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Abstract

Early anatomical evidence suggested that the paraventricular nucleus of the thalamus (PVT) 

regulates arousal, as well as emotional and motivated behaviors. Here, we discuss recent studies 

employing modern techniques which now confirm and expand the involvement of the rodent PVT 

in these functions. Despite the emerging notion that the PVT is implicated in various behavioral 

processes, a recurrent theme here is that activity in this brain region depends on internal state 

information arriving from the hypothalamus and brainstem, and is influenced by prior experience. 

We propose that PVT’s primary function is to detect homeostatic challenges by integrating 

information about prior experiences, competing needs and internal state to guide adaptive 

behavioral responses aimed at restoring homeostasis.
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TOWARD A NEW CONCEPTUALIZATION OF THE PVT

The rodent PVT, along with the rest of the midline and intralaminar thalamus, consists 

primarily of excitatory neurons thought to relay information across various cortical and 

subcortical regions [1,2]. However, classical anatomical studies show that, unlike 

neighboring thalamic structures, the PVT extends over the entire rostro-caudal length of the 

midline thalamus and displays unique efferent and afferent connectivity patterns with the 

cortex, basal forebrain, amygdala, ventral striatum, hippocampus, hypothalamus, and 

brainstem [3–5]. Moreover, reports of important differences in downstream connectivity 

between the anterior and posterior PVT (aPVT, pPVT) hint at the existence of functional 

segregation across the antero-posterior axis of the PVT [2, 3]. But prior technical limitations 
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barred researchers from directly interrogating such hypotheses and gaining fundamental 

insights into the role of the PVT in behavior.

The rise of new technological advances has opened the door to refined mechanistic inquiries 

of PVT function. Recent studies using advanced approaches to monitor neuronal activity 

(e.g. fiber photometry and two-photon microscopy) and manipulate it (e.g. optogenetics and 

chemogenetics) have provided causal evidence linking the PVT to representations of 

valence, salience, arousal, internal state, and the regulation of emotional and motivated 

behaviors [6, 7]. While a holistic view of PVT function is currently lacking, these new 

findings place the PVT at the crossroads where interoceptive and exteroceptive signals are 

integrated with experience to orchestrate emotional and motivated behaviors. Here, we 

overview the recent literature and present an updated view of the rodent PVT and its role in 

behavior. Specifically, we discuss recent evidence highlighting the processing of emotional 

signals and internal state in the PVT (i.e. valence and arousal), and the emergence of 

behavioral correlates of PVT function. Most of our discussion is centered on the pPVT, since 

the majority of modern studies of PVT function have focused on this region. We propose 

that the PVT is activated by homeostatic challenges (aversive signal) and biases the selection 

of adaptive behaviors in order to restore homeostasis (Figure 1). Central to this discussion is 

the idea that experience- and state-dependent modulation of PVT circuits is critical to this 

process.

EMOTIONAL SIGNAL PROCESSING IN THE PVT

Recent proposals suggest that emotions, such as fear or anger, can be defined as primitive 

central states exhibiting generalizable properties shared by different species [8]. Some of 

these primitives are centered on classic theories that describe emotions as a composition of 

two scalars: arousal (or the intensity or salience of environmental stimuli) and valence (or 

the hedonic value of an object or event) [9]. Based on this conceptualization, some studies 

on the neural basis of emotion have focused on the contribution of discrete brain regions 

within cortico- and mesolimbic pathways which are known to contain representations of one 

or both of these scalars. These include the amygdala, medial prefrontal cortex (mPFC), 

ventral striatum and midbrain [10]. Recently, however, this conceptual framework has been 

expanded to include the midline thalamus, in particular the PVT. Previously, the PVT was 

considered mostly as a node of the ascending arousal activating system [11], and was 

excluded from traditional diagrams of the emotional processing network. In this section, we 

first summarize evidence supporting a role for the PVT in signaling arousal states, and then 

discuss more recent findings demonstrating the existence of valence representations in the 

PVT. The following section will extend these discussions to the emerging roles of the PVT 

in emotional and motivated behaviors.

