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Abstract

Novelty triggers an increase in orienting behavior that is critical to evaluate the potential salience 

of unknown events. As novelty becomes familiar upon repeated encounters, this increase in 

response rapidly habituates as a form of behavioral adaptation underlying goal-directed behaviors. 

Many neurodevelopmental, psychiatric and neurodegenerative disorders are associated with 

abnormal responses to novelty and/or familiarity, although the neuronal circuits and cellular/

molecular mechanisms underlying these natural behaviors in the healthy brain are largely 

unknown, as is the maladaptive processes that occur to induce impairment of novelty signaling in 

diseased brains. In rodents, the development of cutting-edge tools that allow for measurements of 

real time activity dynamics in selectively identified neuronal ensembles by gene expression 

signatures is beginning to provide advances in understanding the neural bases of the novelty 

response. Accumulating evidence indicate that midbrain circuits, the majority of which linked to 

dopamine transmission, promote exploratory assessments and guide approach/avoidance behaviors 

to different types of novelty via specific projection sites. The present review article focuses on 

midbrain circuit analysis relevant to novelty processing and habituation with familiarity.
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1. Introduction

A major driving force for species survival and evolution is the ability to respond and adapt 

when faced with new changes in the environment. For any living organism, exposure to 

novelty (i.e. new environments/contexts, social experiences, food/ resources, sounds, odors, 

etc.) will naturally trigger an orienting response (Table 1) that will culminate with either an 

approach or avoidance behavior to the novel event (Fig. 1A). This increased response to 

novelty is necessary to evaluate the salience of unknown events, particularly the ones that 

could be potentially threatening, and provides a basic mechanism of survival. Nevertheless, 

upon evaluation, the heightened response to novelty rapidly habituates as novelty becomes 
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familiar with repeated exposures (Fig. 1A). Altogether the novelty response and habituation 

(Table 1) leading to familiarity serve as fundamental processes underlying adaptation and 

prime goal-directed behaviors. Numerous neurodevelopmental (i.e. autism spectrum 

disorders1-3 / attention deficit hyperactivity disorder4,5), neuropsychiatric (i.e. 

schizophrenia6,7 / drug addiction8) and neurodegenerative disorders (Parkinson’s disease9) 

are frequently associated with abnormal response to novelty and/or disrupted habituation to 

familiarity10,11. Yet, the brain circuits and cellular/molecular mechanism underlying novelty 

and familiarity signaling in healthy brain has not been completely identified. In addition, 

how these circuits and mechanisms are disrupted in neuropathological conditions is largely 

unknown.

The response to novelty engages a wide neuronal network of many interconnected brain 

areas12. In humans, high-resolution functional imaging studies have determined that novel 

stimuli increase activity of medial temporal lobe (MTL) structures that include the 

hippocampus (HPC), the perirhinal, enthorinal and parahippocampal cortices, among other 

brain areas13,14 (Fig. 1B). For many decades, this network of interrelated structures has been 

deeply studied in the context of promoting novelty detection, memory encoding and 

retrieval15. Intriguingly, novel stimuli also raise the activity of midbrain areas such as 

dopamine (DA) neuron-rich systems in the substantia nigra (SN)/ventral tegmental area 

(VTA)16-19, the primary hub of reward-related processing (Fig. 1B). Novelty is considered 

another dimension of salience (Table 1) intrinsically linked to the value that is attributed to 

the different stimuli in the environment. Midbrain DA systems together with projections to 

the striatum are key in the evaluation of novelty signals and are both functionally connected 

to MTL structures such as the HPC, which conveys critical novelty-related information20. 

The role of midbrain areas in processing novelty and familiarity signaling has been a focus 

of interest over the last few years. In rodents, the development of cutting-edge tools that 

target specific cell types defined by genetic and projection profiles have allowed 

investigation of direct real-time activity dynamics and circuit elements encompassing the 

novelty response and habituation with familiarity. This review article provides an overview 

of novelty in terms of salience, and how specific midbrain systems, most of them linked to 

DA neurotransmission, guide behavioral responses to different novelty subtypes.

