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Abstract

Periods of caloric deficit substantially attenuate many centrally mediated responses to acute stress,
including neural drive to the hypothalamic-pituitary-adrenal (HPA) axis, anxiety-like behavior, and
stress-induced suppression of food intake (i.e., stress hypophagia). It is posited that this stress
response plasticity supports food foraging and promotes intake during periods of negative energy
balance, even in the face of other internal or external threats, thereby increasing the likelihood that
energy stores are repleted. The mechanisms by which caloric deficit alters central stress responses,
however, remain unclear. The caudal brainstem contains two distinct populations of stress-
recruited neurons [i.e., noradrenergic neurons of the A2 cell group that co-express prolactin-
releasing peptide (PrRP+ A2 neurons), and glucagon-like peptide 1 (GLP-1) neurons] that also are
responsive to interoceptive feedback about feeding and metabolic status. A2/PrRP and GLP-1
neurons have been implicated anatomically and functionally in the central control of the HPA axis,
anxiety-like behavior, and stress hypophagia. The current review summarizes a growing body of
evidence that caloric deficits attenuate physiological and behavioral responses to acute stress as a
consequence of reduced recruitment of PrRP+ A2 and hindbrain GLP-1 neurons, accompanied by
reduced signaling to their brainstem, hypothalamic, and limbic forebrain targets.

Despite marked variation in environmental conditions, the internal milieu of mammals is
maintained in a state of dynamic equilibrium known as homeostasis. Homeostatic regulation
of critical physiological processes such as body temperature, blood pressure, fluid balance,
and blood glucose levels is necessary for survival and well-being. However, this
physiological balance is frequently challenged by internal and external forces, referred to as
stressors, which can be as severe as an attack by a predator or as mild as a slight drop in
blood pressure when moving from a seated to a standing position (Sapolsky 2004). In
response to acute (i.e., occasional, short-duration) stressors, the central nervous system
(CNS) elicits a constellation of neural, neuroendocrine, and behavioral responses that
facilitate immediate survival and eventual restoration of homeostatic balance. These
responses include activation of the hypothalamic-pituitary-adrenal (HPA) axis and
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sympathetic nervous system, modulation of emotional state to redirect cognitive and
attentional resources, and suppression of competing behaviors such as eating and sexual
reproduction. These and other responses to acute stressors are complex and multifaceted,
and provide a critical means by which to adapt widespread and diverse organismic functions
to the frequent homeostatic challenges and threats that pervade daily life. However, stressful
challenges also can be chronic and unremitting [e.g., social stress; (Scott et al. 2012;
Tamashiro et al. 2007b; Tamashiro et al. 2007a; Tamashiro et al. 2011)], eliciting persistent
changes in physiology and behavior that can become maladaptive and compromise health
and well-being (Ulrich-Lai et al. 2015). Centrally-mediated stress responses of prolonged
duration and/or magnitude have been linked to numerous neuropsychiatric, neurological, and
physiological diseases and disorders, emphasizing the need to better understand how the
brain coordinates responses to both acute and chronic stress exposure (Chrousos 2009).

Importantly, centrally-mediated responses to acute and chronic stressors are malleable, and
can be modified and reorganized based on current physical state and/or prior experience
(Bhatnagar and Dallman 1998; Ma and Morilak 2005; Zhang et al. 2010; Myers et al. 2016).
As a case in point, caloric deficit (i.e., periods of food restriction or deprivation)
substantially attenuates many centrally-mediated responses to acute stress, including stress-
induced activation of the neuroendocrine HPA axis and stress-induced suppression of food
intake (a.k.a. stress-induced hypophagia). Caloric deficit appears to suppress these stress
responses in a coordinated manner, suggesting a process through which their underlying
neural substrates are “metabolically tuned” by interoceptive feedback signals reflecting
energy balance. These alterations in stress responsiveness can be viewed as adaptive and
beneficial during periods of negative energy balance (Bhatnagar and Dallman 1998;
Maniscalco et al. 2015); however, the neural mechanisms by which caloric deprivation
attenuates stress responsiveness remain unclear. We posit that the apparent “metabolic
tuning” of stress responses occurs via modulation of neural activity within a common central
circuit node comprising two phenotypically distinct neural populations within the caudal
nucleus of the solitary tract (cNTS): glucagon-like peptide 1 (GLP-1) neurons, and prolactin
releasing peptide (PrRP)-positive noradrenergic (NA) neurons of the caudal A2 cell group
(PrRP+ A2 neurons). As detailed further, below, both neural populations are activated by a
wide variety of acute stressors, and both receive robust direct and relayed synaptic input
from visceral sensory systems that convey ingestive/metabolic feedback signals from body
to brain. Moreover, both neural populations project to multiple stress-related regions of the
brainstem, hypothalamus, and limbic forebrain, and both populations contribute to
neuroendocrine, emotional, and behavioral stress responses. Considering this, we propose
that the ability of caloric deficit to attenuate physiological and behavioral responsiveness to
acute stress depends on reduced signaling from hindbrain GLP-1 and PrRP+ A2 neurons.
This article will summarize the results of several experiments that we have conducted to test
this hypothesis. First, however, we will review the general features of some key
neuroendocrine and behavioral stress responses, and the modulation of these responses
during states of negative energy balance.
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Neuroendocrine stress responses

Hypothalamic-pituitary-adrenal axis

The HPA axis is a metabolic neuroendocrine system that functions continuously to meet
hour-by-hour energetic demands of organisms with preditable daily rhythms of behavioral
state (i.e., arousal, somnolence, feeding, etc.). However, the typical circadian ebb and flow
of HPA axis activity can be “co-opted” by marked activation in response to real or perceived
threats, which facilitates meeting the energetic demands of catabolic stress responses. The
apex of the HPA axis comprises neurons within the medial parvocellular paraventricular
nucleus of the hypothalamus (mpPVN) that synthesize corticotropin-releasing hormone
(CRH). Activation of these neurons causes CRH to be released into the hypophyseal portal
system, a small system of blood vessels that carry CRH into the anterior lobe of the pituitary
gland, where it binds to CRH receptors on corticotropes to induce release of
adrenocorticotropic hormone (ACTH) into the systemic circulation. Circulating ACTH then
binds to ACTH receptors in the adrenal cortex to increase synthesis of the steroid hormone
corticosterone (CORT) (Chrousos 1998). In conjunction with the stress-induced increase in
sympathetic outflow, CORT facilitates muscular and hepatic glycogenolysis to mobilize
stored energy, and stimulates gluconeogenesis to maintain/elevate circulating glucose.
Glucose availability is critical to fuel energy-demanding skeletal muscle contractions
occurring as part of the “fight or flight” response to stress. Concurrently, CORT and
sympathetic outflow function to suppress energy utilization by physiological maintenance
processes such as immune system function, growth, and digestion, instead allocating
resources to processes adaptive for immediate survival (Sapolsky 2004). Thus, the
recruitment of the HPA axis is necessary for producing a massive physiological shift from a
state in which priority is given to processes that are adaptive in the long term (i.e, days to
weeks) to a state in which priority is given to functions with more immediate value (i.e.,
seconds to hours). Activation of the HPA axis is regulated by a complex network of central
circuits, all of which converge on hypophysiotropic mpPVN neurons (Ulrich-Lai and
Herman 2009), and major changes in the neuroendocrine response can be elicited by
influencing individual or multiple components of these circuits.