PVT activity is modulated by and signals arousal states

The PVT receives dense innervation from the pontine reticular formation as well as from 

orexinergic fibers of the hypothalamus [2, 12]. Research on the arousal-promoting nature of 

these pathways led to the notion that the PVT belongs to a thalamocortical arousal system. 

While for decades, evidence for this hypothesis was equivocal, recent studies offer strong 
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support to this idea. First, a study centered on the dorsal medial thalamus identified 

calretinin-expressing (CR+) neurons within this region (mainly in the PVT) as part of a 

diencephalic node that controls forebrain arousal [13]. The authors demonstrated that the 

firing rate of CR+ neurons increases in proportion with arousal state, and that optogenetic 

stimulation of these neurons promotes arousal. A separate study published around the same 

time found that silencing PVT neurons decreases wakefulness and promotes sleep, whereas 

stimulation of these neurons induces wakefulness from both sleep and general anesthesia 

[14]. Notably, the authors linked orexinergic modulation from the hypothalamus as critical 

to PVT-mediated arousal [14]. Collectively, these studies offered the first evidence that 

neuronal activity within the PVT is causally linked to the control of arousal states. This 

conclusion was recently confirmed and extended by an independent study showing that 

dopaminergic signaling may be important to this process [15].

Various fundamental questions arise from these studies that deserve further investigation. 

For instance, is signaling arousal the primary function of the PVT? If not, in what 

circumstances is the PVT recruited to exert control over arousal? Although a systematic 

evaluation of these questions is currently lacking, a potential explanation to PVT’s 

involvement in arousal signaling may lie in the widely accepted notion that the PVT displays 

unique sensitivity to aversive stimuli (as we will discuss in detail below) and participates in 

the regulation of motivated behaviors. Within this context, the PVT may promote alertness 

in situations that require goal-oriented responses. This model finds some support in a 

recently published study that linked the activity of CR+ neurons of the PVT to starvation-

induced arousal in mice [16]. Using an ethologically relevant model of need-based arousal – 

starvation – the authors identified CR+ projections from the PVT to the bed nucleus of the 

stria terminalis (BNST) as drivers of arousal in response to an apparent motivational conflict 

(sleep vs feeding) [16]. Collectively, these findings support the idea that the PVT’s role in 

arousal may be inherently linked to negative emotional states and the subsequent cognitive 

and motivational processes that promote homeostasis. Consistent with this view, infusion of 

the arousal-promoting neuropeptide orexin into the PVT, is associated with the emergence of 

negative emotional states [17].

It is important to note that despite the general consensus on PVT’s participation in the 

control of arousal, each of the described studies [13, 14, 16] implicated (for the most part) a 

different projection of the PVT in this process (i.e. the cortex, striatum and amygdala, 

respectively). These divergent conclusions regarding the downstream effectors that promote 

arousal may be reconciled by the profound collateralization of PVT neurons [13]. This 

anatomical feature could lead to the recruitment of a widely distributed neural network 

during aroused states, thereby coordinating cognitive, emotional and motivational processes 

[13]. Furthermore, while in both study [13] and [16] the activity of a majority of PVT 

neurons was observed to be positively correlated with arousal, the studies also reported that 

a large proportion of PVT neurons appear to be negatively modulated by arousal. These 

observations raise the possibility that while a defined class of PVT neurons drives arousal, 

another PVT subpopulation may antagonize this process. Indeed, a recent report 

demonstrated that the PVT contains a previously overlooked class of neurons that is 

negatively modulated by arousal and antagonizes arousal via projections to the infralimbic 

cortex [18]. Jointly, the studies described here support the idea that the activity of defined 
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neuronal subpopulations of the PVT influence arousal bidirectionally and through 

segregated projections. Interestingly, one of these studies further showed that widespread 

inhibition of PVT glutamatergic neurons leads to the fragmentation of wakefulness [14]. The 

arguments presented above suggest that this observation may result from the modulation of 

distinct PVT pathways that compete over the control of wakefulness. However, future 

studies should aim at more systematic interrogations of the dual control of arousal exerted 

by divergent neuronal circuits of the PVT.