2. Types of novelty and stimulus salience

How do we define novelty? Novelty is inherently defined by a lack of previous experience 

and representation of a new event. However, there are many types of novelty that are based 

on the degree of prior knowledge with that new event. When an individual encounters 

novelty, each of the sensory features of the novel event are perceived, processed and 

integrated by thalamocortical circuits21. MTL structures rapidly process whether features of 

the novel stimulus have been previously encoded, as well as the mismatch between the novel 

event with regard to pre-existing information22-24. Novelty that somehow shares similar 

features with past experiences is referred to as “common/contextual novelty” and the 

features of the novel event are integrated to pre-existing representations15. In contrast, 

novelty with minimum prior experience is referred to as “absolute/distinct novelty” and 

requires the creation of new representations. Recent investigations suggest that these two 

types of novelty have different memory consolidation processes and involve divergent 
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neuronal circuits25,26. Common novelty or events that can relate to prior knowledge 

selectively engage midbrain-hippocampal circuits and dopaminergic systems that promote 

memory storage via updating pre-existing neocortical networks26. This type of novelty is 

detected via the HPC which conveys the novelty signal to the dopaminergic midbrain to 

evaluate the salience of the new event15. In addition, the dopaminergic midbrain in turn 

sends a feedback DA signal to the HPC to trigger initial memory consolidation followed by 

an increased cortical memory consolidation, and therefore has a selective effect for the 

retention of the new event itself. Conversely, absolute novelty activates hindbrain-HPC 

systems, particularly DA signals from the locus coeruleus which boost initial memory 

consolidation in the HPC and enhance the retention of unrelated experiences, resulting in an 

overall effect on long-term memory consolidation26. Of note, absolute novelty can trigger a 

grace period for storing a global episodic memory trace and has a major repercussion on 

memory consolidation.

Novelty can also be classified as contextual/spatial novelty or stimulus novelty23. 

Contextual/spatial novelty is associated with the detection of a mismatch in the arrangement 

of stimuli in a previously established context27, whereas stimulus novelty is associated with 

the novelty of the stimulus itself which has not been experienced before. In rodents, 

responses to stimulus novelty are typically assessed when an individual is presented to a 

new/unfamiliar conspecific or social stimulus28, new environments29, new objects30 or even 

new odors31. Each of this stimulus novelty is represented with a single or multiple 

complexity of sensory information that can trigger a novelty response of various intensities.

The novelty response to a new environment is commonly measured in terms of locomotor 

activity during the exploratory event (i.e. distance travelled or speed) when the animal is 

placed in an unfamiliar context. For social, inanimate object, or odor stimuli, the novelty 

response is measured as time the animal spends near the new stimuli, or time/number of 

active exploratory events of sniffing behavior when the animal is directing its nose in close 

proximity to the stimuli (less than 2 cm)28,32,33. To potentiate the novelty response due to 

stimulus novelty and avoid the novelty that originates from the context itself, stimulus 

novelty should be assessed in a previously experienced familiar context (i.e., the test animal 

should be habituated to the testing environment/cage).

As a novel stimulus become familiar upon repeated exposures, the level of exploratory 

behavior decreases. This process, known as habituation, represents a simple form of 

associative learning evolutionarily conserved across species34 and is the most elementary 

form of behavioral plasticity35. In mammals, habituation with repeated presentations can 

predict outcomes of higher cognitive functions and has been used to test the effectiveness of 

potential treatments that enhance cognitive capabilities36. The main goal of habituation 

processing is to act as a novelty filter, allowing an individual to remain focused on more 

relevant or unexpected stimuli10. If, following repeated episodes of habituation in a specific 

context, an individual is subsequently presented with a new stimulus in that same context, 

the stimulus novelty will trigger a rebounded investigation and increased levels of 

exploratory behavior37. Moreover, bearing in mind that novel stimuli are more salient than 

familiar stimuli, when given a choice between novel and familiar stimuli, test animals tend 

to exhibit a novelty preference (NP)38. Although responses of NP have been traditionally 
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studied in terms of cognitive function and memory recognition or discrimination, how the 

salience of the novel stimulus influences the outcome of the NP response has not been 

thoroughly investigated. In rodents, a NP response is assessed when animals are exposed to a 

novel and a familiar stimulus of similar nature simultaneously and, the exploratory response 

towards each stimulus is measured over a time window ranging between 2 and 10 min39. For 

novel and familiar inanimate objects, it has been suggested that the memory recognition 

effect occurs within the first 1 or 2 min of the session38,40. Indeed, during the initial phase of 

testing NP scores tend to be higher since the novel object is newer at the beginning of the 

test but becomes more familiar with repeated exposures within the course of the session35,37.