HPA axis modulation during caloric deficit

In rodents, chronic caloric restriction, complete fasting for 2—4 days, or even a single
overnight fast are each sufficient to attenuate central drive to the HPA axis, as evidenced by
decreased mpPVVN CRH mRNA expression (Brady et al. 1990; Kiss et al. 1994), decreased
baseline mpPVN cFos activation (Dallman et al. 1999), and decreased plasma ACTH
concentrations at baseline and in response to restraint stress (Akana et al. 1994; Hanson et
al. 1994; Chacon et al. 2005). We also have confirmed that a “stressful” systemic dose of
cholecystokinin [CCK; 10 microgram/kg body weight (BW)] increases plasma ACTH levels
in ad-lib fed rats, but not in rats fasted overnight prior to CCK treatment (Figure 1A). Since
central CRH signaling has potent anorexigenic effects (Rothwell 1990) and contributes to
hypophagic responses to stress exposure (Krahn et al. 1986), downregulation of central CRH
signaling in fasted rats may attenuate not only ACTH secretion, but also centrally-mediated
stress hypophagia, thereby limiting the ability of stress to suppress food intake during
periods of negative energy balance (discussed further, below).
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Paradoxically, a state of caloric deficit /ncreases plasma CORT levels at baseline and in
response to restraint stress, despite suppression of ACTH release (Akana et al. 1994; Chacon
et al. 2005), evidence that fasting “uncouples” ACTH release from adrenocortical CORT
synthesis. Recent work from our lab further demonstrates that overnight fasting not only
increases baseline and peak CORT response to restraint and elevated platform exposure, but
also significantly delays CORT “recovery” to baseline levels following stressor termination
(Figure 1B&C). There are numerous mechanisms by which fasting could augment stress-
induced plasma CORT levels in the face of attenuated pituitary ACTH output (Akana et al.
1994), including factors that can increase adrenocortical sensitivity to ACTH (Bornstein et
al. 2008) and thereby potentiate stress-induced CORT synthesis. For example, stressors
increase sympathetic drive to the adrenal gland, which can subsequently increase
adrenocortical steroidogenic response to ACTH (Engeland and Gann 1989; Edwards and
Jones 1993). Thus, it is possible that fasting enhances stress-induced sympathetic drive to
the adrenal gland, resulting in elevated circulating CORT levels despite reduced ACTH
output. However, while adrenal sympathectomy reduces both circadian and dehydration
stress-induced increases in plasma CORT levels (Ulrich-Lai and Engeland 2002; Ulrich-Lai
et al. 2006), it does not appear to affect the ability of restraint stress to elevate plasma CORT
levels in ad lib-fed rats (Strausbaugh et al. 1999). Nevertheless, it remains possible that
adrenal sympathetic innervation is recruited selectively during fasting. Alternatively, adrenal
sensitivity to ACTH and adrenal steroidogenic response to stressors may each remain
unchanged during overnight fasting, despite increases in circulating CORT. As CORT
synthesis occurs within minutes of stressor onset (Sapolsky et al. 2000) and fasting reduces
plasma CORT degradation and clearance in rats (Herbst et al. 1960; Woodward et al. 1991;
Kiss et al. 1994), it is possible that reduced CORT catabolism could explain higher peak
CORT levels as well as reduced post-stress CORT recovery under fasting conditions.

Regardless of the mechanism(s) by which acute caloric deficits enhance circulating CORT
levels after stress, there are multiple potential benefits of uncoupling the adrenal CORT
response from the ACTH response. First, given that CORT signaling stimulates
glycogenolysis, energy substrate mobilization, and gluconeogenesis, increased circulating
CORT concentrations during fasting may facilitate acute energy mobilization to support
short-term glucose-dependent processes, despite overall negative energy balance (Dallman et
al. 1999). Secondly, it is possible that increased CORT levels contribute to the stimulation of
feeding in fasted rodents. Substantial evidence indicates that increases in glucocorticoid
levels are associated with increased food intake even in the face of normally hypophagic
stressful challenges, and that administration of glucocorticoids can elicit increased caloric
intake (Maniam and Morris 2012), particularly in the presence of low insulin levels
(Dallman et al. 1993). Considering that insulin levels quickly fall at the outset of an
overnight fast in rats, and remain significantly decreased through the following morning
(Dallman et al. 1999), elevated glucocorticoid signaling may contribute to the adaptive drive
for food intake during caloric deficit. Finally, increased CORT levels during fasting may
have direct or indirect negative feedback effects to suppress central stress responses that
produce consequences that are “maladaptive” in the fasted state, including both anxiety-like
behavior and stress-induced hypophagia.
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Emotional and behavioral stress responses

In addition to neuroendocrine stress responses, threatening and stressful stimuli frequently
alter emotional state and elicit a constellation of adaptive behaviors. In rats and other rodent
species, responses to acute stress are generally characterized by a shift from a state of
behavioral exploration to a state of behavioral inhibition, which is adaptive within the
context of maintaining energy reserves and minimizing exposure to threat. For example,
stress suppresses exploratory behavior, serving to decrease the likelihood of predation.
Acute stress also promotes hypophagia (i.e., reduced food intake), thereby preserving
attentional focus and energy utilization for functions with more immediate survival value.

