG. With respect to their connectivity, Farkas
et al. [107] reported that five PAG regions (dorsomedial PAG, lateral PAG, ventrolateral
PAG, EWcp and precommisural nucleus) exhibited infected neurons after PRV injection
into the stellate ganglion (which contains the cardiac sympathetic postganglionic neurons).
To identify the presympathetic neurons that receive inputs from the PAG, PHA-L injections
in lateral PAG or ventrolateral PAG were combined with PRV injection into the stellate
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ganglion. PRV-infected neurons with PHA-L fibers and terminals in close contact were
observed in the VMM (Gi alpha part, Gi ventral part and lateral paragigantocellular
nucleus), raphe magnus, RVLM, locus coeruleus, A5 group and PVN. A similar pattern
of efferent projections from EWcp to these presympathetic groups was reported after
anterograde tracer injections [79], which suggests that some PAG subdivisions and EWcp
can be involved in similar functions by virtue of projections to the same brainstem regions.
Moreover, Jansen et al. [108] described the intra-PAG circuit in detail, using small PHA-L
injections, and demonstrated that the same five PAG regions reported by Farkas et al. [107]
(dorsomedial PAG, lateral PAG, ventrolateral PAG, EWcp and precommisural nucleus)
were all reciprocally interconnected, and contained infected neurons after PRV injection into
the stellate ganglion. In agreement with these findings, Da Silva et al. [78] reported large
numbers of retrogradely labeled neurons in all PAG columns after FluoroGold injection
into the EWcp. The existence of an intrinsic network of reciprocal connections among all
PAG columns, including EWcp, has physiological consequences because the activation
or inhibition of one specific column with pharmacological agents or lesions will affect
neurons in the other columns and will have widespread effects throughout the entire
PAG network. These data support the idea that, in certain conditions, EWcp might act as
another PAG column rather than as a distinct nucleus; therefore, some functions attributed
to PAG could have been exerted by EWcp. Similarly, caudal EWcp can be confused with
the rostral part of dorsal raphe (DR), unless phenotypic characterization is performed,
because both populations are intermingled at the same rostro-caudal level (e.g., the initial
distribution of leptin receptors in the mouse brain reported by Keshan et al. [150] described
the receptors in DR, but later studies demonstrated they are expressed in EWcp neurons).
Since DR is involved in psychogenic stress responses and stress-related disorders, such
as depression and anxiety, perhaps some effects attributed to DR involvement might be
mediated by EWcp. In addition to this possibility, Ucn-1 neurons in EWcp and serotonergic
neurons in DR are reciprocally connected [78,79], suggesting that the serotonergic input
from DR to EWcp might have some impact on the modulation of sympathetic outflow by
EWcp in conditions that increase DR activity, such as exposure to psychogenic stressors
(Figure 7). Conversely, Ucn-1 input to DR, which expresses high density of CRF-R2 in rats
and mice [93], might affect DR activity when EWcp is activated by stressors. The reciprocal
connections between EWcp and DR, both activated by psychogenic stressors, might have a
synergistic effect and/or be part of a modulatory feedback loop.

5. EWcp Connections to Sympathetic Targets in Thermoregulation

As noted above, EWcp is likely involved in the brain pathways mediating stress-
induced hyperthermia. Indeed, the involvement of EWcp in sympathetic thermoregulatory
control may be even more general. Following exposure to external thermal stimuli, ther-
moregulation in mammals is achieved by several autonomic responses coordinated by
a complex CNS circuit. These responses include shivering thermogenesis, vasoconstric-
tion/vasodilation and non-shivering thermogenesis. Shivering thermogenesis is mediated
by increased contraction and metabolism of skeletal muscles. Vasoconstriction in core
vascular beds and vasodilation of blood vessels to the skin allows exchange of heat with
the environment. In the skin (and other peripheral tissues such as the tail in rats and mice),
vasoconstriction exerted by sympathetic vasoconstrictor nerves reduces blood flow and
helps retain heat. Non-shivering thermogenesis is exerted by the modulation of BAT activ-
ity controlled by sympathetic innervation, which is increased during cold exposure and
blunted by warm ambient temperature (for a review, see [151]). Briefly, during cold expo-
sure, peripheral thermal signals are transmitted by cutaneous thermoreceptors to primary
sensory neurons in dorsal root ganglia, which relay the information to glutamatergic sen-
sory neurons in the dorsal horn. This information is transmitted to the lateral parabrachial
nucleus (externo-lateral subdivision), which activates GABAergic interneurons in the pre-
optic area that, in turn, inhibit GABAergic neurons that project to DMH. This results in
disinhibition of a sympathoexcitatory pathway that stimulates BAT thermogenesis via
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DMH glutamatergic activation of presympathetic neurons in RPa, which send descending
projections to SPNs in the spinal cord that are involved in BAT innervation [151] (Figure 8).
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Figure 8. Connections of EWcp with circuits involved in non-shivering thermogenesis and fever.
Inhibition of preoptic inputs to DMH, either by excitation from LPB (cold) or by prostaglandin
activation of EP3R (fever), causes disinhibition of a sympathoexcitatory pathway mediated by DMH
and RPa. EWcp receives projections from the main elements involved in these pathways (POA,
DMH and LPB), and projects to presympathetic regions that are key elements for the output signal,
including RPa. Increased sympathetic outflow to BAT and blood vessels (especially the tail artery in
rodents) evokes augmented thermogenesis and vasoconstriction, respectively. Abbreviations: DRG,
dorsal root ganglion; EP3R, prostaglandin EP3 receptors; LPB, lateral parabrachial nucleus; PGE2,
prostaglandin E. For the rest of the terms, see the list of abbreviations.

On the other hand, fever differs markedly from other forms of hyperthermia (stress-
induced hyperthermia, exercise hyperthermia, etc.) because it is controlled by a complex ther-
moregulatory mechanism that is prostaglandin-dependent [152,153]. Fever is an autonomic,
endocrine and behavioral response, coordinated by the brain, and mediated by endogenous
pyrogens (cytokines) that activate prostaglandin E2 synthesis [154]. Prostaglandin E2 inhibits
GABAergic neurons in the preoptic area, by acting on prostaglandin EP3 receptors, which
leads to disinhibition of the sympathoexcitatory pathway that stimulates BAT thermo-
genesis to support the febrile shift of the thermoregulatory set point. This pathway is
similar to that activated by cold, involving glutamatergic neurons in DMH that project
to presympathetic neurons in RPa [151] (Figure 8). Simultaneously, prostaglandin E2 and
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other centrally produced mediators stimulate the vasoconstriction of cutaneous vessels to
reduce the efficacy of tail skin to dissipate body heat, orchestrating a thermoregulatory
response that results in fever [154].

Neuroanatomical data from PRV studies demonstrate that EWcp is a component of
the central circuit that controls the sympathetic innervation to BAT, the main organ for
heat production in cold defense and fever in rodents [18,102]. Similarly, PRV injection into
the wall of the tail artery of rats [110], a major thermoregulatory tissue in this species, or
into skeletal muscle [100], also produced retrograde infection in EWcp. These observations
suggest that EWcp is strategically placed to coordinate the sympathetic outflow to different
organs involved in thermoregulation. Moreover, EWcp receives projections from several
subdivisions of the preoptic area and lateral parabrachial nucleus, as well as from DMH [78],
and projects to the preoptic area, lateral parabrachial nucleus and RPa [79] (Figure 8), which
all are essential components of the central circuit activated during cold response or fever.

Physiological data provide further evidence of the involvement of EWcp in thermoreg-
ulation. Mice exposed to acute thermal challenges, either cold (10 ◦C) or heat (34 ◦C),
show increased Fos expression in EWcp compared to controls at room temperature [64].
Similarly, rats exposed to 4 ◦C for 4 h displayed increased Fos expression in EWcp [18].
Lipopolysaccharide treatment, known to induce fever, evokes Fos expression in 95% of
EWcp neurons that co-express Ucn-1 and CART in rats [4]. Conversely, electrolytic lesions
of EWcp in mice significantly blunted ethanol-induced hypothermia [35], consistent with
EWcp being part of the thermoregulatory circuit that evokes this response. In addition,
EWcp lesioned mice showed a tendency to have lower basal body temperature [35].

Central administration of Ucn-1 in rats increased body temperature [154–157], which
was completely prevented by ganglionic blockade [155], indicating that Ucn-1-evoked
increase in body temperature is mediated by sympathetic activation. Pretreatment with a
cyclooxygenase inhibitor also prevented the increase in body temperature induced by i.c.v.
Ucn-1 administration and attenuated the already existing elevated body temperature when
injected 30 min following Ucn-1 administration [156], demonstrating the involvement of
prostaglandins (mainly prostaglandin E2) in Ucn-1-induced hyperthermia and suggesting
that it involves fever-producing mechanisms. The hyperthermic effect evoked by central
Ucn-1 was mediated by CRF-R1 because it was prevented by the CRF-R1 antagonists
CRF 9-41 or antalarmin, whereas treatment with the CRF-R2 antagonist astressin 2B was
ineffective [157]. Figueiredo et al. [154] reported that central administration of Ucn-1 in rats
increased body temperature and was accompanied by elevation of tail skin temperature,
an index of peripheral vasodilation. However, in these experiments, this hyperthermic
response was not altered by treatment with cyclooxygenase inhibitors, the selective CRF-R1
antagonist antalarmin, or the anti-inflammatory corticosteroid dexamethasone, but it was
blocked by the non-selective CRF receptor antagonist astressin. The authors concluded
that Ucn-1 acting on CRF-R2 induces a hyperthermic response that is independent of
inflammatory mediators, such as prostaglandin E2 and corticosteroids [154]. These results
are in apparent conflict with the findings reported in the previous studies [156,157], which
concluded that the hyperthermic effect of i.c.v. Ucn-1 administration was mediated by CRF-
R1 and was prostaglandin E2-dependent. Nevertheless, procedural differences between
the studies (e.g., ambient temperature, drug doses, etc.) preclude direct comparison of
their results. Despite the discrepancies between studies regarding the receptor subtype and
other mediators involved, it is clear that i.c.v. Ucn-1 increases temperature in a sympathetic-
dependent manner.