Representations of valence in the PVT

Together with recent demonstrations that the PVT is an important site for the processing of 

arousal, new findings have also supported the idea that the PVT contains representations of 

valence, with a large proportion of PVT neurons (mostly in the pPVT) selectively tuned to 

aversive stimuli [18–21]. Studies using in vivo calcium imaging and single-unit recordings 

demonstrate that aversive stimuli such as mild electrical shock, tail suspension, and air puff, 

are associated with acute increases in neuronal activity in the pPVT [18, 19, 22]. These 

observations complement early studies showing robust activation of the PVT in response to 

various multimodal physical and psychosocial stressors [23, 24]. They also coincide with the 

documented strong innervation of the PVT by nociceptive and stress-processing regions of 

the brainstem such as the periaqueductal gray (PAG), parabrachial nucleus (PBN), and locus 

coeruleus [2, 4, 19, 25]. Long lasting effects of aversive experience in the neuronal circuits 

of the PVT have also been reported [19–21]. For example, fear conditioning has been shown 

to drive persistent changes in the spontaneous firing rate of PVT neurons in rats [20]. 

Similarly, acute stress is associated with lasting decreases in synaptic inhibition onto D2R+ 

neurons of the pPVT [19]. Interestingly, pharmacological activation of D2R+ PVT neurons 

in mice can facilitate emergence from anesthesia [15]. This supports that the dopaminergic 

disinhibition of PVT neurons described in [19] contributes to both valence (aversion) and 

arousal. In summary, the studies discussed here demonstrate that negative experiences can 

drive both acute and long-term effects in the circuit activity of the PVT.

Given that the PVT is integrated into circuitry known to participate in the processing of 

rewarding and appetitive information, additional studies have focused on the involvement of 

PVT neurons in processing positive valence [26]. Using both bulk and single-cell calcium 

imaging approaches, studies revealed that PVT neurons are largely suppressed by both 

appetitive and non-appetitive rewarding experiences [18, 27, 28]. First, bulk calcium 

imaging using fiber photometry demonstrated that two major classes of PVT neurons are 

inhibited when mice transition from least-preferred temperatures to thermoneutral ones, as 

well as during social encounters [18, 29, 30]. Next, a two-photon calcium imaging study 

showed that individual PVT neurons that project to the nucleus accumbens (NAc) – a 

structure involved in coordinating reward-seeking and motivated behaviors – are inhibited by 

sucrose reward [28]. Consistent with this observation, PVT–NAc axon terminals display 

inhibitory responses to reward consumption [31, 32]. Collectively, these studies indicate that 

PVT neurons (including those that project to the NAc) are inhibited by rewarding stimuli. 

These inhibitory responses are distinct from neuronal activation seen in reward anticipatory 

stimuli [33], which are addressed later in this review. The observation that rewards are 
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mostly associated with suppressing PVT neuronal activity further supports the notion that 

the PVT’s role in promoting arousal is primarily linked to the signaling of aversive states.

PVT neurons, in addition to their modulation by unconditioned aversive and rewarding 

stimuli, can acquire conditioned responses to cues previously associated with positive and 

negative outcomes [20, 21, 27, 28, 34]. Consistent with widespread valence representations 

in the pPVT, cues that are associated with aversive outcomes typically excite PVT neurons, 

whereas those associated with appetitive ones inhibit them [21, 34]. Moreover, such 

neuronal responses to predictive cues are sensitive to internal state changes [22]. This latter 

observation is consistent with the proposal discussed in more detail later in this review that 

PVT circuits are closely related to homeostatic regulation.

Finally, although most recent studies are consistent with the idea that the PVT (particularly 

the pPVT) is broadly tuned to aversive stimuli, a recent study using fiber photometry 

reported that the PVT is strongly activated by salient stimuli, regardless of their valence 

[22]. One potential explanation for the discrepancy between this study and those 

emphasizing PVT’s tuning to aversive stimuli (specifically) lies in the known limitations of 

the fiber photometry technique [35]. In this instance, the interpretation of salience encoding 

in the PVT was drawn at the population level and may not necessarily reflect a bona fide 
feature of individual PVT neurons. Growing insights into the activity of individual PVT 

neurons indicate that valence responses of PVT neurons are (in some cases) more 

heterogeneous that previously appreciated. This highlights the potential impacts that single 

cell imaging ang sequencing techniques may provide to broaden our classification of PVT 

neuronal subtypes [6].