Behavioral inhibition and anxiety

In rodents, anxiety-like behavior (characterized by behavioral inhibition, avoidance
behavior, autonomic and somatic hyperreflexia, and hyper-vigilance) depends on the output
of widely distributed neural circuits (Walker et al. 2003). An accumulated literature has
implicated the bed nucleus of the stria terminalis (BST) and the central nucleus of the
amygdala (CeA), collectively referred to as the “central extended amygdala,” in the
coordination of these responses. The CeA and BST receive neural input from the cortex,
thalamus, hippocampus, caudal brainstem, and other amygdalar subnuclei (e.g., the
basolateral amygdala) that process stimuli associated with stress and fear (Bienkowski and
Rinaman 2013). In turn, the BST and CeA convey these integrated signals to widespread
target areas that mediate individual components of the anxiety state, such as behavioral
arrest, increased vigilance, and augmented startle responses (Dong et al. 2001; Walker et al.
2003; Liang et al. 1992). This connectivity optimally positions the BST and CeA to integrate
diverse information regarding stressful/anxiogenic stimuli and produce complex behavioral
responses to both internal and external threats.

Behavioral and pharmacological studies substantiate the role of the central extended
amygdala in anxiety-like behavior, as lesions or pharmacological inactivation of the CeA or
BST produce anxiolytic effects, as measured by behavioral avoidance or freezing/startle
responses (Sullivan et al. 2004; Waddell et al. 2006; Sajdyk et al. 2008; Ventura-Silva et al.
2013). Work by Davis and colleagues suggests that the CeA is critical for eliciting short-
lasting, stimulus-specific responses to conditioned threat cues (i.e., fear responses), while
neurons of the BST are critical for eliciting sustained behavioral responses to innate,
unconditioned threatening stimuli, such as those to open spaces, bright light, and predator
odor (i.e., anxiety responses) (Lee and Davis 1997; Walker and Davis 1997; Fendt et al.
2003; Walker et al. 2003). Thus, by modulating neural activity in the BST, it is possible to
modify the behavioral responses associated with a sustained state of anxiety.

Caloric deficits suppress anxiety-like behavior

Interestingly, chronic food restriction for a period of days to weeks in rodents consistently
decreases behavioral measures of anxiety (Heiderstadt et al. 2000; Genn et al. 2003; Levay
et al. 2007). One study reported that the anxiolytic effect of caloric deficit is evident within a
single day of restricted food access (Inoue et al. 2004), suggesting that the
neurophysiological changes mediating the behavioral shift occur rapidly. We recently
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confirmed that overnight food deprivation reduces anxiety-like behavior in adult male rats,
as assessed in the elevated plus maze (i.e., increased open arm time), and in the light-
enhanced acoustic startle test (i.e., reduced startle amplitude during both dark and light
testing conditions; (Maniscalco et al. 2015). We believe these anxiolytic properties of caloric
deficit reflect an adaptive shift in behavioral stress response that increase the likelihood of
exploratory and foraging behavior in dangerous environments in order to replenish calorie
stores.

Suppression of food intake

Hypophagia can be broadly considered as a decrease in food intake over time, and factors
that change intake may do so by altering meal size, meal frequency, or both (Smith 1998;
Smith 2000). Hypophagia is a well-documented response to a wide range of acute stressors
(Uehara et al. 1989; Rybkin et al. 1997; Liu et al. 2007; Calvez et al. 2011; Maniam and
Morris 2012), and is consistent with the overall inhibition of digestive processes that results
from stress-induced activation of sympathetic outflow. By inhibiting digestive processes,
such as food intake, salivation, pancreatic enzyme secretion, and gastric motility, energy
normally utilized in these processes can be redistributed to functions with more immediate
survival value during organismic “fight or flight” responses. Despite its clear importance as
a component of these stress responses, the neural mechanisms through which stress inhibits
food intake are not entirely clear.

A diverse array of acute stressors elicit hypophagia by reducing meal size, including
restraint, forced swimming, or systemic administration of CCK or lithium chloride (LiCl)
(Dess and Vanderweele 1994; Calvez et al. 2011; Rinaman 1999a; Gibbs et al. 1973). As
satiation — the process that determines meal size — is a brainstem-mediated phenomenon
(Grill and Norgren 1978; Seeley et al. 1994; Grill and Kaplan 2002), it is likely that stress-
induced hypophagia is linked to altered neural activity within brainstem circuits responsible
for satiation. After food is consumed, the hormonal and mechanical indices of nutrient and
caloric presence in the gut are transmitted to the cNTS, predominantly via direct inputs from
vagal afferent sensory neurons (Rinaman 2007). In the cNTS, glutamatergic vagal afferent
signaling produces tightly synced, large-amplitude excitatory postsynaptic currents,
providing high-fidelity transmission of sensory nerve activity (Appleyard et al. 2007).
Activation of ctNTS neurons then restricts meal size via regulation of pre-oral motor neurons
within the brainstem parvocellular and intermediate reticular formation (Nasse et al. 2008).
These reticular neurons maintain efferent synaptic connections with motor neurons
innervating muscles of the tongue (Travers and Rinaman 2002; Travers et al. 2005) and other
orofacial targets to directly control the motor patterns leading to ingestion or rejection of
oral contents (Chen et al. 2001), thus determining meal size. In essence, this network of
brainstem neurons produces a complex reflex arc by which ingestion of a meal provides
feedback to the motor neurons responsible for the process of food intake. Although neural
processing within the brainstem is sufficient for satiation (Grill and Smith 1988), direct
descending projections from the cortex, limbic forebrain, and hypothalamus to the cNTS
provide a route through which emotional and cognitive events can modulate initiation or
avoidance of feeding and other responses to diverse threats, including conditioned responses
that are based on past experience (Li et al. 1996; Li and Sawchenko 1998; Woods and
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Ramsay 2000; Dayas and Day 2001; Taché et al. 2001; Buller et al. 2003; Dayas et al. 2004;
Blevins and Baskin 2010; Grill and Hayes 2012). Considered together, it appears likely that
stressors elicit hypophagia by altering neural signaling within brainstem satiation circuits.

Caloric deficits blunt stress-induced hypophagia

Chronic caloric restriction blocks the ability of restraint stress to suppress food intake in rats
(YYoungblood et al. 1997), whereas restraint stress is robustly hypophagic in ad /ibitum (ad
lib)-fed rats (Krahn et al. 1986). Caloric deficit also is sufficient to decrease hypophagic
responses to an acute inflammatory event (Lennie et al. 1995) or to systemic administration
of CCK (McMinn et al. 2000), indicating that caloric deficit reduces the ability of both
cognitive and visceral stressors to suppress food intake. This evidence is consistent with a
shift in the hypophagic stress response during periods of food deprivation or fasting, which
may function to prioritize caloric ingestion to maintain body energy stores even under
conditions of acute stress.

