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The Function of Paraventricular
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The paraventricular nucleus of the thalamus (PVT) is a complex area that is uniquely
embedded across the core feeding, reward, arousal, and stress circuits. The PVT role
in the control of feeding behavior is discussed here within a framework of adaptive
behavioral guidance based on the body’s energy state and competing drives. The
survival of an organism depends on bodily energy resources and promotion of feeding
over other behaviors is adaptive except when in danger or sated. The PVT is structurally
set up to respond to homeostatic and hedonic needs to feed, and to integrate
those signals with physiological and environmental stress, as well as anticipatory
needs and other cognitive inputs. It can regulate both food foraging (seeking) and
consumption and may balance their expression. The PVT is proposed to accomplish
these functions through a network of connections with the brainstem, hypothalamic,
striatal, and cortical areas. The connectivity of the PVT further indicates that it could
broadcast the information about energy use/gain and behavioral choice to impact
cognitive processes—Ilearning, memory, and decision-making—through connections
with the medial and lateral prefrontal cortical areas, the hippocampal formation, and
the amygdala. The PVT is structurally complex and recent evidence for specific PVT
pathways in different aspects of feeding behavior will be discussed.
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INTRODUCTION

The paraventricular nucleus of the thalamus (PVT) is a complex, multimodal area that is uniquely
embedded across the core feeding, reward, arousal, and stress circuits (Hsu et al., 2014; Colavito
et al, 2015; Millan et al,, 2017). Its structural position and connectivity enables it to direct
feeding behavior in response to physiological, cognitive, hedonic, and environmental signals and
perturbations (Millan et al., 2017; Petrovich, 2018a). The PVT can regulate both food foraging
(seeking) and consumption and may balance their expression. These regulations occur under
the prominent influence of bodily internal (interoceptive) signals. Here, it is conceptualized that
the PVT core function is to ensure animal’s survival—promoting behaviors that avoid starvation
and danger, and balancing foraging against threats and other competing behaviors. Together
with guiding behavioral expression, the PVT is set up to broadcast the information about the
behavioral choice and energy gain/loss, and accordingly impact cognitive processes—learning,
memory, and decision-making. It could accomplish this within a complex and widespread network
of connections with brainstem, hypothalamic, striatal, and cortical areas, including the ventral
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subiculum and CAl within the hippocampal formation
(Thompson and Swanson, 2003; Cenquizca and Swanson, 2006;
Kirouac, 2015; Vertes et al., 2015). Determining the function of
specific PVT pathways has been the focus of recent investigations
and will be discussed here in the context of feeding behavior.

PVT IN ADAPTIVE BEHAVIORAL
CONTROL: PRIORITIZING FEEDING
OVER OTHER BEHAVIORS, EXCEPT
WHEN IN DANGER

Hunger and stress are primary survival threats and the PVT
guides behavioral choice in response to each and when they
compete. Because energy is essential for survival, feeding is
prioritized over other behaviors, except when an animal is in
danger or when there is a sufficient surplus of energy. Adaptive
control of feeding behavior, therefore, involves balancing hunger
versus other competing drives and resolving their priorities.
Indeed, the PVT is critical for appropriate behavioral selection
in conflict settings when an animal needs to choose between
competing behaviors: food seeking versus threat avoidance (Choi
and McNally, 2017) or when an ambiguous cue signals both
(Choi et al., 2019).

A unique feature of the PVT is that it is well positioned
to integrate the information about animals energy state and
external prospects for gaining or depleting energy. In addition to
energy, hunger and satiety signals, including dense innervation
by orexigenic and anorexigenic neuropeptides, the PVT contains
neurons that are sensitive to glucose and receives information
about the bodily glucose state (Labouebe et al., 2016; Beas et al.,
2020). The PVT can also receive information about pending
energy expenditures, such as approaching danger, stress, or
changes in wakefulness/arousal states. It receives stress and
arousal information from the brainstem and hypothalamus and
it is interconnected with the medial (prelimbic and infralimbic)
and lateral (insular) prefrontal cortical areas, the hippocampal
formation, and the amygdala (Kirouac, 2015). Thus, the PVT
is well positioned to detect when energy totals change or are
expected to change, and guide behavioral outcome accordingly,
along with recruiting arousal, while simultaneously broadcasting
that information via cognitive (cortical) systems (Figure 1).