PVT’S ROLE IN EMOTIONAL AND MOTIVATED BEHAVIORS

The PVT controls fear and avoidance behaviors

Behavioral correlates of PVT function have often been studied in the context of fear and 

defensive behaviors, motivated by the PVT’s distinct connectivity with brain structures 

implicated in fear processing—namely areas of the extended amygdala, mPFC and 

brainstem [3, 4, 36]. The PVT sends heavy afferents to the BNST, the central nucleus (CeA) 

and the basolateral amygdala (BLA)—structures recognized as major players in driving 

associative fear learning and fear expression [37, 38]. The PVT is also reciprocally 

connected with the prelimbic and infralimbic cortices, which are integral to fear retrieval and 

fear extinction [39], respectively, and receives visceral and nociceptive input from the PBN 

and PAG [4, 25, 40, 41]. Fear, it should be mentioned, is sometimes defined in relation to its 

conscious subjective experience. For the purpose of this review, we define fear as a central 

emotional state that is associated with the emergence of defensive behavior (including 

freezing) [8, 42].

Among brain regions innervated by the PVT, the CeA receives some of the densest 

innervations [43], and recent studies using optogenetic and chemogenetic tools have linked 

PVT–CeA connectivity to CeA-dependent processes such as the formation and retrieval of 

fear memory in both rats and mice [20, 21,44, 45]. In one of these studies, following 

auditory fear conditioning, pPVT neurons were shown to acquire auditory cue-evoked 
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responses [20]. However, PVT’s role in fear regulation appears to be complex. First, the 

PVT is recruited in a time-dependent manner, whereby inactivation of the PVT impairs fear 

retrieval at late (>24 hr), but not early (6 hr) time points [20, 21]. Second, inactivation of 

PVT–CeA projections impairs fear memory retrieval and this effect persists a day later [20]. 

While a major conclusion from this finding was that the PVT regulates the maintenance of 

fear memory (e.g. reconsolidation), considering that freezing behavior was the sole metric 

supporting this assessment, questions remain on whether the PVT impacts fear memory 

maintenance as suggested. Time-dependent recruitment of the PVT is also supported by 

initial lesions studies showing that an intact PVT is required for neuroendocrine responses to 

chronic (persistent) but not acute stress [46, 47]. These findings, alongside subsequent 

studies highlighting a role for the pPVT in stress habituation and facilitation, suggest that the 

PVT may further serve to store information about aversive experiences [48].

Consistent with the forementioned conclusion, and as previously discussed, negative events 

are associated with the emergence of synaptic plasticity and changes in baseline firing rate in 

PVT neurons [19, 20]. Thus, it is plausible that these experience-dependent changes serve as 

“memory traces” that underlie the PVT’s influence over adaptive behavior in response to 

related and/or distinct future aversive episodes. However, the idea that memory-related 

information is stored locally in the PVT has not been tested empirically. Alternatively, the 

PVT may integrate information about learning and decision making from the prefrontal 

cortex [28, 49, 50]. Nonetheless, current findings indicate that the PVT regulates some 

aspects of fear memory. Future studies should aim at investigating the precise contribution of 

the PVT to fear-related behaviors, and the specific features of fear memory to which the 

PVT contributes.

The PVT drives reward seeking

While the PVT is not traditionally considered as a part of the classic mesocorticolimbic 

reward circuitry, it displays efferent and afferent connectivity with structures directly 

implicated in reward processing. In particular, the PVT densely innervates the NAc and has 

been shown to modulate dopaminergic signaling within this region [2, 51]. These findings 

indicate that the PVT may participate in regulating motivated behaviors, including reward 

seeking. Consistent with this proposition, pharmacological, optogenetic and chemogenetic 

manipulations of the PVT have been documented to impact food seeking behaviors [26–28, 

33, 52–58], and fiber photometry imaging of NAc-projecting pPVT neurons demonstrate 

that reward seeking in a foraging task activates this pathway [32]. These findings are in 

agreement with previous reports showing that, unlike food rewards – which inhibit pPVT 

neurons–, hunger signals and reward anticipation strongly activate PVT neurons [16, 33, 59].