The Role of the cNTS in Central Stress Integration

The collective results of studies localizing cFos expression indicate that GLP-1 and PrRP+
A2 neurons are consistently activated by stimuli that present actual or anticipated threats to
bodily homeostasis. As reviewed below, both populations of hindbrain neurons are optimally
positioned to integrate information regarding metabolic state into neurally-mediated stress
responses, and anatomical/functional evidence clearly demonstrates the capability of these
neurons to activate the HPA axis, elicit anxiety-like behavior, and promote hypophagia.
Before presenting evidence that signaling from these neural populations is reduced during
caloric deficit, we will first review the functional organization of these neural systems, and
present evidence supporting their integral role in mediating neuroendocrine and behavioral
responses to cognitive and visceral stress.

The cNTS is a key component of the dorsal vagal complex (DVC), which also includes the
area postrema (AP) and dorsal motor nucleus of the vagus. The DVC is a critical central
node for relaying interoceptive visceral, hormonal, and somatic feedback from body to
brain, and regulating glucose homeostasis and other aspects of energy balance (Zagon et al.
1999; Berthoud et al. 2006; Rinaman 2007; Grill and Hayes 2009; Rinaman 2010; Zhang et
al. 2010; Rinaman 2011; Grill and Hayes 2012). The AP and a significant portion of the
subjacent ctNTS contain fenestrated capillaries, and AP neurons innervate the cNTS (Shapiro
and Miselis 1985; Kachidian and Pickel 1993; Cunningham-Jr. et al. 1994), allowing blood-
borne factors to affect neurons in this region (Yamamoto et al. 2003). Sensitivity to
circulating factors, in addition to robust direct and relayed sensory inputs from spinal and
cranial nerves, positions the cNTS to integrate multimodal input regarding metabolic state
and other features of the internal environment.

Anatomy of PrRP+ A2 and GLP-1 Neurons

The A2 cell group comprises NA neurons located entirely within the cNTS, predominantly
within the medial and commissural NTS subnuclei. The A2 cell group extends from the
upper cervical spinal cord to just rostral to the AP at the level of the caudal fourth ventricle
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(Rinaman 2011). These neurons can be identified by immunolabeling for tyrosine
hydroxylase, the rate-limiting enzyme for dopamine synthesis, as well as dopamine-f-
hydroxylase (DBH), the enzyme responsible for conversion of dopamine to norepinephrine
(NE). A majority of A2 neurons co-localize PrRP (Roland et al. 1999; Maruyama et al.
2001), a neuropeptide originally named for its stimulatory effect on prolactin release from
anterior pituicytes /in vitro (Hinuma et al. 1998). More recent studies, however, indicate that
PrRP+ A2 neurons do not have access to prolactin cells of the anterior pituitary (Morales et
al. 2000) and PrRP signaling does not alter prolactin release /n vivo (Taylor and Samson
2001).

GLP-1 neurons reside within both the cNTS and subjacent reticular formation (Larsen et al.
1997a; Rinaman 1999a, 2003b), extending from the upper cervical spinal cord to the caudal
level of the AP (Vrang and Larsen 2010). Despite the largely overlapping hindbrain
distribution of A2 neurons and GLP-1 neurons, the latter are a completely distinct
population of non-adrenergic, glutamatergic neurons (Zheng et al. 2015) that expresses
mRNA for preproglucagon (PPG), the protein precursor of GLP-1 (Figure 2). Within the
brain, PPG mRNA expression is limited to the olfactory bulb, the cNTS, and the caudal
medullary reticular formation (Larsen et al. 1997a; Merchenthaler et al. 1999). Since PPG-
expressing neurons within the olfactory bulb are interneurons with very short axons, GLP-1
fibers and terminals throughout the rest of the CNS can be assumed to originate from PPG-
expressing hindbrain neurons.

Due to its prominent location within the central stress circuitry (Figure 3), interoceptive
modulation of cNTS neural activity is poised to influence centrally-mediated stress
responses. As reviewed above, caloric deficit leads to a widespread shift in the stress
response, including: 1) decreased anxiety-like behavior, 2) inhibition of stress hypophagia,
3) reduced hypothalamic outflow to the HPA axis, and 4) an uncoupling of CORT response
from ACTH output. Together, these alterations represent an adaptive reorganization of stress
responses during caloric deficit, promoting foraging and food intake during periods of
negative energy balance, while concurrently facilitating the maintenance of glucose-
dependent processes (Dallman et al. 1999; Genn et al. 2003). Although the neural
mechanisms by which this shift occurs remain unclear, GLP-1 and PrRP+ A2 neurons within
the ctNTS appear to play major roles in HPA axis activation, anxiety-like behavior, and
hypophagia in response to a wide array of acute stressors. The neural circuits by which these
stress responses are elicited, however, can vary considerably based on the stimulus attributes
of the stressor (Herman and Cullinan 1997), which has led to the categorization of stressors
into visceral and cognitive categories. Neurons within the cNTS appear to play an important
role in the central organization of physiological and behavioral responses to both categories
of stress.

Visceral stressors and the cNTS

Visceral (a.k.a. interoceptive or systemic) stressors represent a class of stimuli that have
already disrupted homeostasis (e.g., infection, hemorrhage, hypoxia) and present an
immediate threat to survival. Visceral stressors originate within the body and their signals
are conveyed to the cNTS via ascending sensory input. Predominant sources of ctNTS
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sensory input arise from spinal afferents, area postrema (AP) sensory neurons, and the vagus
and glossopharyngeal cranial nerves, which ramify throughout a majority of peripheral
structures (Rinaman 2007). These inputs are responsive to signals of visceral stress and their
axons converge onto cNTS neurons that are positioned to 1) suppress food intake, via
influence over brainstem reticular neurons (Grill et al. 2004), 2) activate the HPA axis, via
direct innervation of the mpPVN (Rinaman 2010), and 3) elicit behavioral anxiety, via dense
projections to the BST (Banihashemi and Rinaman 2006). Thus, adaptive neuroendocrine
and behavioral anxiety responses to visceral stressors are contingent upon signaling between
afferent sensory inputs, the cNTS, and the forebrain, while visceral stress-induced
hypophagia can be mediated by ctNTS projections to local brainstem circuits (Figure 3).
Numerous studies report that cNTS NA, PrRP, and GLP-1 neurons are activated by a broad
array of visceral stressors, including: hemorrhage (Morales and Sawchenko 2003; Uchida et
al. 2010), supraphysiological systemic doses of CCK (Rinaman 1999b; Lawrence et al.
2002; Maniscalco and Rinaman 2013), lipopolysaccharide (LPS) (Mera et al. 2006), LiCl
(Rinaman 1999a), and interleukin-1 (Li et al. 1996; Sawchenko et al. 2000).