Novelty increases alertness, attention, facilitates memory and is considered another 

dimension of salience that drives an orienting response41 (Table 1). Although in most 

scenarios this orienting response associates with an increase in exploratory behavior, this 

may be limited to certain types of novelty or contextual characteristics involved, which are 

based on the stimulus/context value. An increased exploratory behavior towards novelty is 

necessary to evaluate the overall salience of the unknown stimulus, enabling identification of 

new sources of potential reward but also, of sources that may be possibly threatening. From 

the perspective of stimulus salience assessment, novelty intrinsically generates an approach-

avoidance conflict that is redefined as novelty becomes familiar and, therefore, becomes 

more predictable when this is evaluated upon multiple exposures24. According to this idea, a 

recent view for novelty exploration has been suggested as being a sequential process of 

learning and decision based on value and threat42, and, therefore DA neurotransmission 

would act as a primary signal in this novelty response (see below).

Are novel stimulus interactions more rewarding than familiar ones? In rodents, interactions 

with novel social conspecifics are both rewarding and reinforcing37,43-45, but those 

interactions with novel inanimate objects have been shown to be aversive46 or signal 

potential threat42. To investigate if interactions with novel social conspecifics are rewarding 

in mice, researchers have developed different versions of the conditioned place preference 

paradigm (CPP), which traditionally measures drug-induced reward/aversion by pairing a 

contextually distinct environment with the drug of interest and then determining if, after 

multiple training sessions, mice prefer or avoid that environment47. During the social 

novelty CPP test, mice learn to associate one compartment of the CPP apparatus with novel 

social interactions (instead of a drug); whereas, the other compartment is associated with 

interactions with a familiar or previously encountered social stimuli. Upon repeated 

conditionings, mice develop a preference for the compartment associated with the novel 

social stimulus, indicating that the novel social stimulus has a higher value than the familiar 

one37,45. However, given that conditioned response to familiar cues establish much slower 

during associative learning than those to novel cues, a behavioral term known as latent 

inhibition48, a preference for the compartment linked to novel social stimuli in the CPP 

paradigm, may be in part influenced by the novelty-induced facilitation of contextual 

associative learning.
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3. Midbrain DA systems

Understanding DA function and its causal link with natural behaviors has been a focus of 

research for several decades. Neurons in the SN/VTA of the midbrain provide the majority 

of DA in the brain, and these neurons are primarily involved in decision-making49, goal-

directed behaviors50, reinforcing learning51 and reward processing52-56. Overall, DA 

neurons are involved in computing emotionally salient stimuli of both positive and negative 

valence, and dysfunction of this system has been implicated in numerous neuropsychiatric 

disorders including substance abuse57,58, anxiety59 and depression60.

In humans, imaging studies have shown that the SN/VTA areas are activated by both actual 

reward and novelty, as well as by cues predicting their occurrence17-19. Interestingly, distinct 

DA midbrain regions seem to be preferentially activated by either reward or novelty 

suggesting the possibility of non-overlapping areas19. Midbrain DA neurons respond to 

novel or to unexpected rewards or reward-predicting cues by switching their firing rate from 

low-frequency firing to phasic burst firing at higher frequencies55, which significantly 

facilitates DA release and neurotransmission at post-synaptic sites. This increase in DA 

firing in response to novelty has been shown in several species and behavioral 

paradigms61-63, and rapidly habituates as the stimulus becomes familiar upon repeated 

exposures. In addition, early work in rats demonstrated that exposure to a novel environment 

raises the levels of DA in the nucleus accumbens (NAc)64,65, a phenomenon typically 

associated with reward. Despite all of the evidence indicating DA neurotransmission is 

strongly activated by novelty, the functional role of DA and the complete network 

underlying the response to novelty still remains elusive.