THE PVT CIRCUITRIES FOR FOOD
SEEKING AND CONSUMPTION

Depletion of energy and other homeostatic signals drive food
seeking behaviors and consumption. Cues associated with food
and feeding location, or memory of hedonic or aversive post-
ingestive effects, can also drive these behaviors in the absence of
hunger (Petrovich, 2018a). The connections of the PVT indicate
that it could receive these multifaceted signals and in turn control
both food seeking and consumption and may be balancing their
expression. Distinct and potentially competing PVT circuitries
appear to regulate these two behaviors. Food seeking involves
planning, navigation, risk assessment, and learning and memory,

and PVT’s connections with the prefrontal cortex, hippocampal
formation, and the amygdala would enable these computations
(Kirouac, 2015). Thus the PVT is well positioned to bias food
seeking over other behaviors, and to re-direct it to consumption
when food is found, or avoidance when faced with danger.

Food Consumption: Homeostatic,

Hedonic, and (No)Feeding Under Stress
Early evidence that the PVT is critical in the control of
food consumption came from lesion and inactivation studies
(Bhatnagar and Dallman, 1999; Stratford and Wirtshafter, 2013).
These studies showed that shutting down PVT drives food
consumption. The rodent PVT does not contain GABA neurons
(Arcelli et al., 1997), however, GABAergic inputs from the zona
incerta were shown to powerfully drive consumption, particularly
of high-energy (high fat) food (Zhang and van den Pol, 2017).
Fasting and ghrelin increased activity of that pathway, and
repeated photostimulations caused weight gain, indicating a
role in homeostatic regulation. Other substantial GABA inputs
to the PVT include forebrain and brainstem areas that could
provide multiple ways to stimulate feeding (Kelley et al., 2005;
Petrovich, 2018a,b; Otis et al, 2019). Notably, hypothalamic
AgRP neurons, which also express NPY and GABA, mediate
rapid food consumption via GABA or NPY release (Krashes et al.,
2013). In addition, the central nucleus of the amygdala (CEA) is
well positioned to mediate cognitive, stress, and hedonic effects
on feeding potentially together with the PVT (Petrovich, 2018a).

In addition to direct inputs, the CEA and PVT are
interconnected via multiple relays (Kirouac, 2015; Vertes et al.,
2015; Petrovich, 2018a). The CEA and PVT connections have
been highlighted in regard to stress (Hsu et al, 2014) and
the PVT-CEA pathway is critical for fear memory acquisition
and retrieval (Do-Monte et al., 2015; Penzo et al,, 2015). In
the context of feeding behavior, the CEA is necessary for
inhibition of feeding under fear (Petrovich et al., 2009; Reppucci
and Petrovich, 2018), and its neurons that express protein
kinase C-delta drive anorexic effects in response to diverse
aversive events (Cai et al., 2014). Intriguingly, the CEA also has
stimulatory effects and drives hedonic eating but via distinct
neurons that express serotonin receptor 2a (Douglass et al., 2017)
and prepronociceptin (Hardaway et al., 2019). Whether these
different groups of neurons are interconnected with the PVT and
how these connections are organized is an important question
for future research. Indeed, the CEA-PVT system may be an
important site of dysregulation that could cause unnecessary food
avoidance, or excessive hedonic eating.