Cognitive stressors and the cNTS

Cognitive (a.k.a. psychogenic or processive) stressors represent a class of stimuli that have
not yet produced an actual physical challenge, but rather indicate imminent disruption of
homeostasis based on instinctual or learned processes (e.g., the odor of a predator, isolation
in a threatening environment, or the sound of a tone predicting an electrical shock). Complex
and anticipatory in nature, responses to cognitive stressors require neural processing by
regions responsible for integration of multiple sensory modalities (e.g., the cortex and
thalamus), executive function (e.g. the medial prefrontal cortex), and memory (e.g. the
hippocampus) before eliciting changes in neuroendocrine, autonomic, or behavioral output
(Jankord and Herman 2008; Ulrich-Lai and Herman 2009), largely via relays in the medial
and baslolateral amygdalar subnuclei (Figure 3) (Dunn and Whitener 1986; Cullinan et al.
1995; Dayas et al. 1999; LeDoux 2000; Dayas et al. 2001). Cognitive stressors also activate
neurons within the cNTS (Maniscalco et al. 2015), in part through descending projections
from the PVN (Dayas and Day 2001; Dayas et al. 2004). For example, PVVN neurons that
project to the cNTS are activated by acute restraint stress in rats (Banihashemi et al. 2011),
and may include oxytocin-positive PVVN neurons that project to the cNTS and suppress
vagally-mediated gastric emptying (Holmes et al. 2013). We propose that descending
projections from the PVN and limbic forebrain underlie the ability of cognitive stressors to
suppress food intake (Figure 3). Notably, activated cNTS target neurons include PrRP+ A2
neurons, which express the immediate-early gene product cFos in rats after cognitive
stressor such as restraint (Dayas et al. 2001; Maruyama et al. 2001; Banihashemi et al.
2011), footshock (Li et al. 1996; Morales and Sawchenko 2003), predator odor (Day et al.
2004), and conditioned fear cues (Zhu and Onaka 2003). Interestingly, neuroendocrine
responses to cognitive stressors require recruitment of mpPVN-projecting cNTS neurons
(Kinzig et al. 2003) and neurons of the cNTS directly innervate the central extended
amygdala, positioning this nucleus to influence both visceral and cognitive stress responses
(Figure 3). We recently reported that in addition to activating PrRP+ A2 neurons, cognitive
stressors (i.e., restraint or exposure to an elevated platform) also robustly activate GLP-1
neurons in rats (Maniscalco et al., 2015), consistent with evidence that central GLP-1
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receptor signaling is critical for neuroendocrine and behavioral responses to cognitive
stressors (Kinzig et al. 2003).

cNTS modulation of the HPA axis

PrRP+ A2 neurons within the cNTS can directly influence the HPA axis (Plotsky 1987), as
indicated by dense NA terminal arborizations within the mpPVN (Cunningham-Jr. and
Sawchenko 1988; Morales et al. 2000; Rinaman 2010), asymmetric synapses between
catecholaminergic terminals and CRH-positive neurons (Liposits et al. 1986), and the
presence of postsynaptic receptors for NA [including 1 and adrenoceptors; (Plotsky et al.
1989)] and PrRP (i.e., GPR10) within the mpPVN (Day et al. 1999; Roland et al. 1999).
Functional evidence bolsters these anatomical findings, as norepinephrine (NE) increases
excitatory postsynaptic potential frequency in the mpPVN, in part by enhancing glutamate
signaling (Daftary et al. 2000), and the presence of NE or PrRP drives mpPVN cellular
activity, stimulates CRH synthesis and release, and elevates plasma ACTH and CORT levels
(Cole and Sawchenko 2002; Mera et al. 2006; Itoi et al. 2004; Itoi et al. 1999; Plotsky 1987;
Seal et al. 2002; Helmreich et al. 2001). Indeed, stimulation of A2 neurons — almost
certainly including the PrRP+ subpopulation (Day et al. 1985) — or their ascending fiber tract
(Plotsky 1987) is sufficient to drive mpPVN activity and CRH secretion, while selective
lesions of A2 NA projections to the mpPVN result in a substantial loss of neuroendocrine
response to visceral stressors (Schiltz and Sawchenko 2007; Bienkowski and Rinaman
2008). Furthermore, HPA axis activation is enhanced by co-administration of NE and PrRP
(Maruyama et al. 2001), suggesting that these transmitters act in concert to increase
hypothalamic outflow.

Hindbrain GLP-1 neurons are also poised to directly influence HPA axis activity, as these
neurons densely innervate the mpPVN (Larsen et al. 1997a; Rinaman 1999a; Tauchi et al.
2008) — which expresses GLP-1 receptors (Merchenthaler et al. 1999) — and synapse directly
onto CRH neurons (Sarkar et al. 2003). Indeed, central administration of GLP-1 elicits cFos
activation in mpPVN CRH neurons, subsequently elevating plasma ACTH and CORT
(Larsen et al. 1997b; Kinzig et al. 2003). The strong excitatory effect of GLP-1 on neural
drive to the HPA axis has been also been demonstrated electrophysiologically, as /n vitro
recordings show that GLP-1 receptor activation depolarizes PVN neurons (Cork et al. 2015),
and increases PVN neuronal spike frequency via facilitation of presynaptic glutamate release
(Acuna-Goycolea and van den Pol 2004). Further, disruption of GLP-1 receptor expression
within the PVN and other central regions reduces HPA axis responses to acute and chronic
stress in mice (Ghosal et al. 2016). Zheng et al. (2015) recently demonstrated that GLP-1
soma (within the cNTS) express mRNA for vesicular glutamate transporter 2 (vGlut2), and
their terminal arbors within the mpPVN co-localize vGLUT2 and GLP-1 immunolabeling.
Thus, GLP-1 neurons are glutamatergic, and activation of these neurons may directly drive
postsynaptic spiking via glutamate release. Together, this evidence strongly supports a role
for PrRP+ A2 neurons and hindbrain GLP-1 neurons in generating neuroendocrine stress
responses.
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cNTS modulation of anxiety-like behavior