A broad theoretical framework and the canonical view of DA neuronal function is to 

compute reward prediction error (RPE) signals, the discrepancy between actual and 

predicted reward, to drive learning and predict future outcomes66. The goal of the RPE 

signal is to update values for future estimates and maximize choices with a positive result to 

reinforce those behaviors that may lead to positive outcomes. In the case of novelty, since a 

novel stimulus may predict outcomes of either positive or negative value, the larger response 

of DA neurons has been interpreted as a “novelty bonus”61. According to this idea, DA 

neurons respond to novelty as if novel stimuli are intrinsically rewarding or that they signal 

potential reward availability (ie., as positive RPE). Thus, in this scenario, increased DAergic 

neuronal activity and, presumably, increased DA release at downstream projection areas, act 

as a motivational signal to drive an exploratory behavior17. However, as mentioned above, 

encountering novelty is not necessarily associated with a rewarding experience and DA 

responses to novelty depend on the nature and the intrinsic value of the novel stimulus48.

3.1. The Ventral Tegmental Area

Over the last few years, modern neuroscience approaches have provided deeper insights into 

a functional role for DA signaling in reward/reinforcement processing and also in the 

novelty response. One such innovation is the use of fiber photometry optical recording 

paired with genetically encoded Ca2+ indicators or GCaMPs. Using this approach, bulk Ca2+ 

transients are measured as a proxy of neuronal activity and linked to a specific behavior. 

Pioneering work by the Deisseroth lab, utilized fiber photometry in combination with 
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GCaMP expression in VTA DAergic neurons to demonstrate that, in behaving animals, 

activity of these neurons significantly increases during interaction with two types of novelty: 

when an animal encounters a novel social stimulus and when an animal encounters a novel 

inanimate object67 (Fig. 2A and 2B). In both cases, the strongest activation of VTA DAergic 

neurons occurs during the earlier bouts of interaction with the novel stimuli and then rapidly 

habituates with repeated exploratory events. Noticeably, the authors reported that whereas an 

increase in VTA DAergic neuronal activity predicts the onset of interaction to a novel social 

stimulus (i.e., an approach behavior), for a novel inanimate object, increased activity 

coincides with the termination of the exploratory event (i.e., withdrawal behavior)67. These 

results suggest that the temporal dynamics of VTA DAergic neuronal activity in response to 

novelty may be intrinsically associated with the overall salience of the novel stimulus. 

Indeed, rodents naturally prefer interactions with a novel social stimulus rather than a novel 

inanimate object when offered the choice, suggesting that these two types of novelty may be 

differently processed and may involve different networks of interconnected brain areas (Fig. 

2). Moreover, a novel inanimate object may be perceived as an aversive stimulus in the first 

trials as a form of neophobia, and the release of DA which coincides with the termination of 

the exploratory event could reflect the reward associated with the avoidance of the object 42. 

Additional investigations have reported increased firing rate of VTA DA neurons in response 

to novel environments68,69 or to new odors48, as compared to familiar ones of similar nature.

Despite the robust activation pattern of VTA DAergic neurons upon novel social and novel 

object stimuli interactions, direct manipulations of VTA DAergic neuronal activity either via 

optogenetic or chemogenetic tools have only been able to significantly affect behavioral 

responses to novel social stimuli but not to novel inanimate objects45,46,67. As Gunaydin et 

al previously discussed, one possibility behind these unsuccessful attempts might be related 

to the precise delivery timing of activity manipulations, which may be timescale relevant for 

social but not object novel stimuli investigations67. This could be clarified by using a more 

precise optogenetic manipulation such as the closed-loop stimulation system during novel 

encounters so that one may time-lock activation/inhibition of VTA DAergic neurons upon 

initial approach/contact with a novel stimulus or upon withdrawal. Another possibility might 

be that readouts of behavioral exploration in response to novel inanimate objects may trigger 

a much more complex approach-avoidance conflict than that observed with novel social 

interactions. Indeed, when presented to novel inanimate objects, mice perform “bouts” of 

investigation in which they initially approach the novel object and then quickly retreat42. 