The CEA and PVT are well positioned to impact palatability
and hedonic eating, as both are prominently involved in
processing taste and visceral sensory information (Thompson
and Swanson, 2003; Kirouac, 2015). Changes in taste perception
intensity could underlie maladaptive overeating or under-eating,
such as when palatable tastes are intensified to become irresistible
or when they are diminished, due to anhedonia or stress, and
nothing tastes good. Whether such malfunctions would occur
with overactive or underactive CEA-PVT circuitry remains to
be investigated. Another important question is whether that
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FIGURE 1 | The diagram illustrates several key PVT connections discussed in the manuscript in the context of adaptive control of feeding behavior. For clarity, some
connections between the areas, other brains areas that participate in the circuitry, and different PVT neurons that contain specific peptides or receptors are not
shown. Cortical and thalamic glutamatergic pathways (Glu) are shown in black and GABA pathways from the ZI, CEA, and BST are shown in red. Al, agranular
insular cortex; ACB, nucleus accumbens; ARH, arcuate nucleus of the hypothalamus; BLA, basolateral area of the amygdala; BST, bed nuclei of the stria terminalis;
CEA, central nucleus of the amygdala; DR2, dopamine receptor 2; HF, hippocampal formation (ventral CA1 and subiculum); LC, locus coeruleus; LHA, lateral
hypothalamic area; mPFC, medial prefrontal cortex; NPY, neuropeptide Y; NTS, nucleus of the solitary tract; ORX, orexin/hypocretin; PB, parabrachial nucleus; PVT,
paraventricular nucleus of the thalamus; vl medulla, ventrolateral medulla; ZI, zona incerta. The sagittal outline of the rat brain was adapted from Swanson (2018).

system functions differently in males and females, as there are
sex differences in hedonic and eating disorders (Culbert et al.,
2021; Quigley et al., 2021). Nevertheless, as discussed next, there
is support for the role of the CEA and the thalamus (possibly
including PVT) in a neural circuitry underlying individual
differences in taste perception.

A recent study by Veldhuizen, Small and colleagues
(Veldhuizen et al.,, 2020) showed that the CEA responses in
humans were correlated with intensity ratings across multiple
tastants and that these individual differences were also reflected
in activation patterns in the thalamus. Their psychophysiological
and dynamic causal modeling analyses suggested that inhibitory
inputs from the amygdala to the thalamus act as a central
gain mechanism that influences taste intensity perception. An
intriguing possibility is that the PVT was among thalamic nuclei
identified in that study. The activity patterns were concentrated
in the mediodorsal and ventral posterior medial thalamic areas
that span the PVT location. Thus, it is possible that the PVT
contributed to the observed thalamic activity in that study, but
was not specifically detected due to its size and limits of fMRI
resolution. The PVT is interconnected with the CEA and insular
cortex, and could be a missing link in the observed functional
circuitry from the CEA to the insular cortex and to the ventral
posterior medial thalamus, where the CEA impacted activity
without direct connections (Veldhuizen et al., 2020).

PVT Circuitries Shutting Down Feeding When Sated
or Under Stress

When sated or when faced with danger, it is adaptive to
stop feeding and prioritize other behaviors. In accordance,
activation of anorexigenic GLP-1 (glucagon-like peptide-1)
receptors in the PVT decreased food intake and seeking behaviors
(Ong et al., 2017). Given that inhibitory inputs to the PVT drive
consumption, excitatory inputs or disinhibition of the PVT

projecting neurons should shut down feeding. The ventromedial
nucleus of the hypothalamus (VMH) is considered to inform the
PVT during states of energy surplus, within its broader output to
normalize homeostasis, and activation of glutamatergic inputs to
the PVT from the VMH SF1 neurons (expressing steroidogenic
factor 1) were shown to suppress food intake (Zhang et al., 2020).
Interestingly, that manipulation did not impact metabolism,
indicating that the VMH-PVT pathway may exclusively regulate
the behavioral component of energy balance.

Danger shuts down feeding and stress-related signals should
impact the PVT in the opposite direction from signals that
drive feeding. Consistent with this notion, under stress, the
locus coeruleus dopaminergic pathway has been shown to
disinhibit the posterior PVT projecting neurons via a D2 receptor
mechanism (Beas et al., 2018). In addition, as mentioned above
the CEA GABAergic pathways to the PVT could be important in
cessation of feeding under threat.

Food Seeking Behaviors: PVT Circuitries

for Homeostatic and Cognitive Signals

In contrast to consumption, which has been typically elicited
by inhibition of the PVT, excitation or inhibition of the PVT
neurons and pathways have been shown to mediate food
seeking [also see Cheng et al. (2018) for both food seeking and
consumption after activation]. Similarly, drug reward seeking can
be elicited by both activation and inhibition of the PVT and its
pathways (Millan et al., 2017).