Signaling from hindbrain GLP-1 neurons and PrRP+ A2 neurons can elicit anxiety-like
behavior via receptor activation within numerous midbrain and forebrain regions, including
the BST and CeA, two highly interconnected nuclei responsible for the coordination of
behavioral anxiety responses, as discussed above. The ventrolateral (vI)BST receives
particularly dense input from medullary NA and PrRP neurons (Forray et al. 2000;
Banihashemi and Rinaman 2006), providing an anatomical substrate by which cNTS
neurons can elicit/influence behavioral anxiety. Functional evidence supports this, as
immobilization stress results in substantial increases in extracellular NE within the vIBST,
while pharmacological antagonism of NA receptors within this region reduces the
anxiogenic properties of acute stress (Cecchi et al. 2002). Furthermore, selective lesions that
remove NA innervation of the vIBST (almost certainly including input from PrRP+ A2
neurons) prevents the ability of systemic yohimbine, an a2 adrenergic receptor antagonist,
from increasing anxiety-like behavior (Zheng and Rinaman 2013).

Both the CeA and vIBST receive axonal input from hindbrain GLP-1 neurons (Goke et al.
1995; Rinaman 2010), providing a route through which GLP-1 neuronal activation can
influence anxiety-like behavior. Indeed, antagonism of central GLP-1 receptors reduces
anxiety-like behavior, and GLP-1 injection directly into the CeA is sufficient to increase
behavioral anxiety (Kinzig et al. 2003). Interestingly, disruption of GLP-1 receptor
expression within the PVN (using a genetic approach in which receptor expression remained
intact within the CeA and BST) is sufficient to increase the amount of time mice spend on
the open (i.e., anxiogenic) arm of the elevated plus maze one day after stress exposure
(Ghosal et al. 2016), evidence that GLP-1 signaling within the PVVN also contributes to
stress-induced modulation of anxiety-like behavior. Despite the presence of GLP-1 terminals
within the anterior BST (Rinaman 2010), the specific contribution of BST GLP-1 signaling
to anxiety-like behavior has not been determined. Preliminary results in our laboratory
indicate that bilateral AAV-mediated knockdown of GLP-1 receptors within the anterior
lateral BST is sufficient to attenuate anxiety-like behavior as assessed in the open field,
elevated plus maze, acoustic startle, and novelty-suppressed feeding paradigms in rats
(unpublished), but additional work is needed to confirm the specificity and magnitude of
these effects.

cNTS modulation of stress-induced hypophagia

A2 NA/PrRP+ neurons are activated by stimuli that produce hypophagia, such as cognitive/
visceral stressors and intake of a meal (Rinaman et al. 1998; Takayanagi et al. 2008). The
strongest evidence that, once activated, these neurons play a causal role in stress-induced
hypophagia comes from studies using a DpH-conjugated saporin toxin, which selectively
lesions NA neurons. Selective lesions of A2 neurons (presumably including the PrRP+
subset) result in reduction of visceral stress-induced hypophagia after either systemic CCK
or LiCl treatment, and the degree to which food intake is suppressed positively correlates
with the degree of A2 neuron loss (Rinaman 2003a; Rinaman and Dzmura 2007). These
studies, however, cannot differentiate the effects of functional loss of NE signaling from loss
of PrRP signaling. Interestingly, DBH knockout mice — which lack NE — continue to display
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hypophagic responses to systemic CCK (Cannon and Palmiter 2003). In these rodents, NA
neurons are not lesioned and maintain the ability to synthesize and release PrRP, suggesting
that PrRP signaling may be sufficient for stress-induced hypophagia. In support of this,
central administration of PrRP reduces food intake (Lawrence et al. 2000; Lawrence et al.
2002), while knockout of PrRP (Takayanagi et al. 2008) or its receptor (Gu et al. 2004) in
mice results in hyperphagia. In addition to their hypothalamic and limbic forebrain
projections, varicose axons of NA and PrRP neurons can be found in the brainstem reticular
formation (Yano et al. 2001), providing an even more direct potential anatomical route by
which these neurons may influence meal size.

Similar to PrRP+ A2 neurons, GLP-1 neurons also are activated by stimuli that inhibit
feeding (Rinaman 1999b; Kreisler et al. 2014), and an abundance of pharmacological
evidence supports the role of GLP-1 receptor signaling in stress-induced hypophagia. First,
lateral ventricular or hypothalamic administration of GLP-1 suppresses food intake (Tang-
Christensen et al. 1996; Turton et al. 1996; Rinaman 1999a; Schick et al. 2003).
Interestingly, the hypophagic effect is recapitulated with 4th ventricular GLP-1
administration in both intact and chronic supracollicular decerebrate rats (Kinzig et al. 2002;
Hayes et al. 2008), indicating that GLP-1 signaling within the brainstem is sufficient to
suppress food intake. While beneficial, pharmacological manipulations utilizing
administration of agonist have limited physiological relevance, and much stronger evidence
comes from studies blocking endogenous function using selective antagonists. For example,
rats increase food intake when GLP-1 receptor antagonists are administered into the 4th
ventricle or directly into the cNTS (Hayes et al. 2009). Additionally, results from studies
study utilizing viral-mediated knockdown of either PPG or GLP-1 receptor within the cNTS
indicate that GLP-1 signaling is critical for both short- and long-term regulation of food
intake (Barrera et al. 2011; Alhadeff et al. 2016). Together, these results indicate that GLP-1
signaling in the caudal brainstem (and potentially other central target sites) is necessary for
normal feeding control, and also is sufficient to suppress intake.