Mice with genetic manipulations of Ucn-1 or its receptors have also been used to study
the role of Ucn-1 in thermoregulation. However, results from studies using such mice
must be considered with caution because of the possibility of compensatory mechanisms
during development that could mask some functions associated with underexpressing or
overexpressing the manipulated gene. Furthermore, all genetic models tested to date have
altered gene expression peripherally as well as in the CNS. Nevertheless, data from studies
using Ucn-1 or CRF-R2 deficient mice provide relevant information. Ucn-1 knockout mice
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showed no corticosterone response after 2 h of exposure at 4 ◦C, suggesting that cold
exposure activates Ucn-1 neurons resulting in stimulation of the HPA axis [30]. However,
these results suggest that the altered corticosterone response might be related to an impaired
stress response rather than to a thermoregulatory effect. Indeed, these knockout mice did
not show adaptation to repeated restraint stress since corticosterone levels increased instead
of decreasing as observed in wildtype littermates [30].

Bale et al. [38] reported that CRF-R2 knockout mice under basal conditions did not
show significant differences in food intake or body composition from wild-type littermates.
However, when exposed to repeated cold stress (1 h/day × 15 days), these mice lost more
weight and consumed less food than wild-type mice, and at the end of the treatment
had decreased body fat and reduced feeding efficiency compared with their wild-type
littermates. However, no differences in body temperature were observed before or after
cold stress exposure. CRF-R2 knockout mice displayed augmented sympathetic tone to
BAT and WAT as demonstrated by the substantial increase in basal uncoupling protein 1
(UCP-1) levels in BAT compared to wild-type mice, as well as by the smaller size of BAT
and WAT adipocytes, accompanied with decreased triglyceride content [38]. In addition,
CRF-R2 knockout mice showed a robust increase in basal BAT thermogenesis, equivalent to
adrenergic-stimulated thermogenesis in wild-type mice, and also displayed little augmen-
tation in response to β3 agonist treatment known to stimulate BAT activity [158]. These
results suggest that basal BAT activity in these mice was already maximal, and further
support the idea that CRF-R2 knockout mice have increased sympathetic outflow to BAT.
Moreover, CRF-R2 knockout mice showed a threefold preference for warmer temperatures
when subjected to a behavioral model of differential temperature selection, suggesting the
possibility of body heat loss due to increased BAT thermogenesis [158]. Taken together,
all these results provide evidence of the involvement of CRF-R2 in adaptive responses
necessary for the regulation of energy homeostasis, and also suggest that elevated CRF-R1
activity in the absence of CRF-R2 results in increased thermogenic and metabolic rates,
possibly because of larger unrestricted sympathetic outflow [158].

Observations from studies using Ucn-1- or CRF-R2-deficient mice demonstrate the
lack of differences in basal conditions, but the existence of remarkable abnormal responses
when mice are subjected to stimuli that challenge homeostasis. In addition, these studies
validate the involvement of the Ucn-1/CRF-R2 system in thermoregulation via sympathetic
mechanisms. Bale et al. [38] have proposed that an important function of the Ucn-1/CRF-R2
system is to counterbalance (or terminate) the action of the CRF/CRF-R1 system on situa-
tions that perturbate energy and metabolic homeostasis, and this compensation is exerted
by modulating the sympathetic outflow to target organs. In summary, neuroanatomical
and physiological data, together with observations from mice with genetic manipulations,
support a role of EWcp and the Ucn-1/CRF-R2 system in thermoregulation in different
conditions such as cold exposure, fever or other forms of hyperthermia. This involvement
is exerted via central control of sympathetic tone to organs and tissues with thermogenic
capabilities, such as BAT, WAT, blood vessels to the skin and muscles.

6. EWcp Connections to Sympathetic Targets in Feeding Behavior and Metabolism
6.1. Effects of Ucn-1 in Food Intake and Metabolic Control

Suppression of food intake was one of the first actions described for centrally adminis-
tered Ucn-1 in free-feeding and food-deprived rats [6,31,53,54], and the anorexic effect of
i.c.v. Ucn-1 was much more potent than that induced by CRF [31]. Low doses of Ucn-1 in
rats decreased meal size without affecting meal frequency, similar to the feeding pattern
induced by i.c.v. administration of the anti-appetite agent D-fenfluramine [31], suggesting
that central Ucn-1 is a selective and specific appetite suppressor. Ucn-1 administered in
the third ventricle decreased food intake in rats without producing a conditioned aversion
to food, in contrast to CRF, which required a higher dose to produce the same degree of
feeding suppression and was accompanied by conditioned food aversion [159]. Ucn-1
administered into the fourth ventricle in rats produced long-lasting feeding suppression,
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as well as substantial elevations in plasma glucose and corticosterone [53], comparable to
i.c.v. administration [53]. In addition to the feeding effects, central Ucn-1 administration
promoted energy expenditure by increasing whole body oxygen consumption [155]. Addi-
tionally, Ucn-1 injection in the lateral ventricle caused body weight loss at 24 h, cumulative
up to 72 h, whereas this effect was modest after fourth ventricle injection [53]. This pro-
file of decreased food intake accompanied by glucose mobilization and increased energy
expenditure produced by Ucn-1 is similar to the response evoked by many stressors.

The feeding suppression evoked by central administration of Ucn-1 in rats seems
to be mediated by CRF-R2. Pre-treatment with i.c.v. antisense oligonucleotides to CRF-
R2 mRNA, but not the administration of a selective CRF-R1 antagonist, attenuated the
anorectic response to Ucn-1 [41]. CRF-R2 knockout mice displayed normal baseline feeding
behavior, weight gain and plasma lipids [37,38,160], but showed decreased food intake
following 24 h of food deprivation (75% of wild-type levels) with no change in body
weight after food deprivation or refeeding [37]. However, when subjected to high-fat
diet or repeated cold exposure, CRF-R2 knockout mice showed decreased body fat and
feeding efficiency compared with their wild-type littermates [38]. CRF-R2 knockout mice
consumed significantly more calories than their littermates on a chronic high-fat diet,
despite maintaining similar body weight, and were resistant to diet-induced insulin in-
sensitivity associated with increased body fat content, as observed in wild-type mice [38].
Thus, metabolic changes in CRF-R2 knockout mice were observed only after a homeostatic
challenge, but not in basal conditions, suggesting that CRF-R2 may have a modulatory
role during stress perturbations. Coste et al. [39] reported that although basal food intake
was similar in CRF-R2 knockout mice and wild-type littermates, as well as initial feeding
suppression following i.c.v. Ucn-1, CRF-R2 knockout mice recovered more rapidly from
i.c.v. Ucn-1 than wild-type littermates. These results suggest that the early phase of central
Ucn-1-induced hypophagia is most likely mediated by CRF-R1 activation, whereas the
late phase depends on CRF-R2, which seems to be essential for maintaining long-lasting
feeding suppression [39]. CRF-R2 knockout mice also displayed alterations in energy home-
ostasis when challenged. Carlin et al. [158] reported that CRF-R2 knockout mice subjected
to a chronic high-fat diet exhibited a decreased respiratory exchange ratio (reflective of
increased fat metabolism) compared to wild-type mice; this effect was blocked by a CRF-R1
antagonist, suggesting that augmented CRF-R1 activity in the absence of CRF-R2 may result
in increased metabolic (and thermogenic) rates, possibly because of greater sympathetic
outflow [158]. In contrast to CRF-R2 knockout mice, Ucn-1 knockout mice had normal
body weight and basal feeding behavior [161], as well as normal food intake and body
weight after 24 h of food deprivation [28,29]. Overall, these results from CRF-R2 knockout
mice are generally consistent with the notion that Ucn-1 acting on CRF-R2 contributes to
feeding and metabolic responses to stress.

Ucn-1 is also involved in other metabolic responses, including changes in the expres-
sion of peripheral mitochondrial uncoupling proteins, known to mediate thermogenesis
and influence energy expenditure and metabolism. UCP-1, mainly found in BAT, is consid-
ered a marker of BAT activity, whereas uncoupling proteins 2 and 3 are located in WAT
and muscle, respectively [162,163]. Decreased UCP-1 gene expression in BAT [164] and
increased uncoupling protein 3 gene expression in muscle [165] normally occur in response
to food restriction in rats. These effects were reversed by the injection of Ucn-1 into PVN
(i.e., UCP-1 gene expression in BAT increased and uncoupling protein 3 gene expression in
muscle decreased) [166]. Moreover, in these rats, Ucn-1 injected into PVN increased plasma
leptin levels compared to similarly food-restricted control rats [166]. These observations
indicate that central Ucn-1 decreases feeding while also preventing at least some of the
metabolic responses induced by fasting, such as thermogenesis inhibition and decreased
plasma leptin. During food restriction, Ucn-1 injected into PVN increased thermogenesis
by elevating BAT UCP-1 levels, a process mediated by increased sympathetic outflow [151].
Kotz et al. [166] noted that the induction of UCP-1 in BAT by Ucn-1 injected into PVN
during fasting is consistent with the idea that feeding and thermogenic actions of other



Brain Sci. 2021, 11, 1005 29 of 57

central neuropeptides are inversely related, resulting in whole body anabolic or catabolic
responses, depending on the stimulus. Supporting this notion, there is a consistent and
robust inverse relationship between food intake (and fat storage) and sympathetic activity,
mainly in adipose tissues [167]. Neuropeptides and hormones that evoke feeding suppres-
sion (such as Ucn-1, CART, CCK, CRF, leptin, etc.) stimulate SNS activity, evoking higher
energy expenditure, whereas those that increase food intake (such as NPY, Orx, MCH, ghre-
lin, etc.) decrease SNS activity and induce body fat deposition. Similarly, drugs that affect
food intake (nicotine, caffeine, ephedrine, dexfenfluramine, etc.) have the same inverse
effect on SNS activation. Low SNS activity leads to hyperphagia and can cause obesity in
the absence of compensatory mechanisms and, reciprocally, most obesities are linked to low
sympathetic activity in BAT and WAT. Thus, feeding inhibition by SNS activation seems
to be a mechanism that helps to regulate body fat storage [167]. In this context, EWcp is
part of this regulatory mechanism via Ucn-1 activation, which suppresses food intake and
increases sympathetic nerve activity to BAT and WAT, augmenting thermogenesis and
lipolysis, respectively.