Activation of glucose responsive PVT neurons stimulated
sucrose-seeking (Labouebe et al, 2016) and Fos induction
patterns indicate activation of PVT neurons during food
anticipatory locomotion when hungry (Nakahara et al.,, 2004;
Angeles-Castellanos et al.,, 2007), palatable food anticipation
when sated (Mendoza et al., 2005), and renewal of cue-induced
food seeking after extinction (Anderson and Petrovich, 2017,
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2018). On the other hand, medial prefrontal cortex (mPFC)
inputs to the PVT and PVT-nucleus accumbens (ACB) pathways
are inhibited during conditioned sucrose seeking (Otis et al.,
2017, 2019), and photoinhibition of the anterior PVT and
its pathway to the ACB enhanced sucrose seeking (Do-Monte
et al,, 2017). Interestingly, that manipulation selectivity drove
responding when sucrose reward was unexpectedly omitted,
in accordance with a role of the PVT in balancing food
seeking versus consumption based on food availability. In that
regard, PVT lesions enhanced food cue driven sign-tracking
(lever directed) over goal-tracking (food cup directed) behaviors
(Haight et al., 2015), and blockade of ORX-R2 in the PVT of
sign-tracking prone rats reduced their sign-directed behavior
(Haight et al., 2020). In contrast, the blockade of ORX-R1
in the PVT of sign-tracking prone rats decreased sign- and
increased goal-directed behaviors 24 h later (Haight et al., 2020),
indicating potential memory consolidation effects, similar to
prior findings after systemic ORX-R1 blockade (Keefer et al.,
2016). Furthermore, anterior PVT neurons were recruited when
ORX-R1 were blocked systemically, which inhibited cue-induced
consumption (Cole et al., 2015).

In addition to cortical inputs, hypothalamic inputs to the
PVT from the arcuate nucleus AgRP (NPY/GABA) neurons
have been shown to drive food seeking behaviors (Livneh et al.,
2017; Wang et al.,, 2021). The AgRP neurons are sensitive to
energy balance signals and powerfully drive food consumption,
via GABA or NPY release (Krashes et al., 2013). Notably, the
AgRP-PVT pathway was shown to be important for food seeking
and learning about food location but not for consumption (Wang
etal., 2021). Interestingly, that pathway engaged AgRP and NPY,
rather than GABA signaling, consistent with the notion that
different substrates underlie food seeking and consumption.

In contrast to adaptive behaviors, activation of AgRP neurons
in the absence of food induced stereotypic, repetitive, seemingly
compulsive behaviors (increased grooming, marble burying) in
mice (Dietrich et al.,, 2015). The data suggested that different
AgRP circuitries drive these behaviors from those driving
consumption but whether they involve inputs to the PVT is
not known. Nevertheless, the effect was mediated by NPY Y5
receptors, which are present in the PVT area of the thalamus
(Wolak et al., 2003). Systemic NPY administration is well known
to strongly enhance food motivation and wheel running in an
animal model of anorexia (Flood and Morley, 1991; Nergardh
et al., 2007). Thus, it is plausible that the NPY-PVT pathway
may drive excessive behaviors when food is absent during
extreme states of hunger, perhaps similar to behaviors observed
in anorexia nervosa.

How these different excitatory and inhibitory inputs are
integrated within the PVT to control food seeking and whether
they mediate the effects via the same output is unknown.
Accumulating evidence indicates that the PVT outputs via the
ACB mediate food seeking behaviors (Choi et al.,, 2012; Do-
Monte et al., 2017; Ong et al., 2017; Cheng et al., 2018; Campus
etal, 2019; Otis et al., 2019). The PVT is a complex structure and
the connections of the rostral and caudal parts are distinct (Li and
Kirouac, 2012). Recently, two distinct neuronal types within the
PVT have been identified based on the presence of the dopamine

D2 receptors (type 1) or Galanin (type 2) and other characteristics
(Gao et al,, 2020), These neurons are differently distributed
across rostro-caudal extent of the PVT—type 1 neurons are
more abundant caudally and type 2 rostrally but they have
similar distribution in the middle of the PVT —and appear to
function via parallel connections with the mPFC. Importantly,
the type 2 neurons control arousal via the infralimbic cortex
(Gao et al., 2020).