The necessity of GLP-1 signaling for visceral stress-hypophagia has been demonstrated, as
i.c.v. administration of GLP-1 receptor antagonist dose-dependently attenuates LiCl-induced
hypophagia (Rinaman 1999a; Seeley et al. 2000), and 4th i.c.v. antagonist administration
diminishes suppression of food intake following peripheral LPS (Grill et al. 2004). Varicose
axons of GLP-1 neurons are present within the reticular formation and other brainstem sites
known to control oromotor outflow (e.g., the pontine parabrachial nucleus) (Rinaman 2010;
Llewellyn-Smith et al. 2011), indirect evidence that GLP-1 signaling may suppress food
intake via modulation of pre-motor brainstem circuits. Together, these findings indicate that
PrRP+ A2 neurons and GLP-1 neurons play a critical role in visceral stress-induced
hypophagia, and also are well positioned to mediate hypophagic responses to cognitive
stress.

Fasting-Induced suppression of cNTS neural responses to acute stress

The preceding sections of this article summarize evidence that GLP-1 and PrRP+ A2
neurons within the cNTS are not only activated by acute stress, including both “cognitive”
and “visceral” stress, but that both neural populations play an important functional role in
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neuroendocrine, emotional, and behavioral (i.e., hypophagic) responses to stress.
Furthermore, as summarized above, these stress responses are attenuated in food-deprived/
calorically restricted rats. Thus, we set out to test the hypothesis that the ability of caloric
deficit to attenuate acute stress responses is due to suppressed activation of GLP-1 and/or
PrRP+ A2 neurons.

We first examined whether overnight fasting would attenuate the ability of visceral stress to
activate cFos within NA A2 and hindbrain GLP-1 neurons. Since supraphysiological
systemic doses of CCK suppress food intake (Gibbs et al. 1973; Gibbs and Smith 1977) and
activate hypothalamic endocrine neurons (Parrott et al. 1991; Katsuura et al. 1992; Verbalis
et al. 1991; Chen et al. 1993) via ascending vagal input to the cNTS (Monnikes et al. 1997;
Smith et al. 1985; Smith et al. 1981; Moran et al. 1990; Raybould et al. 1985; Schwartz et al.
1994), this temporally-discrete “visceral” stressor was used to assess recruitment of the A2
& GLP-1 brainstem neurons. Our results demonstrated that, in ad lib-fed rats, CCK dose-
dependently increased cFos activation within A2 neurons (Maniscalco and Rinaman 2013),
consistent with previous reports assessing global NTS cFos activation (Monnikes et al. 1997;
Zittel et al. 1999). In fasted rats, the ability of i.p. injection and CCK to elicit cFos activation
was significantly reduced — but not eliminated — in A2 neurons (Maniscalco and Rinaman
2013). Thus, while A2 neurons are sensitive to feeding status, this neuronal population
retains some sensitivity to high doses of CCK in rats after fasting. In contrast to the A2
population, CCK or i.p. saline injection by itself activated the large majority of GLP-1
neurons, indicating a unique sensitivity of GLP-1 neurons to the mild stress of handling
and/or i.p. injection. Surprisingly, GLP-1 neural cFos expression after i.p. saline or CCK was
nearly eliminated in rats after overnight fasting, evidence that the robust response to i.p.
injection displayed by GLP-1 neurons is strongly modulated by interoceptive state
(Maniscalco and Rinaman 2013). Overall, these results support our overarching hypothesis,
demonstrating that caloric deficit reduces recruitment of stress responsive hindbrain neurons
within the central stress circuit (Figure 3).

Considering these results, we next investigated whether overnight fasting also attenuates the
ability of cognitive stress to activate cFos within hindbrain GLP-1 and A2 neurons,
including the specific population of PrRP+ A2 neurons. Our results indicated that in ad lib-
fed rats, the cognitive stress of either a 30-minute restraint or 5-minute elevated platform
exposure robustly activated the majority of GLP-1 and PrRP+ A2 neurons (Maniscalco et al.
2015), consistent with previous reports on NTS A2 neurons (including the PrRP+
subpopulation) (Morales and Sawchenko 2003; Zhu and Onaka 2003), and providing novel
evidence that cognitive stressors recruit hindbrain GLP-1 neurons. Remarkably, overnight
fasting nearly eliminated activation of both GLP-1 and PrRP+ A2 neurons at baseline (i.e.,
untreated control with no handling or stressor) and in response to cognitive stress
(Maniscalco et al. 2015), bolstering our previous report of the metabolic sensitivity of these
populations following i.p. injection of saline or CCK.

Since hindbrain GLP-1 and PrRP+ A2 neurons project directly to the vIBST, a forebrain
region critical for anxiety-like behavior, we proposed that fasting would also attenuate cFos
activation within the vIBST in conjunction with reduced anxiety-like behavior. Indeed, we
observed a stress-dependent increase in neural cFos activation within the vIBST following
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either restraint or elevated platform exposure. In both cases, overnight fasting significantly
reduced this vIBST activation, consistent with results observed in the cNTS (Maniscalco et
al. 2015). It is likely that reduced neural activation within this anxiogenic site is behaviorally
relevant, as overnight fasting also decreased anxiety-like behavior as measured on the
elevated plus maze, and also as assessed using acoustic startle and light-enhanced startle
responses (Maniscalco et al. 2015). Together, these results provide clear support for our
overarching hypothesis that caloric deficit attenuates centrally-mediated stress responses by
suppressing stress-induced recruitment of GLP-1 and PrRP+ A2 neurons within the cNTS.
The results, however, did not demonstrate a causal link between reduced cNTS neural
activation and reduced stress responsiveness.

To better understand the causal role of GLP-1 signaling in stress hypophagia, we centrally
administered Exendin-9 (Ex9; 100 g), a specific GLP-1 receptor antagonist, into the lateral
ventricle of ad lib-fed rats in order to temporarily block endogenous central GLP-1
signaling. Ex9 by itself did not alter chow intake, but abolished the ability of restraint stress
to suppress food intake (Maniscalco et al. 2015), providing the first evidence that central
GLP-1 neural signaling pathways are critical for cognitive stress-induced hypophagia.
Moreover, central administration of Ex9 attenuated the ability of restraint stress to activate
cFos expression by vIBST neurons and PrRP+ A2 neurons, evidence that GLP-1 receptor
signaling is necessary for the ability of cognitive stress to recruit these neural populations
(Maniscalco et al. 2015). Since GLP-1 and PrRP+ A2 neurons in fasted rats appear to be
insensitive to acute stress stimuli, we conclude that reduced central signaling from these
cNTS neural populations contributes to fasting-related reductions in stress hypophagia,
activation of the HPA axis, and anxiety-like behavior.