Ucn-1-evoked feeding suppression and energy mobilization seem to be mediated by
brain regions that receive projections from EWcp, although it must be noted that the site
(or sites) of action is not yet certain. Administration of low doses of Ucn-1 into PVN in
rats decreased food intake in several feeding paradigms, including the normal nocturnal
surge in feeding as well as feeding induced by food deprivation or by neuropeptide Y
(NPY) administration [168]. Currie et al. [169] reported that Ucn-1 injection into the PVN
in rats at their natural dark-onset suppressed feeding for several hours and decreased the
respiratory quotient (VCO2 production/VO2 consumption), reflecting a shift in metabolism
from carbohydrate utilization to favoring fat oxidation [167]. These results suggest that
PVN has a major role in mediating the anorectic and metabolic effects of Ucn-1. However,
neuroanatomical data provide little basis for endogenous Ucn-1 action in the PVN because
there is a low to moderate density of Ucn-1 fibers in different subdivisions of PVN [77]
and there is no expression of CRF-R2 in rats [93]. Importantly, Ucn-1 is more potent in
eliciting the suppression of feeding when administered i.c.v. compared to direct injection
into the PVN, indicating that other brain sites are more sensitive to the anorectic properties
of Ucn-1. Indeed, this difference can be explained by the fact that Ucn-1 injected i.c.v. can
reach hypothalamic areas that are involved in the control of feeding/satiety responses and
express CRF-R2, such as the arcuate nucleus (Arc), which senses metabolic signals and
modulates the activity of other brain regions involved in feeding/satiety behavior [170].
Furthermore, Ucn-1 administered into the fourth ventricle still decreased feeding and
glucose mobilization following supra-collicular transection, indicating that the PVN is not
necessary for these responses [171]. In fact, the observation that injection of Ucn-1 into
NTS in rats decreased food intake [53], coupled with the finding that NTS was the only
brainstem region displaying increased Fos expression following fourth ventricle injection
of Ucn-1 in decorticate rats, makes the NTS a likely site of action. Neuroanatomical data
support this idea because there is a moderate density of Ucn-1 fibers [77] and moderate
CRF-R2 expression in NTS in rats [93].

Taken together, these data further support a role of Ucn-1 neurons, presumably in
EWcp, in feeding and metabolic control. Again, these metabolic actions of central Ucn-1 are
consistent with the metabolic responses evoked by many stressors. Available data support
the notion that the decrease in food intake mediated by Ucn-1 via CRF-R activation is
caused by the stimulation/inhibition of anorexigenic/orexigenic hypothalamic pathways.
However, whether this effect is related exclusively to stress responses or might also be
independent is difficult to assess because these experimental manipulations (i.c.v. Ucn-1,
knockout mice, etc.) do not mimic a real situation in freely behaving animals (i.e., flooding
brain regions close to ventricles with Ucn-1 with an i.c.v. injection does not happen
naturally).

In the next section, we discuss how EWcp fits in the CNS circuit that controls food in-
take and energy homeostasis and hypothesize that EWcp might link the well-characterized
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“hunger–satiety” hypothalamic circuit with brainstem presympathetic neurons that modu-
late the output to BAT and WAT activity, which ultimately control energy homeostasis.

6.2. Involvement of the SNS in Metabolic Control and Energy Homeostasis

The CNS plays a key role in the regulation and integration of food intake, energy
expenditure, thermogenesis, glucose mobilization and fat metabolism. The coordination of
systems implicated in regulating caloric intake and energy storage vs. energy utilization
involves central neural circuits that can regulate all these parameters. Control of adipose
tissue activity, both WAT and BAT, is essential to this. After integrating information
about environmental conditions and the animal’s energy state, these interconnected neural
pathways have to simultaneously coordinate sympathetic outflow to both BAT and WAT,
as they are critical effectors of the output response. For example, during cold exposure,
sympathetic stimulation of BAT induces heat production, using circulating triglycerides
and glucose as fuel [130]. In times of energy demand, sympathetic stimulation of WAT
induces lipolysis and the energy stored in white adipocytes is mobilized into free fatty
acids that generate ATP [172]. Conversely, BAT thermogenesis can be activated after
excessive caloric intake or when dietary fat exceeds the normal required amounts, helping
to maintain metabolic homeostasis and prevent obesity. Indeed, reduced BAT sympathetic
tone and decreased energy expenditure contributes to body weight dysregulation and
obesity [173]. In this context, EWcp is not only part of these coordinated circuits, but it also
regulates the sympathetic innervation of BAT and WAT. As expanded below, EWcp plays
an important role in the maintenance of energy homeostasis under conditions that require
the adjustment of energy expenditure by virtue of modulating food intake, thermogenesis
in BAT, lipolysis/lipogenesis in WAT, and glucose mobilization/storage (including the
regulation of insulin secretion from pancreas).

Feeding depends on food availability and the animal’s nutritional state, and this
information is conveyed to the brain by peripheral signals through humoral and sensory
pathways. These signals are integrated by the hypothalamus, which generates a “hunger”
or “satiety” response, and the resultant output is conveyed to brainstem circuits that
regulate the autonomic (sympathetic input to BAT, WAT and pancreas) and behavioral
responses (actively seeking food, somatic motor input to masticatory muscles for food
consumption, etc.) [172,174]. Briefly, key components of the hypothalamic circuitry control-
ling feeding include the following elements. Ghrelin, a hormone released from the fasted
stomach, conveys an “empty stomach” signal to the hypothalamic arcuate nucleus (Arc),
located close to the median eminence, and activates NPY/agouti-related peptide (AgRP)
neurons in Arc that project to PVN and LH-PeF. Both NPY and AgRP elicit a “hunger
response” by increasing appetite and food intake via inhibition of PVN neurons that ex-
press melanocortin-4 receptors (MC4R) [175,176] and activation of melanin-concentrating
hormone (MCH) and Orx neurons in LH-PeF. These mechanisms ultimately decrease en-
ergy expenditure (through inhibition of BAT thermogenesis) and stimulate feeding. In
contrast, in well-fed animals, the WAT-derived hormone leptin (released in proportion to
the amount of peripherally stored fat) conveys a “satiety” signal to Arc, activating pro-
opiomelanocortin (POMC)/CART neurons that project to PVN and LH-PeF. Leptin also
inhibits NPY/AgRP neurons in Arc previously activated by ghrelin. Both α-melanocyte-
stimulating hormone (α-MSH) (generated from POMC cleavage) and CART inhibit food
intake via activation of PVN and inhibition of MCH and Orx neurons in LH-PeF. This α-
MSH satiety signal is mediated by MC4R. NPY from Arc can inhibit MC4R-expressing PVN
neurons, counteracting the excitatory effect of α-MSH [176]. Each of these components
of the hypothalamic hunger–satiety circuit is anatomically connected to EWcp, strongly
supporting its involvement in the control of feeding behavior (Figure 9).
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from Arc and has reciprocal connections with PVN and LH-PeF. EWcp neurons express receptors for
leptin (satiety signal) and ghrelin (hunger signal), and for the main neurotransmitters involved in
this pathway (NPY, Orx, and probably MCH), suggesting that it could modulate energy expenditure
by virtue of interacting with key elements of the hunger–satiety circuit. For the sake of clarity, hunger
and satiety pathways are depicted unilaterally, as well as EWcp afferent and efferent projections,
although all these pathways are bilateral. For terms, see the list of abbreviations.

Although the hypothalamic systems involved in feeding and metabolic control have
been extensively characterized, less is known about the pathway(s) that conveys the
energy status signals to presympathetic neuronal groups that regulate the sympathetic
outflow to effector organs, which ultimately control metabolism and energy expenditure.
Nakamura et al. [177] have described a central pathway that conveys “hunger” signals
from the hypothalamus to brainstem presympathetic neurons and motoneurons in mice,
thus coordinating autonomic and feeding motor systems to inhibit BAT thermogenesis and
promote feeding under conditions of caloric intake and storage. The authors proposed that
during fasting, NPY released from Arc neurons activates a group of PVN neurons (that
do not express MC4R). These neurons transmit excitatory signals to NTS, which provides
excitatory inputs to GABAergic neurons in the intermediate/parvicellular reticular nuclei
in the medulla. Stimulation of these neurons, which project to presympathetic neurons in
raphe nuclei, evokes inhibition of BAT thermogenesis, and also activates glutamatergic
neurons that elicit mastication and promote feeding via direct projections to the motor
trigeminal nucleus [177].

We hypothesize that EWcp might be a component of the “hunger” pathway proposed
by Nakamura et al. [177]. In particular, EWcp receives direct projections from Arc and from
all parvicellular subdivisions of PVN [78], and projects to the intermediate/parvicellular
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reticular nuclei, as well as to NTS [79]. In addition, moderately dense Ucn-1 projections,
presumably from EWcp, were observed in all subdivisions of the raphe nuclei [77], which
contain preganglionic neurons known to control BAT activity [151] (Figure 10). With respect
to nuclei involved in orofacial control, dense Ucn-1 projections were observed in the facial
and spinal trigeminal nuclei, as well as moderately dense projections in somatosensory
groups related to the trigeminal nerve (mesencephalic, principal sensory and spinal), and
also in motor nuclei of the trigeminal and facial nerves [77]. Unfortunately, PRV tracing
studies from orofacial muscles are inconclusive with respect to EWcp involvement because
injections were only performed after the tissue was sympathectomized. Thus, PRV injection
into the submandibular gland demonstrated that EW (most likely EWpg) is involved in
the control of salivation via polysynaptic projection [178]. However, EWpg infection
was not reported after PRV injection in other orofacial muscles controlling the lingual
musculature [179] or the masseter muscle involved in mastication [180] after sympathetic
denervation.
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Figure 10. Connections of EWcp with the circuit proposed by Nakamura et al. [177]. The pro-
posed circuit conveys hypothalamic “hunger” signals to brainstem presympathetic neurons and
motoneurons to coordinate sympathetic and somatic motor systems to inhibit BAT thermogenesis and
promote feeding, respectively, under conditions of caloric intake and storage. EWcp expresses ghrelin
receptors (GHSR) and itis directly connected to all brain regions involved in the proposed circuit,
suggesting that it might be part of a putative feedback circuit that terminates this response, since one
of the main functions of EWcp is feeding suppression. Abbreviations: IRt/PCRt, intermediate and
parvicellular reticular nuclei; Mo5, motor trigeminal nucleus. For the rest of the terms, see the list of
abbreviations.