Importantly, metabolic information arising from hypothalamic and brainstem regions have 

been implicated as major modulators of PVT–NAc connectivity and subsequent food 

seeking related behaviors [32, 57, 58, 60–63], One study demonstrated that the PVT 

contains a subset of NAc-projecting neurons that is equipped with adaptations that allow for 

direct monitoring of glucose availability and the promotion of food seeking behavior [55]. 

Mounting evidence suggests that the PVT is activated by hunger signals (negative value) and 

subsequently drives food seeking behaviors aimed at mitigating hunger’s effects via PVT–
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NAc communication. Notably, a few studies centered in the aPVT have found that 

photoinhibition of aPVT–NAc projections promotes food seeking behavior [27, 28, 64]. 

These findings are consistent with the idea that the neuronal circuits of the PVT are diverse 

and may be organized in a way that promotes flexible and bidirectional control over 

behavior.

Along with its role in regulating the pursuit of natural rewards, the PVT has been 

documented to become activated in response to psychoactive drugs including cocaine and 

amphetamines [65–67]. Interestingly, these effects seem to depend on the function of D2R-

like receptors in the PVT [65], which as described above, have been linked to the emergence 

of aversive states [19]. A recent study demonstrated that the PVT–NAc pathway is causally 

linked to opiate dependence [68]. Importantly, this study demonstrated that PVT neurons are 

not activated by drug reward per se, but instead are sensitive to and mediate the negative 

effects of drug withdrawal. Here, optogenetic silencing of PVT–NAc projections 

significantly decreased withdrawal symptoms and drug seeking behavior [68]. Another study 

found that cocaine withdrawal increased the probability of neurotransmitter release at PVT–

NAc synapses [69]. These results are consistent with the idea that the PVT is recruited in 

response to aversive events. From this perspective, PVT’s involvement in drug seeking 

behavior can be interpreted as a means by which the negative effects of drug withdrawal are 

prevented (but see [70]). This notion is supported by work showing that orexin infusion in 

the PVT—which can cause anxiety and stress phenotypes—leads to cocaine-seeking 

behavior [17, 71, 72]. Furthermore, the PVT is co-targeted by the dynorphin/kappa-opioid 

receptor system, whose activation broadly mediates pro-addictive behavior through 

dysphoria, and aversive states [73–75]. Overall, while current studies provide particular 

support for a role of the PVT in the relapse phase of addiction (see review [26]), other 

studies have identified PVT’s involvement in the acquisition, reinstatement, and withdrawal 

phases of drug addiction [53, 68, 76, 77], Future studies should address changes in the 

PVT’s contribution to the progression of the phases of drug addiction as a continuum.

To summarize, we believe that the PVT’s recruitment by aversive events is a recurrent theme 

critical to the emergence of goal-directed behavior and subsequent reinstatement of 

homeostasis. Moreover, we propose that the PVT’s driving of goal-directed behavior 

following homeostatic challenges is achieved through negative reinforcement. As such, 

similar to its role in drug-seeking, PVT’s involvement in driving food seeking behavior in 

animals with restricted access to food or in response to a metabolic challenge may serve to 

prevent the aversive effects of hunger. In support of this model, in a recent study from our 

group interrogating circuitry mediating food seeking behavior induced by deficits in glucose 

availability, stimulating a projection from the brainstem drove increases in activity of PVT 

neurons and mimicked the aversive state of hypoglycemia in mice. Interestingly, subsequent 

feeding led to decreases in PVT activity [32]. Conversely, a separate study found that 

sustained decreased activity of the PVT driven by chronic stimulation of zona incerta 

inhibitory inputs led to dysregulatory weight gain and overeating [78]. These studies point 

toward the existence of an optimal baseline point for PVT neuronal activity, which is an 

important feature of homeostatic signaling [79].
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THE PVT INTEGRATES EMOTIONAL AND HOMEOSTATIC SIGNALS TO 