The anterior PVT has extensive connections with the
prelimbic cortex and the ventral subiculum (Vertes, 2004; Li
and Kirouac, 2012), while the posterior part of the PVT is more
heavily interconnected with CEA and viscerosensory areas and
has been implicated in stress (Hsu et al., 2014). The posterior
PVT receives inputs from the ventrolateral medulla that drive
hypoglycemia (glucoprivation)-induced food seeking via the
ACB core (Beas et al.,, 2020). Interestingly, both anterior and
poster PVT are needed to resolve motivational conflict when
a cue signals reward and punishment (Choi et al., 2019). How
reward and stress are integrated across the anterio-posterior PVT,
and how they engage the type 1 and type 2 neurons, are important
questions for future research.

HUNGER, AROUSAL, AND STRESS
INTEGRATION WITHIN THE PVT: IT IS
ALL ABOUT ENERGY

Energy metabolism is tightly coupled with feeding behavior,
however, energy is required for all behaviors and cell functioning
but how that information is integrated across the neural systems
underlying non-feeding behaviors is not clear. Similar to hunger,
stress engages arousal and energy resources. The PVT is uniquely
positioned to integrate hunger, arousal, and stress and adaptively
regulate behavioral choice.

In addition to guiding food seeking and consumption, the
PVT is important in stress and arousal (Hsu et al., 2014; Colavito
et al., 2015; Millan et al., 2017). Notably, the PVT is one of the
densest outputs of the lateral hypothalamic neurons that express
the neuropeptide orexin (ORX; also known as hypocretin), which
is critical for wakefulness, arousal and motivation (Peyron et al.,
1998; Petrovich, 2019). Furthermore, the PVT is under the strong
influence of interoceptive signals. In addition to the internal
signals related to energy balance, the PVT receives prominent
viscerosensory information, including pain, in addition to taste
(Thompson and Swanson, 2003; Kirouac, 2015; Millan et al.,
2017). In turn, the PVT can communicate with cortical and
striatal areas within an interconnected network to determine and
produce the most adaptive behavioral output (Kirouac, 2015;
Vertes et al., 2015). Through these connections, the PVT could
impact behavioral, hedonic, and decision-making circuitries, as
well as memory formation and recall (Petrovich, 2018a).

Stress and arousal can have a major impact on feeding
behavior and energy metabolism (Hsu et al., 2014; Colavito
et al., 2015). Stress can inhibit or induce eating, depending
on the type of stressor and timing. Anticipatory stress
inhibits eating (Petrovich et al., 2009; Petrovich, 2018a), while
palatable food consumption is enhanced post stress (Adam
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and Epel, 2007). Arousal is essential in behavioral control,
from regulation of sleep/wakefulness, to reward motivated
behaviors and production of excitement or induction of aversive
fear and stress states. The PVT is crucial for wakefulness
(Shao et al.,, 2019), and that circuitry was recently shown to
include inputs from ORX neurons and outputs to the ACB
(Ren et al., 2018).

Feeding associated anticipatory locomotion and hunger-
associated arousal require the PVT (Nakahara et al., 2004; Hua
etal., 2019). ORX neurons enhance arousal in response to fasting
(Yamanaka et al., 2003) and support hedonic feeding and drug
reward motivation via the PVT (Choi et al., 2010, 2012; Matzeu
et al.,, 2014). Wakefulness due to hunger requires calretinin PVT
neurons that project to the bed nuclei of the stria terminalis, and
that pathway was proposed to mediate stress aspects of arousal
during starvation (Hua et al., 2019).

Behavioral Prioritization Based on
Internal State: Adding Feelings and

Action to Taste

The PVT receives very prominent visceral sensory information,
including nociception. That information can arrive directly from
the brainstem (nucleus of the solitary tract, parabrachial nucleus)
as well as from multiple interconnected areas—including the
hypothalamus, amygdala, bed nuclei of the stria terminals, and
insular cortex (Thompson and Swanson, 2003; Kirouac, 2015;
Petrovich, 2018a). An important function of the PVT is to
appropriately match the internal state of the body with behavioral
and cognitive states, and dynamically adjust them to ensure
animal’s survival.