EWcp might be part of additional pathways that control energy homeostasis under
certain conditions. EWcp is ideally placed to be an intermediary node in the neural circuit
that conveys the “hunger” and “satiety” signals from the hypothalamus to brainstem
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presympathetic neurons (or to the spinal cord), which control the sympathetic outflow
not only to BAT but also to other organs involved in energy homeostasis such as WAT,
adrenal gland and pancreas. In addition, neuroanatomical data (i.e., existence of Ucn-1
fibers) suggest that EWcp might also innervate and regulate the activity of motoneurons
involved in chewing and feeding behavior. We propose that EWcp receives and integrates
multimodal information (thermal, metabolic, circadian, stress, etc.) via direct afferent pro-
jections from various hypothalamic and forebrain regions and modulates the sympathetic
output to effector organs to maintain energy homeostasis in different situations. In the next
sections, we review anatomical and physiological data in support of this hypothesis.

6.3. EWcp and Ucn-1 Are Part of the CNS Circuit That Controls Sympathetic Outflow Involved in
Metabolism and Energy Homeostasis

As already noted, studies using PRV to trace multisynaptic neuroanatomical connec-
tions have demonstrated that EWcp is part of the CNS circuit that controls the sympathetic
innervation of BAT and WAT [18,102–104]. However, it is unknown if the same EWcp neu-
rons receive and integrate inputs from diverse brain regions or, conversely, different EWcp
subpopulations receive discrete inputs from distinct brain nuclei. Nevertheless, neurons in
multiple brain regions are double-infected after the simultaneous injection of two different
isogenic PRV in BAT and WAT in hamsters and rats [104,181,182] including the majority of
Ucn-1/CART neurons in EWcp [141], demonstrating that EWcp Ucn-1/CART neurons are
involved in the control of both types of adipose tissue simultaneously. These observations
provide an anatomical basis for the coordination of BAT and WAT activity, EWcp being
among the brain regions involved in the circuitry contributing to this coordinated control.

Another important element in metabolism is glucose availability, which depends, in
part, on plasma insulin levels. Insulin secretion from the pancreas is influenced by the
autonomic nervous system; thus, feeding-induced parasympathetic activity stimulates
insulin secretion, whereas stress-induced sympathetic activation inhibits it [127]. EWcp
is also part of the central circuit that controls the sympathetic innervation of the pan-
creas [105]; therefore, EWcp might be able to modulate the pancreas activity, including
insulin secretion, under specific conditions. Similarly, EWcp is part of the central circuit
that controls the sympathetic outflow to the adrenal gland [100,101]. The adrenal medulla
produces most of the body’s epinephrine, which plays an important metabolic role in
mobilizing energy stores (glucose and free fatty acids) to recover from hypoglycemia and in
preparation for glucose demands during physical activity [183], in addition to other actions
of adrenomedullary catecholamines. Epinephrine secretion from the adrenal medulla to
counteract hypoglycemia is mediated by the activation of presympathetic hypoglycemia-
responsive neurons in RVLM that project to adrenal SPNs in the spinal cord [184]. EWcp
projects to RVLM, although it is unclear if it innervates the hypoglycemia-responsive neu-
rons or other subpopulations of RVLM neurons, such as the barosensitive neurons. All
these data support a potential role for EWcp in metabolic control in general, through the
modulation of sympathetic output to several organs known to be involved.

In addition to EWcp, studies using PRV to trace neuronal pathways connected to
BAT, WAT, adrenal gland and pancreas have demonstrated that brain regions known to be
crucial in the control of feeding and metabolism (e.g., Arc, PVN, LH-PeF, etc.) also became
infected and, therefore, are part of the CNS circuit controlling these tissues. However, it
cannot be inferred that these hypothalamic nuclei became infected by direct projections
to EWcp because several presympathetic neuronal groups were also infected simultane-
ously or earlier, providing several possible routes of infection. Nevertheless, studies with
monosynaptic tracers demonstrated that most of these areas involved in metabolic control
are directly connected to EWcp, in some cases bidirectionally [78,79].

6.3.1. Connections with the Lateral Hypothalamus: MCH and Orx Neurons

As noted above, one brain area that is critically involved in food intake and energy
homeostasis is the LH-PeF, particularly neurons that contain MCH or Orx as neurotransmit-
ters (for a review, see [132,185]). MCH is a potent orexigenic neuropeptide that increases
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food intake and weight gain (mainly fat mass) (for a review, see [185]). Orx neurons become
activated and promote food-seeking behavior during prolonged fasting, restricted feeding
and hypoglycemia. Once food intake occurs, Orx neurons become inactive (for a review,
see [132,186]). LH-PeF is reciprocally connected with EWcp. Injection of a retrograde
tracer into EWcp labeled numerous neurons throughout the rostro-caudal extension of
LH-PeF [78], whereas anterograde tracer injections into LH-PeF showed labeled fibers in
EWcp in close contact with Ucn-1 neurons [78]. In a reciprocal manner, retrograde tracer
injections into LH-PeF labeled Ucn-1 neurons in EWcp [79], whereas moderate densities of
Ucn-1 fibers were observed in LH-PeF [77]. Moreover, LH-PeF neurons express moderate
amounts of CRF-R2 mRNA in rats and mice [93]. Dense anterograde-labeled fibers from
EWcp were found in close apposition to MCH neurons in LH-PeF [79]. Furthermore, Able
et al. [187] reported MCH receptors in PAG and in reunions nucleus in rat, although these
receptors appear to be in EW instead. In addition, Orx neurons from LH-PeF project to
EWcp, and Orx fibers were shown to form dense plexuses around EWcp Ucn-1/CART
neurons that express Orx receptor mRNA [142]. Furthermore, infected MCH and Orx
neurons were observed in LH-PeF after PRV injection into BAT and WAT in rats and
hamsters [137,141,188,189], although it is still unknown whether these particular neurons
were infected via projections to EWcp or to other infected areas. Nevertheless, given the
extensive reciprocal projections between both regions, it is most likely that these neuronal
groups are components of the same circuits (Figure 9).

These neuroanatomical data suggest that MCH and Orx neurons in LH-PeF might
modulate the activity of Ucn-1 neurons in EWcp involved in the control of food intake by
direct activation of MCH and/or Orx receptors. Since Ucn-1 colocalizes with CART and
nesfatin-1 in EWcp neurons, these projections can also modulate the release and activity of
these neuropeptides. The reciprocal innervation between LH-PeF and EWcp might be part
of a regulatory feedback loop under certain conditions such as stress responses or fasting.

6.3.2. Connections with the Arcuate Nucleus: POMC/CART and NPY/AgRP Neurons

As noted above, another brain region established to play a key role in energy home-
ostasis is Arc [170], particularly POMC and CART neurons, which inhibit appetite and food
intake via activation of PVN and inhibition of MCH and Orx neurons in LH-PeF. Another
subpopulation of neurons in Arc coexpress the orexigenic neuropeptides NPY and AgRP,
which increase appetite and food intake via inhibition of PVN and activation of MCH and
Orx neurons in LH-PeF [170] (Figure 9). As demonstrated by retrograde labeling from
EWcp, many Arc neurons directly project to EWcp [78]. Gaszner et al. [190] reported the
existence of close appositions between NPY terminals and Ucn-1 neurons in rat and human
EWcp. In addition, most Ucn-1 neurons expressed NPY receptor Y5 (NPY5R), whereas a
few Ucn-1 neurons expressed the Y1 receptor [190]. Moreover, NPY i.c.v. administration
induced strong Fos expression in Ucn-1 neurons, as well as the up-regulation of Ucn-1
mRNA in EWcp 2 h after NPY injection. Thus, NPY seems to exert a stimulatory action
on Ucn-1 neurons in EWcp via NPY5R receptor activation. Although a projection from
Arc to EWcp is clear, a reciprocal connection from EWcp to Arc does not appear to exist,
based on the absence of anterograde labeling in Arc from EWcp [79] and also the paucity
of Ucn-1 fibers in Arc [77]. These observations suggest the existence of a projection from
Arc to EWcp, which could modulate the anorectic response evoked by Ucn-1.

Besides its involvement with appetite and food intake, NPY from Arc seems to be
implicated in the regulation of adipose tissue activity. In rats, sustained but modest
overexpression of NPY in Arc neurons caused excessive body weight gain and visceral fat
deposit, as well as hyperleptinemia [191]. Moreover, it also altered the WAT phenotype
by increasing the percentage of large vs. small adipocytes and by decreasing the levels of
the differentiation adipogenic marker PPAR-γ2 [191], suggesting dysfunctional adipocytes.
Adipogenesis is regulated via sympathetic signaling to adipose tissue, and EWcp is part of
the central circuit that controls that pathway. As mentioned above, EWcp receives a direct
projection from Arc, expresses NPY5R receptors, and it becomes activated by NPY. These
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observations suggest that the connection Arc (NPY) -> EWcp (NPY5R) could be involved
in the modulation of the sympathetic tone to WAT, which will impact its activity.

With respect to BAT, Shi et al. [192] demonstrated that there is a functional relationship
between NPY signaling from Arc and BAT thermogenesis via modulation of sympathetic
outflow. The authors generated a mouse model in which NPY was selectively reintroduced
into the Arc of NPY-deficient mice. This manipulation decreased BAT temperature and
markedly reduced (threefold) BAT UCP1 mRNA expression, which could be reversed after
surgical sympathetic denervation of BAT. Catecholaminergic downstream targets of Arc
NPY signaling showed decreased tyrosine hydroxylase mRNA and protein expression
in PVN, locus coeruleus, NTS and RVLM (C1/A1 neurons). The authors suggested that
reduced catecholamine synthesis in these brain regions could lead to diminished sympa-
thetic outflow to BAT and, consequently, decreased thermogenesis [192]. EWcp receives
a projection from Arc and projects to all these presympathetic catecholaminergic groups;
thus, EWcp could be part of this circuitry that conveys NPY signaling from Arc to modulate
sympathetic outflow to BAT and, therefore, regulate its activity.