Conclusions

Periods of caloric deficit alter neural, neuroendocrine, and behavioral responses to stress,
and it is believed that these alterations represent an adaptive shift in stress responses during
periods of negative energy balance. While the precise signals and mechanisms underlying
this “metabolic tuning” remain to be determined, accumulated evidence supports the
hypothesis that metabolic modulation of stress-induced recruitment of GLP-1 and PrRP+ A2
neurons explains why negative energy balance decreases central drive to the HPA axis,
promotes anxiolysis, and attenuates hypophagic responses to acute stress. To better
understand this phenomenon and its underlying neural mechanisms, it will be critical to
address how neurons of the cNTS are modulated by interoceptive state. Overnight fasting
elicits a myriad of physiological changes that might directly or indirectly contribute to
attenuation of stress-induced activation of GLP-1 and PrRP+ A2 neurons, including: reduced
levels of gastric distention, reduced circulating levels of glucose and leptin, and increased
circulating levels of ghrelin and CORT. This last metabolic change is of particular interest,
as Herman and colleagues have reported that CORT produces potentially relevant “negative-
feedback” effects that impact gene expression within the cNTS. In particular, their results
indicate that CORT signaling reduces PPG mRNA expression in the cNTS (recall that PPG
is cleaved to generate GLP-1) (Zhang et al. 2009; Zhang et al. 2010), and that CORT acts
within the cNTS to reduce anxiety-like behavior and HPA axis responses to cognitive stress
(Ghosal et al., 2014). Together, these results support the view that CORT signaling can
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modulate the functionality and stimulus-induced activation GLP-1 neurons (Myers et al.,
2016). However, it is not yet clear whether CORT negative-feedback signaling is sufficient
to suppress baseline and stimulus-induced cFos activation of hindbrain GLP-1 and PrRP+
A2 neurons in rats after overnight food deprivation. We currently are exploring this potential
mechanism — among others — through ongoing research.
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Highlights

Hindbrain neurons help control neuroendocrine and behavioral stress
responses.

Brief periods of fasting profoundly suppress acute stress responsiveness.

Fasting suppresses central drive to the HPA axis, and reduces anxiety
behavior.

Fasting suppresses stress-induced activation of hindbrain neurons.

The effect of fasting on stress responsiveness is likely due to suppression of
hindbrain signaling.
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Figure 1. Overnight fasting uncouples plasma adrenocorticotropic hormone from plasma

corticosterone

Fasting decreases plasma ACTH levels in response to CCK (an acute visceral stressor), but
increases plasma corticosterone levels at baseline and in response to acute cognitive
stressors. (A) Plasma ACTH levels in ad lib-fed and overnight fasted (DEP) rats. Rats were
killed 30 or 60 minutes after i.p. injection of saline or 10 microgram/kg CCK (n = 3-5/group
at each time point), and trunk blood collected for ACTH radioimmunoassay. ANOVA
confirmed that CCK increased plasma ACTH levels at the 30 min time point in ad lib fed
rats, but not in DEP rats (asterisk, p < 0.05). We thank Dr. James Herman (University of
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Cincinnati) for conducting the ACTH assay. (B) CORT levels in ad lib-fed (solid line, n = 6)
and fasted rats (DEP; dashed line, n = 5) prior to restraint stress (0 min), at the end of
restraint stress (30 min), and 30 minutes after return to the home cage (60 min). Plasma
CORT levels were determined through tail vein sampling followed by CORT enzyme
immunoassay. ANOVA indicated that ad lib-fed rats displayed a significant increase in
plasma CORT after 30 min of restraint stress, which fell significantly by the 60 min recovery
time point. Compared to ad lib-fed rats, fasted rats displayed significantly higher baseline (0
min) CORT levels, and a significantly larger increase in CORT after 30 min of restraint
stress. CORT levels remained significantly more elevated at the 60 min recovery time point
in fasted vs. ad lib-fed rats. Asterisks at each time point indicate significant differences (p <
0.05) between fed and fasted rats. (C) CORT levels in ad lib-fed rats (solid bars) or fasted
rats (DEP; open bars) at baseline (nonhandled; fed n = 6, DEP n = 5), 15 min after the start
of a 5-min elevated platform exposure (fed n = 6, DEP n = 5), and 30 min after return to the
home cage following elevated platform exposure (fed n = 4, DEP n = 4). ANOVA indicated
that ad lib-fed rats sacrificed at the 15 min time point displayed significantly higher plasma
CORT levels compared to baseline, whereas ad lib fed rats sacrificed at the 35 min time
point had CORT levels no different than baseline. Plasma CORT levels were significantly
elevated — as compared to baseline — in fasted rats sacrificed at the 15 min time point, and
remained significantly elevated in fasted rats sacrificed at the 35 min time point. Plasma
corticosterone levels were significantly higher in fasted vs. fed rats at baseline (nonhandled),
15 min, and 35 min (asterisks, p < 0.05). Within the same feeding status group (i.e., ad lib or
DEP), bars with different letters are significantly different (p < 0.05).
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Figure 2.
Location of PrRP and GLP-1 neurons in the rat hindbrain. A, Schematics illustrating the

location of the cNST (highlighted in blue), adapted from (Swanson 2004). The red line in
the mid-sagittal brain schematic at upper left illustrates the rostrocaudal level of all coronal
sections depicted in Figure 1 images. B, In this image, dopamine beta hydroxylase (DbH)
immunopositive NA neurons are green, while GLP-1-immunopositive neurons are red. The
two intermingled populations are distinct, with no colocalization of immunolabeling. C,
GLP-1 immunoperoxidase-labeled neurons. D, DbH immunoperoxidase-positive NA
neurons of the A2 cell group. E, In this image, all PrRP-positive neurons are double-labeled
for DbH, rendering them yellow/orange (NA/PrRP neurons). Some intermingled NA
neurons (green) are PrRP-negative. cc, central canal. [Figure as originally published in
(Maniscalco et al. 2013)].
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Schematic representation of selected stress-sensitive neural circuits and their putative
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relationships with behavioral and neuroendocrine stress responses. cNTS, caudal nucleus of
the solitary tract; GLP-1, glucagon-like peptide-1; PrRP+ A2, prolactin-releasing peptide-
positive noradrenergic A2 neurons; mpPVN, medial parvocellular paraventricular nucleus of
the hypothalamus. Note: “limbic forebrain” includes the bed nucleus of the stria terminalis

and the central nucleus of the amygdala.
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