Because energy is essential for survival, hunger is an aversive
state. Arousal is important for the intensity of affective states
that accompany motivated behaviors. The visceral sensory
(interoceptive) information has been historically associated with
affect and emotion. More recently, the visceral processing neural
network has been implicated in biasing many higher-order
functions in humans, including the concept of self (Critchley and
Harrison, 2013). Thus, in addition to guiding behavior, the PVT
may be important for translating the meaning of internal states in
terms of animals’ perception, cognition, and affect, as well as an
overall sense of well being.

COMPARISON TO PREVIOUSLY
PROPOSED PVT FUNCTIONS

The PVT role in the adaptive control of feeding behavior
that was put forward in this perspective relates to previously
proposed functions for this brain area. The PVT has been
hypothesized to play a critical role in wake control (Shao
et al,, 2019), and wakefulness and arousal are essential in
the control of feeding behavior. At the minimum an animal
needs to be awake in order to be able to forage and consume
food, and vigor can enhance these behaviors. On the other
hand, vigilance and arousal due to stress or approaching
danger may shut down feeding. How the PVT integrates
information about wakefulness and arousal with food foraging

and consumption in an adaptive manner is an exciting area of
future research.

Here, it was proposed that the PVT circuitry resolves
competition between feeding and other survival behaviors,
and guides switching between food seeking and consumption.
The functional circuitry highlighted here was built upon the
anatomical connections originally outlined by Kirouac in the
context of behavioral control (Kirouac, 2015). The proposed
adaptive control of feeding is related to the PVT function
in resolving motivational conflicts (McGinty and Otis, 2020;
McNally, 2021) and in gating which reward motivated behaviors
are expressed (Haight and Flagel, 2014; Millan et al., 2017). The
PVT was previously identified as critical to individual differences
in Pavlovian conditioned responses (sign- vs. goal-tracking) and
was postulated to underlie multiple forms of stimulus-reward
learning (Haight and Flagel, 2014).

Similar to food seeking and consumption, the PVT is
important for drug seeking and intake of at least some
drugs (Matzeu et al,, 2014; Millan et al., 2017). It is also
important in drug addiction and relapse, as well as aversive
states associated with drug withdrawal (Millan et al., 2017).
It has been conceptualized that the PVT mediates appetitive
motivation in feeding and drug addiction through its extensive
connectional network (Millan et al., 2017). In agreement with
the idea that common PVT substrates mediate natural and
drug motivation, hunger and satiety signals have been shown
to impact drug seeking and self-stimulation via the PVT (James
et al., 2010; Choudhary et al, 2018; Chisholm et al.,, 2021).
Similarly, an addiction mechanism that was suggested to involve
impairments in response inhibition and PVT connectivity with
the ventromedial prefrontal cortex (Huang et al., 2018) may also
underlie maladaptive hedonic eating.

In addition to reward, the PVT mediates behavioral control
in the context of stress (Hsu et al., 2014) and has been proposed
to be a key part of the emotional processing network (Barson
et al., 2020). Motivated behaviors are accompanied by affect and
as discussed briefly in above section “Behavioral Prioritization
Based on Internal State: Adding Feelings and Action to Taste” it is
adaptive for hunger and satiety to be associated with negative and
positive valence states, respectively. The PVT is well positioned to
interpret interoceptive signals and affect in the context of feeding
and other survival drives, and to integrate that information across
behavioral and cognitive networks.

CONCLUDING REMARKS

This perspective presented a framework for the PVT function
in the control of feeding behavior within the context of energy
balance and survival mechanisms, and discussed recent progress
in identifying distinct PVT functional circuitries (Figure 1). That
progress has been significant but has also revealed many pressing
questions: Which specific PVT subsystems (cells and circuits)
control different components of feeding behavior (seeking
vs. consumption)? Do common or different PVT substrates
mediate homeostatic, hedonic, and cognitive feeding and how
are those systems regulated under stress? Do PVT outputs
function in parallel or do they overlapping and where? Are
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there sex differences in the PVT circuits and their function? The
conceptual framework presented here could provide a starting
point in addressing these questions.
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