With respect to other neuropeptides expressed in Arc neurons, POMC is a precursor
of several cleaved products (melanocortins), which can bind to five G-protein coupled
receptors (MC1R–MC5R) [193]. α-MSH is the most potent anorexigenic neuropeptide of
the melanocortin system and it is the primary endogenous agonist of MC4R [194], whereas
AgRP is orexigenic and acts as an endogenous antagonist of MC4R [195]. MC4R activation
by α-MSH decreased fat stores by reducing food intake and increasing energy expenditure.
Conversely, mice lacking MC4R displayed severe obesity, hyperphagia, hyperglycemia
and blunted thermogenic responses to increased dietary fat [196–198]. Recovery of MC4R
signaling in PVN neurons attenuated food intake in obese MC4R knockout mice, but energy
expenditure was not restored, suggesting that other brain regions are responsible for this
effect [198] and that divergent melanocortin pathways control food intake and energy
expenditure through MC4Rs signaling. EWcp might be one of these other brain regions
involved in the control of energy expenditure via melanocortin pathways.

α-MSH and AgRP are mainly expressed in two distinct neuronal subpopulations
in Arc. MC4R, which predominantly mediate the melanocortin satiety signaling and
anorexigenic effect, are expressed in multiple CNS sites, including the preoptic area, PVN
and LH-PeF [199,200], and also in EWcp [201]. Furedi et al. [201] reported the existence
of α-MSH-ir and AgRP-ir fibers in close contact to Ucn-1 neurons in EWcp that express
MC4R in rats (Figure 11). Fasting for 48 h decreased the α-MSH-ir signal and increased the
AgRP-ir signal in EWcp, as well as augmented Fos B and Ucn-1 expression. Furthermore,
injection of an MC4R blocker in EWcp mimicked the effects of fasting on Fos B and Ucn-1
expression, whereas α-MSH injection into EWcp decreased food intake in both free-fed
rats and rats fed after fasting [201]. α-MSH injected into EWcp augmented oxygen con-
sumption and initially evoked hyperthermia, which was rapidly counteracted by heat loss
induced by tail vasodilation [201], and EWcp is part of the CNS circuit controlling the
sympathetic activation of the tail artery [110]. These results depict an unexpected pairing
of metabolic and thermoregulatory responses in the opposite direction from those observed
in response to cold, fever and stress, in which hyperthermia and hypermetabolism are
coordinated. Alternatively, α-MSH injection into EWcp could activate different subpopula-
tions of neurons that do not become activated simultaneously in the animal and that are
involved in different aspects of energy homeostasis (e.g., a subpopulation of EWcp neurons
that decreases food intake via projections to VMM vs. a subpopulation of neurons that
activates thermogenesis via projections to RPa). All these data support the involvement
of MC4R signaling in EWcp in the control of food intake and metabolism, as well as in
thermoregulation.
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Figure 11. Connections of EWcp with melanocortin pathways from Arc. EWcp receives α-MSH
(anorexigenic) and AgRP (orexigenic) projections from Arc and expresses MC4R. Fasting decreases α-
MSH signal and increases AgRP signal in EWcp, whereas MC4R blockade in EWcp mimics the effects
of fasting. α-MSH injection into EWcp decreased food intake and increased oxygen consumption.
These data support the involvement of MC4R signaling in EWcp in the control of food intake and
metabolism. For terms, see the list of abbreviations.

Melanocortins are also involved in WAT lipid mobilization. Central administration
of a synthetic analog of α-MSH (melanotan II) decreased WAT mass by 50% compared to
paired-fed rats, suggesting that this effect was caused by active lipolysis [202]. Central
administration of melanotan II not only reduced food intake in both lean and obese rats (it
was more potent in obese rats), but also elevated oxygen consumption and decreased the
respiratory quotient in a dose-dependent manner [203]. Conversely, central administration
of an MC4R antagonist increased both food intake and the body weight of lean rats, but
had little effect in obese rats [203]. These observations demonstrate that central MC4R
activation induces weight loss by inhibiting food intake, as well as by increasing energy
expenditure and promoting WAT lipolysis. This effect on lipid mobilization is mediated
by modulation of the sympathetic drive to WAT. PRV injection into WAT in hamsters
demonstrated that numerous brain regions involved in the control of WAT activity express
MC4R, comprising the classic areas involved in feeding behavior (Arc, PVN, LH-PeF,
etc.) and thermogenesis (preoptic area, DMH, lateral parabrachial nucleus, caudal raphe,
RVLM, etc.), plus additional regions including EWcp in which 78% of PRV-infected neurons
expressed MC4R [103]. Considering the lipolytic effect of α-MSH and analogs injected
into EWcp detailed above and that increased sympathetic outflow to WAT promotes lipid
mobilization, the anatomical data linking MC4R expressing neurons in EWcp with the
sympathetic circuit that controls WAT strongly support a role of EWcp in melanocortin-
induced lipolysis in WAT. Besides the direct effect of MC4R activation in EWcp, α-MSH and
AgRP could interact with other neuronal groups that express MC4R and project to EWcp,
such as the preoptic area, PVN, Arc, LH-PeF and lateral parabrachial nucleus, known to
contribute to the regulation of feeding and energy expenditure. Most likely, activation of
MC4R neurons in different brain regions would be recruited depending on the specific
environmental conditions and the animal’s nutritional state.
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6.3.3. Connections with the Paraventricular Hypothalamic Nucleus

Among PVN functions, some parvicellular subdivisions are involved in the control of
food intake via connections with Arc and LH-PeF, and in the regulation of SNS activity by
virtue of direct projections to SPNs or projections to brainstem presympathetic neurons.
Retrograde labeling studies demonstrated that moderate numbers of neurons from all
parvicellular subdivisions of PVN project to EWcp [78]. On the other hand, only sparse
anterograde labeling of fibers from EWcp has been observed in PVN [79], consistent with
sparse density of Ucn-1 fibers in PVN [77].

Despite the paucity of Ucn-1 innervation of the PVN, coupled to the low expression of
CRF-R1 and almost no CRF-R2 [93], Ucn-1 injection into PVN has been reported to decrease
food intake and metabolism. Ucn-1 injected into PVN also blocked the robust hyperphagia
and increased RQ elicited by NPY injection into PVN [169]. Similarly, injection of NPY
and/or ghrelin into the PVN stimulated food intake, promoted carbohydrate oxidation,
and inhibited fat utilization; these effects were blocked by pretreatment with Ucn-1 injected
into PVN [204]. Moreover, Ucn-1 injected into PVN increased plasma leptin and UCP-1
mRNA in BAT [166]. These observations suggest that Ucn-1 in PVN can modulate food
intake and metabolic responses that are evoked by NPY. However, the lack of CRF receptor
expression in PVN raises the possibility that Ucn-1 could be acting on CRF-R2 in PVN that
might be located presynaptically, possibly on NPY terminals from Arc or in MCH and/or
Orx terminals from LH-PeF.

Food intake needs to be terminated before the animal engages in overeating. The
hyperphagia elicited by NPY in PVN is long-lasting [205], most likely due to the activation
of metabotropic receptors. Nakamura and Nakamura [174] have proposed that there must
be a mechanism to terminate NPY-mediated hunger signals in PVN after food consumption
reaches a certain point, and these authors have proposed that Arc could provide negative
feedback to avoid overeating. In this context, Ucn-1 from EWcp could also be part of this
feedback loop to inhibit food intake. In a hypothetical scenario, NPY from Arc inhibits
PVN and stimulates LH-PeF to increase food intake and, at some point, NPY might also
activate Ucn-1 neurons in EWcp via NPY5R, which also receive inputs from Orx and MCH
neurons from LH-PeF (that are activated by NPY) (Figure 9). All these diverse signals can
be integrated in EWcp and build up until reaching a threshold, at which point Ucn-1 inputs
could activate PVN and/or inhibit LH-PeF neurons to terminate the feeding response.
Thus, EWcp might be an element of the feeding termination feedback pathway mediated
by Arc, proposed by Nakamura and Nakamura [174], by virtue of integrating several
hypothalamic inputs and, subsequently, conveying the output signal to hypothalamic and
brainstem regions. Therefore, the potent anorectic effect of Ucn-1 from EWcp could be a
component of a feedback pathway that detects adequate levels of food intake and ceases it
to avoid excessive consumption.

6.3.4. Connections with the Limbic System

Stress impacts food intake and metabolism. Some limbic regions, such as CeA and
BNST, are part of the central circuits involved in stress responses and feeding behavior
simultaneously, and EWcp is reciprocally linked to these regions. Retrograde tracer injec-
tions into CeA labeled numerous Ucn-1 neurons in caudal EWcp, whereas anterograde
tracing from EWcp showed dense projections observed around CRF neurons in CeA and
BNST [79]. Retrograde tracing from EWcp demonstrated labeled neurons in CeA and
BNST [78]. Ucn-1 fibers were observed in CeA and BNST [77]. CeA expresses a low density
of CRF-R1 mRNA, whereas BNST shows a high density of both CRF-R1 and CRF-R2 mRNA
expression in rats and mice [93]. The bidirectional connections between limbic areas and
EWcp might constitute a circuit that integrates both stress and feeding behavior signals to
generate an output from EWcp to presympathetic neurons, which modulates the activity
of effector organs via sympathetic innervation. Furthermore, these anatomical connections
between the limbic system and EWcp suggest that EWcp might play a role in eating-related
disorders linked to stress.
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6.3.5. Lack of Connections with the Ventromedial Hypothalamic Nucleus

Numerous studies have reported that manipulating the activity of the VMH impacts
feeding behavior and BAT activity [206–208]. Moreover, the VMH expresses a high density
of leptin receptors [150,209], as well as very high expression of CRF-R2 mRNA in both
rats and mice [87,93]. Da Silva et al. [78] showed moderate numbers of neurons in the
anterior and central subdivisions of VMH projecting to EWcp; however, Canteras et al. [210]
reported a notable absence of anterograde labeled fibers in EWcp after PHA-L injection
into dorsal or ventral VMH. Furthermore, VMH does not receive a substantial input from
EWcp [79]. Thus, neuroanatomical data do not support a VMH–EWcp direct interaction.
Although it is accepted that VMH modulates SNS activity [206,207,211], early anatomical
studies failed to report direct VMH efferents within classic autonomic preganglionic centers
in the brainstem [1,210]. Similarly, subsequent PRV tracing studies from BAT and WAT in
rats showed that infection in VMH was notably absent [18,104,137,140,182], supporting
the idea that VMH does not connect to the central circuits that control the sympathetic
innervation of BAT and WAT, including EWcp neurons, in rats. Nevertheless, PRV injected
in BAT or WAT in hamsters produced infection in VMH [103,181], suggesting that there
could be species-specific differences in the central circuit(s) that controls adipose tissue
activity. In rats, VMH is not part of the CNS circuit that controls the sympathetic innervation
to other organs such as the spleen [74], kidney [75,212], adrenal gland [100], heart [109]
and pancreas [105]. Thus, how the VMH connects to the circuit that controls BAT and WAT
activity in rats remains a puzzling issue.