GUIDE FLEXIBLE AND ADAPTIVE BEHAVIOR

Homeostasis is a dynamic process directed at achieving internal stability in response to 

environmental challenges. Attaining this goal dictates a system that can integrate past 

experiences (learning) with internally and externally generated signals to guide flexible and 

adaptive behavior. While substantial literature places the hypothalamus as a central region 

for homeostatic sensation and the regulation of energy metabolism [80, 81] we propose that 

the PVT is a key mediator of this integrative process. Our conclusions are bolstered by 

PVT’s is strong innervation from hypothalamic and brainstem nuclei known to participate in 

homeostatic control. In support of this view, we next discuss recent evidence suggesting that 

the PVT, alongside being sensitive to experience and environmental stimuli, is a site of 

prominent state-dependent modulation.

PVT’s role in behavior is influenced by internal state

The PVT is a site of convergence for visceroceptive and metabolic inputs from the brainstem 

and various hypothalamic nuclei (Figure 2), which relay energy needs [2, 30, 82]. Consistent 

with this anatomical connectivity, recent studies have shown that PVT neuronal responses to 

reward-predicting cues can be modulated by metabolic states such as thirst and hunger [16, 

22]. While water and food restriction potentiate neuronal responses to reward-predictive 

cues, these responses are significantly attenuated in sated mice [22, 58]. This state-

dependent modulation of PVT neuronal activity can be attributed, at least in part, to known 

neuromodulatory pathways involved in homeostatic regulation. Specifically, whereas intra-

PVT blockade of orexin-2 receptors attenuated reward seeking behavior in hungry rats, 

infusion of orexin-A increased seeking behavior in sated subjects [58]. These findings are 

consistent with previous observations that the PVT is heavily innervated by orexinergic 

fibers from the lateral hypothalamus [12]. PVT neurons are also equipped with important 

adaptations for monitoring metabolic state, such as glucose levels, and promoting goal-

directed behavior [55].

While the PVT’s neuronal encoding of reward-predictive cues can be potentiated by hunger 

signals, a recent study showed that these responses are attenuated when mice are exposed to 

an aversive context [22]. This report suggests that motivational conflicts can bias the 

responses of PVT neurons and thereby impact motivated behaviors. Similar emotional state-

dependent modulation of neuronal activity has been observed in PVT-projecting neurons of 

the mPFC, indicating that corticothalamic neurons may contribute to state-dependent 

processes converging in the PVT [34, 49, 50]. Additional evidence of state dependent 

modulation of PVT neuronal activity and behavioral outcomes comes from a recent report 

demonstrating that acute stress promotes lasting disinhibition of PVT neurons via 

dopaminergic actions of the locus coeruleus (LC). Notably, this LC-mediated disinhibition 

of PVT neurons can facilitate the formation of aversive memories [19]. This finding suggests 

that stressed states can sensitize the PVT to aversive outcomes.

Collectively, the studies discussed here indicate that the PVT is a site of marked state-

dependent modulation of neuronal activity that impact its influence over behavior. 
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Considering that neuromodulatory systems including orexin and dopamine have been 

implicated in these processes, and that the PVT is densely innervated by catecholaminergic 

and peptidergic pathways, future studies should aim at identifying the cellular and molecular 

mechanisms by which neuromodulatory systems influence the neuronal circuits of the PVT 

and their control over behavior [1, 2, 83–85].

In the first part of this review, we summarized recent observations that highlight the 

representation of emotion scalars by the neuronal circuits of the PVT. Subsequently, we 

discussed evidence demonstrating that the PVT guides behavioral responses to both reward 

and aversive associations. Lastly, in the present section, we have pointed at evidence 

establishing a causal link between contextual and state-dependent modulation of PVT 

circuits, and flexible switches in motivated behavior. Together, these lines of evidence 

indicate that the PVT integrates information about learned associations and the environment 

with internally generated signals to guide behavioral outcomes. This is perhaps better 

illustrated in situations of motivational conflict whereby the PVT appears to arbitrate 

between behavioral decisions. Indeed, when mice are simultaneously presented with cues 

indicating both aversive and appetitive contexts, intact PVT signaling is necessary for proper 

execution of approach or avoidance behaviors [86, 87]. This arbitration amid motivational 

conflicts highlights an important feature of homeostatic systems: the balancing of internal 

state with environmental challenges.