Despite the observation that VMH receives very sparse Ucn-1 innervation [77], some
studies have examined the impact of injecting Ucn-1 into VMH. Ohata et al. [213] reported
that Ucn-1 injection targeting VMH in rats inhibited food and water intake over 3 h,
whereas the injection of antibodies against rat Ucn-1 into VMH potentiated food and water
intake [213]; nevertheless, careful examination of that report shows that injections missed
the VMH and were instead in the ventral aspect of DMH. That study also reported that
injections of Ucn-1 into PVN or LH-PeF had no effect on feeding, but those injections
were also outside their target; as described above (in 6c3), Ucn-1 injected into PVN had
substantial effects on food intake and metabolism. However, it has been reported that mice
with specific CRF-R2 knockdown in VMH using shRNA interference displayed increased
food intake under basal conditions and after overnight fast [214]. After the discovery of
urocortin-3 (Ucn-3) [215], which is a CRF-R2 selective endogenous ligand, the function of
CRF-R2 in VMH has been re-examined. Ucn-3 is involved in several metabolic functions,
such as feeding suppression, control of blood glucose levels, and thermoregulation (for
a review, see [216]). Ucn-3 neurons are found predominantly in two areas: the median
preoptic area and an unnamed region lateral to anterior PVN, extending rostrally into
posterior BNST [217]; this second population is the major Ucn-3 afferent input to VMH,
which shows very dense Ucn-3 nerve fibers and terminals [217]. Injection of Ucn-3 into
VMH in rats suppressed feeding and elevated glucose and insulin plasma levels [218],
and also decreased the quantity (feeding bout size) and duration (prolonged post-meal
interval) of food intake over 3–4 h post-infusion [219]. A subset of CRF-R2 expressing
glutamatergic neurons in VMH project to Arc, and the stimulation of CRF-R2 in VMH
increased POMC mRNA expression in Arc, suggesting the existence of a direct excitatory
pathway from VMH to Arc [218]. All these anatomical and functional data, together with
the fact that VMH expresses high levels of CRF-R2 in rats and mice [93], suggest that the
effects on food intake and glycemic control induced by activation of CRF-R2 in VMH are
mediated by Ucn-3, which seems to be the endogenous ligand for CRF-R2 in this brain
region. The VMH Ucn-3/CRF-R2 system seems to be part of a pathway that regulates
certain aspects of energy homeostasis, but it is unclear at present how it may be connected
with Ucn-1 neurons in EWcp or to presympathetic neurons involved in the control of BAT
and WAT activity.
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6.4. EWcp Expresses Receptors Involved in Hunger–Satiety Endocrine Signaling

EWcp neurons express several receptors to signaling molecules involved in energy
homeostasis, including leptin and ghrelin. As expanded upon in the following sections, in
each of these instances, evidence is available to suggest the involvement of EWcp in the
actions of these peptides in energy homeostasis.

6.4.1. Leptin Receptors in EWcp

The adipocyte-derived hormone leptin is essential for maintaining energy homeostasis
because it regulates body weight, food intake and energy expenditure by signaling the
brain (for a review, see [172]). Mutations of the leptin gene result in severe obesity as
well as impaired thermogenesis and lipolysis [220–222], whereas leptin treatment reduces
food intake and rapidly depletes adipose mass, mainly WAT [223]. The effects of leptin on
energy expenditure are mediated by increased sympathetic outflow to BAT, which activates
thermogenesis [224–226], and to WAT, which stimulates lipolysis [221]. Importantly, these
effects are entirely mediated by the SNS because they can be abolished by the blockade or
disruption of sympathetic inputs to these tissues (for a review, see [221,227]).

Leptin targets (neuronal populations expressing leptin receptors) such as the preoptic
area and DMH [150] are essential components of the brain circuit that controls BAT thermo-
genesis. BAT presympathetic neurons in RPa were activated by i.v. leptin administration,
which evoked an increase in BAT sympathetic nerve activity and BAT thermogenesis [226],
most likely via direct projections from the preoptic area and DMH neurons that express
leptin receptors. Similarly, hypothalamic neuronal groups that are part of the circuit
controlling feeding, such as Arc, PVN and LH-PeF, also express leptin receptors [150].
Therefore, thermoregulation and food intake are both regulated by leptin signaling, ap-
parently through distinct neuronal pathways that have been well documented (for review,
see [172]). However, nutritional status, body temperature and energy expenditure must be
closely interconnected to generate the appropriate output response under specific environ-
mental conditions (e.g., ambient temperature, food availability, etc.). In this context, EWcp
is strategically placed to play a role in mediating the effects of leptin signaling because
EWcp expresses leptin receptors, both the short and long forms [209], in at least half of the
Ucn-1/CART neurons in rats and mice [228,229]. Furthermore, PRV studies have demon-
strated that EWcp neurons that express leptin receptors are involved in the central control
of BAT activity in mice [102], and Ucn-1/CART neurons in EWcp are double-labeled when
isogenic strains of PRV are injected into BAT and WAT simultaneously in rats [141].

Leptin and Ucn-1, apparently from EWcp, appear to interact to suppress feeding.
Systemic leptin administration increased Ucn-1 content in EWcp [229], whereas fasting
increased Ucn-1 mRNA and decreased leptin plasma levels [228]. Conversely, high fat diet,
which increases leptin levels, decreased Ucn-1 mRNA expression in EWcp in rats [230]. Ucn-
1 and leptin seem to exert a synergistic effect on appetite because co-administration of leptin
and Ucn-1 at doses that are ineffective alone substantially suppressed feeding [231,232].
Leptin also increased CART mRNA expression in EWcp in rats [233], and the number
of CART neurons in leptin-deficient (ob/ob) mice was reduced [233]. Leptin seems to
modulate BAT and WAT activity via Ucn-1/CART neurons in EWcp. Injection of the
leptin-conjugated neurotoxin saporin into the EWcp that killed leptin receptor-expressing
neurons (loss of 50% of Ucn-1/CART neurons in EWcp) caused a significant increase in the
weight of both BAT and WAT [25], supporting a role of leptin in EWcp in regulating the
sympathetic outflow to both adipose tissues.

The effect of leptin on central Ucn-1 expression could be mediated via direct activation
of leptin receptors in Ucn-1/CART neurons in EWcp. Leptin administration to mouse
brain slices containing EWcp induced STAT3 phosphorylation in many Ucn-1 neurons
30 min after application, suggesting that leptin can directly induce the slow activation
of these neurons [229]. Similarly, in vivo systemic administration of leptin also induced
STAT3 phosphorylation in EWcp neurons expressing leptin receptors [229]. However,
leptin administration to brain slices containing EWcp inhibited the electrical activity of
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80% of patch-clamped Ucn-1 neurons [229]; these results show two different mechanisms
of action of leptin on Ucn-1 neurons in EWcp, a rapid and reversible inhibition of their
action potential firing and a slow activation of the STAT3 pathway, the latter suggesting a
long-term effect of the response of Ucn-1 neurons to leptin activation. Nevertheless, leptin
infusion into EWcp did not induce changes in the amount of Ucn-1 and CART [233]. Thus,
although it is clear that leptin can influence EWcp, additional studies are needed to further
clarify the effects and the role of leptin receptors in EWcp.

Despite the presence of leptin receptors in EWcp, the effects of circulating leptin on
EWcp neurons and, subsequently, on adipose tissue activity could also be indirect via affer-
ent projections to EWcp from other nuclei whose neurons express leptin receptors. After
PRV injection in BAT in mice, infected neurons expressing leptin receptors were observed
not only in EWcp, but also in areas that project directly to EWcp, such as PVN, Arc, LH-PeF,
DMH and preoptic area [102]. All these brain regions are part of the BAT thermoregulatory
circuit and are activated by cold or lipopolysaccharide-induced fever [234,235], as well as
part of feeding pathways involved in the regulation of WAT activity [236]. For example,
deletion of the leptin receptor gene in POMC/AgRP neurons in Arc decreased the sym-
pathetic innervation to adipose tissue suggesting that leptin, by signaling specific central
sites, not only modulates the sympathetic outflow to adipose tissues but also dynamically
changes the architecture of the sympathetic innervation of these tissues [222]. There is
also the possibility that some leptin receptors located in the EWcp region are presynaptic,
and leptin modulates the release of other neurotransmitters in EWcp. Conversely, leptin
receptors can be expressed presynaptically in axon terminals from EWcp neurons, and
the activation of these receptors could modulate the release of Ucn-1/CART in projection
targets such as PVN, LH-PeF or Arc.

An interesting observation pertaining to the effect of leptin on EWcp is that it seems
to be dependent on energy status. Thus, in rats under basal conditions, leptin stimulates
CART production in EWcp, but during acute restraint stress, which normally activates
EWcp, leptin administration blunted the stress-evoked activation of EWcp and decreased
CART mRNA expression [233]. In contrast to leptin, fasting does not affect stress-evoked
EWcp activation. These results suggest that the activation of CART neurons from EWcp
evoked by stress depends on the energy state of the animal [233]. It has been proposed
that leptin-sensitive central pathways (i.e., containing leptin receptor-expressing neurons)
may provide an integrative mechanism for the anorexic and thermoregulatory actions of
leptin to maintain energy homeostasis under different conditions [227]. In this context, the
fact that EWcp plays an important role in stress adaptation responses and in the control
of energy expenditure, together with the expression of leptin receptors, makes it a good
candidate to be a central component of an integrative leptin-sensitive circuit controlling
energy homeostasis.

6.4.2. Ghrelin Receptors in EWcp

Ghrelin is a hormone secreted by the gastrointestinal tract [237,238], which is involved
in glucose metabolism and body weight regulation via increased food intake and stim-
ulation of anabolic processes [239,240] (for a review, see [25]). Ghrelin plasma levels are
an important indicator of energy deficiency [241] and are closely related to leptin levels.
Central ghrelin administration blocked leptin-evoked feeding suppression [239], whereas
fasting decreased plasma leptin but increased ghrelin [242], suggesting that ghrelin and
leptin might play complementary and opposite roles in feeding regulation.

Ghrelin actions can be linked to EWcp. Ghrelin receptor (growth hormone secret-
agogue receptor; GHSR) mRNA, which is widely expressed in the brain [241], is found
in the EWcp of rats and mice in moderate and very high densities, respectively [241].
In rats, GHSR is expressed in approximately 40% of CCK neurons in EWcp, as well as
in some non-CCK neurons [241]. Furthermore, in a GHSR–GFP reporter mouse, 90% of
GHSR-expressing neurons in EWcp co-express Ucn-1 [243]. I.c.v. administration of Ucn-1 in
food-deprived rats decreased food intake, ghrelin plasma levels and pre-proghrelin mRNA
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levels in the gastrointestinal tract, whereas i.c.v. administration of a CRF-R2 antagonist
restored plasma ghrelin and food intake [244]. These results suggest that Ucn-1 inhibits
both ghrelin secretion and ghrelin-evoked food intake via CRF-R2 activation.

Centrally, ghrelin induces a positive energy balance not only by increasing food intake,
but also through decreasing energy expenditure by suppressing BAT thermogenesis via in-
hibition of sympathetic outflow to BAT, which affects adiposity and body weight [245,246].
The PVN and Arc, which express GHSR, may be the sites at which ghrelin acts to inhibit
BAT activity since microinjection of ghrelin in PVN or Arc suppressed noradrenaline release
in BAT [247]. Nevertheless, EWcp also expresses GHSR, receives inputs from both PVN
and Arc, is the main source of Ucn-1 known to inhibit ghrelin secretion, and is part of the
CNS circuit that controls the sympathetic innervation of BAT. These observations suggest
that ghrelin might inhibit Ucn-1 neurons in EWcp, directly or via afferents from PVN or
Arc, to suppress BAT thermogenic activity and subsequently decrease energy expenditure.

With respect to WAT, i.c.v. administration of ghrelin increased adiposity by up-regulating
lipogenic genes in WAT, which promote triglyceride synthesis and glucose uptake in adipocytes,
and by down-regulating the expression of lipolytic enzymes genes [246,248]. These effects
were independent from ghrelin-induced hyperphagia and were mediated by the SNS
because i.c.v. ghrelin administration increased body weight gain in wild-type mice, but it
had no effect on triple ß1-ß2-ß3-adrenoceptor knockout mice [246]. Again, this action of
ghrelin on WAT may involve pathways through EWcp.

In addition to its role in metabolic functions, ghrelin is involved in stress responses,
and it appears to reduce anxiety under chronic stress conditions [243,249]. Under basal
conditions, ghrelin receptor knockout mice express more Fos in EWcp in general, and in
Ucn-1 neurons in particular, than wild-type littermates. Acute stress activated ~80% of
neurons expressing GHSR in EWcp (and these coexpressed Ucn-1) in wild-type mice, but
failed to do so in ghrelin knockout mice, although these mice appeared more anxious after
acute restraint stress [243]. These observations suggest that ghrelin interacts with Ucn-1
neurons in the EWcp to evoke the appropriate response to acute stress by reducing anxiety.
It has been proposed that increases in ghrelin levels during stress exposure might be an
endogenous stress-coping mechanism, and increased ghrelin levels may be required to
prevent excessive anxiety [250]. The interaction between ghrelin and EWcp Ucn-1 neurons,
both of which are implicated in the control of metabolism and stress responses, is consistent
with EWcp being involved in the coordination of energy utilization with stress. Indeed, in
this context, EWcp could play an important role in metabolic disorders associated with
stress, such as bulimia or anorexia nervosa.

6.5. EWcp Contains Other Neuropeptides Involved in Energy Homeostasis

The role of central Ucn-1 in feeding suppression has been extensively documented.
However, electrolytic lesions of EWcp significantly reduce, not increase, food intake in
free-feeding mice and after food deprivation [36], suggesting that other neurotransmitters
in EWcp besides Ucn-1 are involved in feeding behavior. EWcp neurons express neu-
ropeptides known to be involved in stress responses and energy homeostasis, such as
CART [4], CCK [10,51,83], SP [83], brain-derived neurotrophic factor (BDNF) [46,251] and
nesfatin-1 [252,253]. As detailed below, some of these neuropeptides are co-expressed in
the same neurons.

In contrast with Ucn-1, which is mainly located in EWcp, these neuropeptides are
widely expressed in the CNS. This precludes the use of knockout mice or i.c.v. administra-
tion experiments to elucidate their role specifically from EWcp neurons and its projection
targets. These neuropeptides colocalize in several EWcp subpopulations (for a review of the
detailed distribution of subpopulations, see [5]), suggesting that they could be co-released.
All CART neurons in EWcp colocalize with Ucn-1, although some Ucn-1 neurons lateral
to EWcp do not contain CART [4]. Both neuropeptides are present in fiber terminals and
are packed together into the same secretory vesicles [254]. Since both neuropeptides are
involved in stress and feeding, it has been proposed that they could act synergistically in
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the regulation of responses to stress or environmental challenges, and modulate behaviors
such as food intake [4]. Nevertheless, it has been reported that chronic stressors differen-
tially affect Ucn-1 and CART neuronal activation in the rat EWcp [24]. Moreover, Ucn-1
axon terminals were observed in the periventricular part of the lateral septum, whereas
CART axons terminated in the medial part of this nucleus, with only a partial overlap
of both neuropeptides [4]. These observations raise the possibility that Ucn-1 and CART
terminals arising from the same neurons do not colocalize in the same axon terminals
and could contact distinct postsynaptic targets [4] and exert different effects. Nonetheless,
each of these neuropeptides is expressed in EWcp neurons and each has been functionally
linked to stress and/or energy homeostasis.

CART is a major neurotransmitter widely expressed in the CNS, involved in the
regulation of several important functions such as food intake, body weight maintenance,
energy homeostasis, stress responses, reward and addiction (for a review, see [55]). The
role of EWcp CART neurons in energy homeostasis and their involvement in the control of
sympathetic outflow and adipose tissue activity has been addressed in other portions of
this review.

BDNF is another peptide that extensively co-localizes with Ucn-1 in EWcp in rats [255]
and humans [251], and BDNF, CART and ER-β colocalize completely in EWcp in rats [46].
BDNF is involved in stress responses and stress-related disorders in a sex-dependent man-
ner. BDNF neurons in EWcp were activated (Fos) by acute restraint stress in rats [256].
Maternal separation (a model of stress-induced depression) increased the content of Ucn-1
and BDNF in EWcp, but it blunted the Fos response to acute restraint stress; this was accom-
panied by reduced corticosterone responses in females but not in males [256], suggesting
that EWcp might play a role in sex differences observed in stress-induced mood disorders.
Interestingly, Ucn-1 and BDNF mRNA expression in EWcp was altered in suicide victims
in a sex-dependent manner (males had 11 times more Ucn-1 mRNA and 4 times less BDNF
mRNA in EWcp than females), suggesting that EWcp might contribute to the pathogenesis
of major depression [251], which is more prevalent in females.

Nesfatin-1 also co-localizes extensively with Ucn-1 in EWcp. Nesfatin-1 is a protein
fragment derived from the precursor nucleobindin-2 and it has been characterized as a
satiety molecule [257]. In rats and mice, nesfatin-1 is expressed in several hypothalamic
regions that regulate food intake (PVN, supraoptic nucleus, Arc, LH-PeF and zona incerta),
and in brain nuclei connected to autonomic outflow and known to be activated by vari-
ous stressors, such as EWcp, lateral parabrachial nucleus, locus coeruleus, ventrolateral
medulla, medullary raphe nuclei and dorsal vagal complex, as well as in SPNs in the
spinal cord [252,253,257–259]. Thus, nesfatin-1 distribution in the rodent CNS supports
a role in centrally mediated actions involved in autonomic regulation [259]. Nesfatin-1
colocalizes with 90% of Ucn-1/CART neurons in EWcp in mice [9]. In rats, almost all EWcp
neurons that colocalize Ucn-1, CART and nesfatin-1 also contain leptin receptors [228].
Nevertheless, Brailoiu et al. [252] have reported that nesfatin-1 also colocalizes with choline
acetyltransferase in EW neurons, although not necessarily in motoneurons. In other brain
regions, nesfatin-1 colocalizes with several neurotransmitters involved in feeding control
such as MCH in LH-PeF (but not Orx) and POMC in Arc (but not NPY) [252,253]. CART
colocalizes substantially in most brain regions that express nesfatin-1 (e.g., EWcp, locus
coeruleus, raphe obscurus, RPa, NTS and SPNs in IML).

Nesfatin-1 displays a substantial anorectic activity. Several studies have shown that
central administration of nesfatin-1 in rats and mice reduced dark phase food intake and
body weight, and that this effect was faster and more sustained when injected into the
fourth ventricle, suggesting the involvement of brainstem regions in this response [257] (for
a review, see [260]). Conversely, central injection of the antisense oligonucleotide against
the nucleobindin 2 gene increased food intake and body weight gain [257]. In addition to its
role in food intake, nesfatin-1 is involved in stress responses. Acute restraint stress evoked
Fos expression in EWcp neurons and doubled the Ucn-1, CART and nesfatin-1 mRNA
content compared to controls [9]. Both acute and chronic stress increased Fos expression in
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EWcp neurons co-expressing CART and nesfatin-1 [24], whereas i.c.v. administration of
nesfatin-1 elicited a strong anxiolytic response, suggesting a role in stress adaptation [261].
These observations demonstrate that nesfatin-1 is involved in the integrated control of
feeding and energy expenditure, as well as in stress responses, possibly involving EWcp.

CCK, a gastrointestinal tract hormone that is also a neuropeptide in the brain (includ-
ing EWcp) [262], is involved in the modulation of several central functions such as the
control of food intake (anorectic action) [263], as well as anxiety and panic disorders [264].
SP, a neuropeptide of the tachykinin family that preferentially binds to the neurokinin 1
receptor, is colocalized in a subpopulation of EWcp neurons [10] distinct from the Ucn-
1/CART subpopulation [5]. SP is present in limbic brain regions that are linked to stress,
anxiety and depression (for a review, see [265,266]). More recently, SP has been implicated
in alcohol addiction (for a review, see [5]).