The PVT orchestrates homeostatic behavioral responses through the NAc

The anatomical distribution of the efferent projections of the PVT suggests that the NAc is a 

major route by which the PVT guides behavior [2]. Indeed, approximately 80% of all PVT 

neurons innervate the NAc [88]. Here, we propose that in response to homeostatic 

challenges the PVT coordinates goal-directed behaviors via its projections to the NAc 

(Figure 1). Within this conceptual framework, innervation of PVT–NAc neurons by the 

hypothalamus is critical to this process. The PVT was previously hypothesized to be a 

central node linking hunger-related signals arising in the hypothalamus with food seeking 

behavior (via the NAc) [58, 62]. However, we believe that hypothalamic innervation of NAc-

projecting PVT neurons is a general mechanism linking homeostatic challenges to 

instrumental behaviors. For example, the PVT is likely a node linking cold temperature 

challenges with nest building behavior [30]. Similarly, oxytocin receptors in the PVT appear 

to underlie maternal behaviors such as crouching over pups [89]. Importantly, oxytocin is 

produced by the hypothalamus and maternal behaviors have been shown to activate PVT 

neurons and depend on NAc function [90–92]. While evidence for PVT’s involvement in 

these behaviors is limited, our model is supported by broad innervation of the PVT by 

preoptic regions previously linked to thermoregulatory and parental behaviors [30, 93]. 

Additionally, despite the goal-directed nature of these responses, the aforementioned 

hypothalamic nuclei do not project directly to the NAc [94]. Based on this premise, we 

propose that the PVT is a target region by which the hypothalamus translates homeostatic 

signals into instrumental behaviors aimed at restoring balance. Furthermore, the PVT may 

leverage the balancing of competing needs by integrating information from a distributed 

hypothalamic network.
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It is important to note that NAc-projecting PVT neurons appear to collateralize to other 

subcortical and cortical regions [13, 88]. Therefore, despite the NAc being its primary target, 

the PVT appears to influence behavior through parallel and divergent streams. For instance, 

the PVT may influence cognitive processes primarily via its interaction with the mPFC, and 

emotional responses via its projection to the amygdala [20, 21, 28, 45, 49, 95–97]. To date, 

however, a systematic characterization of how PVT’s distinct contribution to behavioral 

processes map onto discrete outputs is lacking.

An emerging concept is that the PVT may be a previously overlooked modulator of the 

mesostriatal pathway. Evidence from electron microscopy and microdialysis studies indicate 

that the PVT controls the extracellular concentration of dopamine in the NAc [51]. A 

separate recent study showed that the activity of PVT–NAc neurons ramps up as mice 

approach an anticipated reward [32], thereby resembling the approach-related dynamics in 

dopamine concentration in the NAc [98]. In addition to understanding what type of 

behaviors are regulated by the PVT and the underlying anatomical projections involved in 

these processes, an equally relevant task is to identify the precise cellular and circuit 

mechanisms by which the PVT influences motivated behavior.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

In conclusion, we propose that the PVT acts as a link between circuits of homeostatic 

control (hypothalamus and brainstem) and those driving emotional and instrumental 

behaviors (amygdala and striatum). As such, the PVT may function as an integrative hub 

that answers to homeostatic challenges by promoting flexible adaptive behaviors (Figure 1). 