Most studies on EWcp functions have focused on Ucn-1 as the main neurotransmitter
because of its almost exclusive location in this nucleus and, to a lesser extent, on CART.
Several reviews have addressed the role of the other neuropeptides expressed in EWcp
in stress responses, food intake and addiction [5,8,25], suggesting that EWcp plays an
integrative role. To the best of our knowledge, there are no studies addressing the effect
of these neuropeptides specifically from EWcp on the modulation of sympathetic outflow
and on BAT thermogenic and WAT lipolytic activities. Nevertheless, in the case of BDNF
and nesfatin-1, their colocalization with Ucn-1 and/or CART and the existence of recep-
tors for these neurotransmitters in some brain regions involved in energy homeostasis
and/or autonomic control [267,268] suggest that projections from EWcp containing these
neuropeptides might modulate the post-synaptic actions of Ucn-1 and/or CART if they
were co-released on hypothalamic or presympathetic neurons. Further studies are needed
to elucidate whether these neuropeptides arising from EWcp could also be individually
released and exert specific actions independently of Ucn-1 and CART.

7. Proposed Model: EWcp as an Integrative Center of Multimodal Signals and
Modulator of Sympathetic Output to Multiple Effector Organs to Maintain Energy
Homeostasis under Different Conditions

Based on the neuroanatomical and physiological data described in this review, we
propose a hypothetical model that embraces the EWcp as an essential hub for several
pathways involved in energy homeostasis, mainly under stress conditions that require
adjustment of energy demands (cold, flight-or-fight responses, fasting, etc.). In particular,
we suggest that EWcp may be central in the integration of decreased feeding and increased
energy utilization associated with stress. In this model, EWcp is a central integrator of
multiple hunger and satiety signals from hypothalamic areas (Arc, PVN and LH-PeF), stress
signals from limbic regions (CeA and BNST), signals from thermoregulatory pathways
(preoptic area, DMH and lateral parabrachial nucleus), and hormonal signals (leptin,
ghrelin). These diverse inputs convey information to EWcp about the animal’s metabolic
state, as well as the energy demands required under specific conditions, particularly stress.
After processing and integrating these multiple signals, the resultant output from EWcp
(via brainstem and/or spinal cord) modulates the sympathetic outflow to BAT (to regulate
thermogenesis) and WAT (to regulate lipolysis/lipogenesis) depending on the metabolic
status and the environmental conditions. Moreover, EWcp is also part of the CNS circuitry
that controls the sympathetic outflow to organs impacting cardiovascular adjustment,
such as the heart, kidneys and certain blood vessels (tail artery), as well as to the adrenal
gland, implicated in epinephrine release and β-adrenergic receptor-mediated mobilization
of energy sources, and to the pancreas, responsible for insulin secretion that controls
plasma glucose levels. All these mechanisms impact the metabolic state and, consequently,
energy homeostasis. Figure 12 shows this hypothetical model in which EWcp integrates
multimodal signals and modulates the sympathetic outflow to different effector organs
and tissues.
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Figure 12. Proposed model for EWcp as an integrator of multimodal signals and modulator of sympathetic output to
multiple effector organs to maintain energy homeostasis in rodents under different conditions. Brain regions and effector
organs are color coded by the main function with which they are involved. Brain regions that are implicated in two
functions are depicted by two colors. Similarly, effector organs involved in two functions are noted in large fonts for main
functions and in smaller fonts for secondary roles. Arrow thickness represents projection density based on literature. Dashed
lines (with question marks) represent hypothetical pathways based on neuroanatomical data, but without physiological
information yet to support their role in the EWcp circuit. For example, the effect of Ucn-1 from EWcp in PVN could occur
directly or via presynaptic activation of CRF-R2 on NPY terminals from Arc. In addition, it is unknown if this effect of
Ucn-1 in PVN might affect the activity of presympathetic neurons known to project directly to SPNs in the spinal cord.
The direct projection from EWcp to the spinal cord (to SPNs or interneurons) has been reported in classical tracing studies;
nevertheless, transneuronal retrograde tracing with PRV does not support this direct projection (or if it exists, it is very
sparse). For clarity purpose, the figure only includes relevant neuroanatomical connections from/to EWcp in the brain,
excluding most connections among other brain regions. Abbreviations: GI, gastrointestinal; IN, interneurons; LPB, lateral
parabrachial nucleus; LPGi, lateral paragigantocellular nucleus; POA, preoptic area; SPoN, sympathetic postganglionic
neurons. For the rest of the terms, see the list of abbreviations.

8. Final Considerations

Besides its role in feeding/metabolic control and addiction, EWcp is involved in sev-
eral important functions that are ultimately related to different aspects of stress responses,
as well as stress coping and adaptation. Kozicz and colleagues [8,25] have proposed that
CRF/CRF-R1 and Ucn-1/CRF-R2 constitute two separate but complementary systems
that act coordinately during acute stress responses, but are differentially recruited during
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chronic stress. These authors propose that a possible role of EWcp is to coordinate stress
responses with energy availability, since a successful stress response requires energy in
accordance with the severity and nature of the stressor (and length of stress exposure). In
addition to this role, it has been proposed that an important function of EWcp and the
Ucn-1/CRF-R2 system is to counterbalance and terminate the action of the CRF/CRF-R1
system in order to restore energy and metabolic homeostasis after being perturbated by a
stressor [38,158]. This compensation by the Ucn-1/CRF-R2 system seems to be achieved by
modulating the sympathetic outflow to target organs [38].

The literature supports this hypothetical framework for this function of EWcp. Here,
we have provided a neuroanatomical structure for the involvement of EWcp as a critical
component of the CNS circuit controlling sympathetic outflow in general, as well as being
polysynaptically linked to sympathetic-innervated effector organs that are essential for
stress responses and energy homeostasis. In particular, we think that the role of EWcp in
the control of BAT and WAT activities in a coordinated fashion might play an important
role in ensuring appropriate energy utilization under different conditions, including stress
responses. Moreover, EWcp is not only part of the central circuit that controls adipose
tissue activity; it is also an important element of central feeding pathways, providing a
substrate for the coordination of systems involved in energy expenditure and caloric intake.
This coordination might confer the proper adjustment of energy demands in different
nutritional states and environmental situations.

From a clinical perspective, the involvement of EWcp in stress adaptation responses
and energy expenditure suggests that it might be a target for novel therapeutic approaches
to treat metabolic disorders linked to stress, such as bulimia nervosa and anorexia. More-
over, EWcp could be a potential double-target for anti-obesity therapies, since sympathetic-
mediated stimulation of WAT mobilization and long-lasting appetite suppression are the
hallmarks of effective anti-obesity treatments, and EWcp is actively involved in both
mechanisms.

The available literature concerning EWcp demonstrates that this nucleus is involved
in various essential functions, some of them related to ensuring survival. The vast pattern
of efferent and afferent projections from and to EWcp, respectively, and the likelihood
that EWcp represents heterogenous neuronal populations based on their neuroanatomical
connections, strongly supports its involvement in many more functions that have not yet
been identified. Moreover, the phenotypically distinct subpopulations in EWcp expressing
different neuropeptides further support this hypothesis that EWcp might be involved
in a panoply of different functions. However, there are remarkable gaps in the field of
EWcp research that need to be addressed. The lack of recordings from EWcp neurons
in freely moving animals, as well as experiments involving optogenetic or chemogenetic
manipulations, is quite remarkable, especially when compared to what has been achieved
in other brain regions. This seems to be due, in part, to the widespread old conception
held by most neuroscientists that EW is solely related to pupillary control, and the fact
that the distinction between EWcp and EWpg is not widely acknowledged. Although
manipulating EWcp is technically challenging because of its location, small size and rostro-
caudal extension, it is feasible with contemporary techniques, particularly with optogenetic
and chemogenetic tools targeting specific subpopulations of EWcp neurons based on
phenotype. In order to move this field forward, future studies using these available
methodologies are urgently needed to better understand the functional profile of EWcp,
instead of relying on hypotheses based on indirect approaches.

Ultimately, these direct approaches will be needed to address the hypothesis that the
sympathetic response modulated by the CNS, including EWcp, ensures adaptive responses
necessary for the regulation of energy homeostasis. In this context, the role of EWcp in this
coordinated sympathetic-driven mechanism deserves further attention.
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Abbreviations

α-MSH alpha-melanocyte-stimulating hormone
ACTH adrenocorticotropic hormone
AgRP agouti-related peptide
Arc arcuate nucleus
BAT brown adipose tissue
BDA biotinylated dextran amine
BDNF brain-derived neurotrophic factor
BNST bed nucleus of the stria terminalis
CART cocaine- and amphetamine-regulated transcript
CCK cholecystokinin
CeA central amygdala
CNS central nervous system
CRF corticotropin-releasing factor
CRF-R1 corticotropin-releasing factor receptor 1
CRF-R2 corticotropin-releasing factor receptor 2
CTB cholera toxin subunit B
DMH dorsomedial hypothalamic nucleus
ER estrogen receptor
EW Edinger–Westphal nucleus
EWcp centrally projecting Edinger–Westphal nucleus
EWpg preganglionic Edinger–Westphal nucleus
GHSR growth hormone secretagogue receptor
Gi gigantocellular reticular nucleus
HPA hypothalamic–pituitary–adrenal axis
HRP horseradish peroxidase
IML intermediolateral cell column
LH-PeF lateral hypothalamus–perifornical area
MC4R melanocortin-4 receptors
MCH melanin-concentrating hormone
NPY neuropeptide Y
NTS nucleus of the solitary tract
Orx orexin
PAG periaqueductal gray
PHA-L Phaseolus vulgaris lectin L
POMC pro-opiomelanocortin
PRV pseudorabies virus
PVN paraventricular hypothalamic nucleus
RPa raphe pallidus
RVLM rostral ventrolateral medulla
SNS sympathetic nervous system
SP substance P
SPNs sympathetic preganglionic neurons
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Ucn-1 urocortin-1
Ucn-3 urocortin-3
UCP-1 uncoupling protein 1
VMH ventromedial hypothalamic nucleus
VMM ventromedial medulla
WAT white adipose tissue
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