Moreover, while initial evidence suggests that the PVT appears to promote reward and 

aversive responses via segregated projections to the NAc and the CeA respectively, we 

hypothesize that such differential roles are likely a reflection of a divergence between 

circuits of instrumental and Pavlovian behavioral control and not necessarily tied to valence 

(see Outstanding Questions). While empirical support of the proposed model is yet to be 

collected, important indications from existing literature bolsters this conceptualization. For 

example, the NAc has been linked to instrumental responses of opposing valence (e.g. 

reward seeking and the avoidance of punishment), while the CeA has been associated with 

Pavlovian-related responses to both appetitive and aversive stimuli [99–101]. Future studies 

should explore the role of PVT–NAc communication in instrumental responses to negative 

stimuli such as avoidance, and the role of PVT–CeA communication in Pavlovian-like 

appetitive reactions such as incentive salience. We envision that future investigations may 

revise the view of the PVT as embedded in segregated pathways for reward and aversion and 

replace it with a conceptualization of two pathways controlling instrumental and Pavlovian 

responses.
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OUTSTANDING QUESTIONS

PVT projections to the NAc and the CeA are often thought to represent pathways by 

which the midline thalamic structure regulates positively- and negatively-valenced 

behaviors, respectively. Is the segregation of PVT–NAc and PVT–CeA pathways a 

reflection of a general role for the PVT in controlling instrumental and Pavlovian 

behaviors?

Evidence from in vivo electrophysiological and calcium imaging studies indicate that the 

neuronal circuits of the PVT are heterogenous. How do functionally distinct neuronal 

circuits interact locally within the PVT to control behavior?

The PVT is a site of profound convergence of neuromodulatory systems. How do these 

systems convey information about internal states to the neuronal ensembles of the PVT?

Studies of PVT function indicate that the PVT plays a general role in driving goal-

directed behavior in response to challenge. Is this achieved through negative 

reinforcement?

How is information integrated in the PVT to promote arbitration in situations of conflict?
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HIGHLIGHTS

• Emerging evidence indicates that the PVT plays a previously overlooked but 

fundamental role in the control of emotional and motivated behaviors. 

Heterogeneity within the PVT is thought to underlie diverse functions in 

behavioral control.

• We propose that the PVT is an integrative node where information about prior 

experiences converges with interoceptive and exteroceptive signals to guide 

the selection of adaptive behavioral responses that promote homeostasis.

• We argue that PVT’s role in homeostatic control is largely influenced by 

hypothalamic and hindbrain inputs that convey information about internal 

state.

• We further argue that while PVT projections to the NAc and the CeA may 

appear to reflect a de facto valenced organization (e.g. reward and fear, 

respectively), these segregated circuits likely provide a means by which the 

PVT can influence both goal-directed and Pavlovian-related behavioral 

responses to homeostatic challenges.

• PVT’s role in driving goal-directed behavior may be particularly motivated by 

negative reinforcement.
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Figure 1. Conceptual model of the PVT’s role in homeostatic regulation.
(a) Homeostatic challenges represent negative (aversive) signals that activate the pPVT, 

leading to the induction of aroused states via distributed downstream projections. (b) This 

negative signal is integrated with cognitive signals from the mPFC as well as with internal 

state information propagated from diverse hypothalamic and brainstem sources. (c) 

Following integration, the pPVT participates in the coordination of adaptive behavioral 

responses largely via the NAc and the CeA. (d) Reinstatement of homeostasis is associated 

with a positive (rewarding) signal that inhibits the pPVT. Although these four processes are 

depicted sequentially, they are instead likely occurring as sets of parallel processes in 

adaptation to an ever-changing environment.
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Figure 2. Schematic representation of major hypothalamic (pink), midbrain (blue), and 
hindbrain (purple) afferents to the rodent PVT (orange).
AHN, anterior hypothalamic nucleus; DMH, dorsomedial hypothalamus; DpMe, deep 

mesencephalic nucleus; DRN, dorsal raphe nucleus; LC, locus coeruleus; LH, lateral 

hypothalamus; MPN, medial preoptic nucleus; NTS, nucleus of the solitary tract; PAG, 

periaqueductal grey; PBN, parabrachial nucleus; PRF, pontine reticular formation; PVN, 

paraventricular hypothalamus; PVT, paraventricular thalamus; SCN, suprachiasmatic 

nucleus; SUM, supramammillary nucleus; VMH, ventromedial hypothalamus; VLM, 

ventrolateral medulla; ZI, zona incerta.
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