This type of approach-avoidance conflict may represent an evaluation form for potential 

threat of the novel event and therefore, is intrinsically associated with the salience of 

novelty. In line with these results, there is also the possibility that distinctly wired relevant 

subpopulations of VTA neurons differentially respond to novelty based on stimulus salience 

(i.e. distinct responses depending on whether salience has a positive or negative valence), 

and only selective manipulations of specific VTA DA subgroups would elicit behavioral 

outcomes to different types of novelty.

A growing body of literature in the DA field suggests that DAergic neurons are highly 

diverse at the molecular level70, as well as in their activity71,72 and site-specific projection 

pattern73,74, resulting in a refined functional computational system75,76. DA neurons in the 

VTA are segregated into projection-specific site that innervate the striatum via the 
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mesolimbic pathway, the prefrontal cortex (PFC) via the mesocortical pathway, the HPC or 

amydgala and extended areas, among others. Yet, even within the mesolimbic pathway, VTA 

DAergic neurons represent anatomically and functionally distinct populations that send 

axonal projections to different sub-compartments within the NAc, and those can shape 

opposing effects on motivational behaviors77-80. Considering that different brain areas are 

responsible for different types of novelty23, identifying the VTA microcircuits predictive of 

novelty responses should yield valuable insights toward understanding how the salience of 

novelty is evaluated to elicit an exploratory behavior. For novel social stimuli interactions, 

researchers have shown that only the VTA→NAc projection-specific component but not the 

VTA→PFC circuit is involved in the social novelty response67,81 (Fig. 2A). However, this 

VTA→NAc DA projection seems to be less responsive to novel inanimate object 

encounters, as opposed to the responses observed when directly recording VTA DAergic cell 

bodies67. The NAc represents a critical hub for the rewarding properties of social 

interactions44 and also for the storage of social memories82. Work from Okuyama et al. 

demonstrated that the NAc shell receives projections from the ventral CA1 region of the 

HPC, which are necessary for the memory of familiar social interactions but not for novel or 

familiar inanimate objects or context investigations82 (Fig. 2A), supporting the idea that 

different networks encode novelty of different salience. Midbrain DAergic neurons and 

striatal areas are both functionally connected to the MTL26 and, play dual roles in cognition/

memory processing as well as salience evaluation that guides approach/avoidance behaviors. 

Moreover, divergent pathways from striatal and midbrain regions to the HPC are critical for 

processing familiar and novel stimuli information based on their expectancy, and are both 

associated with enhanced subsequent memory83. In rodents, tracing analysis have shown 

that VTA DAergic neurons send abundant axon projections that innervate the CA1 HPC68. 

Photostimulation of the DAergic VTA→CA1 circuit during exploration of novel 

environments is critical to enhance the reactivation of newly encoded hippocampal 

representations and therefore improve memory performance. If VTA DA signals contribute 

to novelty encoding, then attempts should be made to understand feedback mechanisms 

between the MTL and midbrain areas that would elucidate the novelty response and, in 

particular, the loss of stimulus salience with familiarity. Consistent with this idea, recent 

evidence has demonstrated a key role for midbrain DA signaling in responses to latent 

inhibition, when animals show learning rates significantly higher for novel stimuli as 

compared to familiar ones48. Interestingly, this work from Morrens et al. suggests that the 

behavioral adaptive strategy of latent inhibition is controlled by midbrain DA projections to 

cognitive centers, particularly the PFC.

Divergent VTA DA circuits are wired by functional projection-specific outputs as well as 

inputs. One of the most robust inputs to the VTA originates in the lateral hypothalamus 

(LH)84. Projections from the LH to the VTA have been identified as being glutamatergic, 

GABAergic or peptidergic in nature, though research suggests the GABAergic component 

may be more relevant for the novelty response85. Work from Nieh et al. showed that 

optogenetic stimulation of LH→VTA GABA projections increases interaction with novel 

social stimuli, and also promotes investigation of proximal salient objects, indicating the 

GABA LH→VTA pathway can drive an approach/avoidance behavior to novelty from both 

social and inanimate object stimuli (Fig. 2A and 2B). Interestingly, the glutamatergic 
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component of the LH→VTA projection only affects novel object investigation but not novel 

social interaction, highlighting the functional specificity and network connectivity conveying 

salient information from inherently distinct types of novel stimuli. Neurons in the 

hypothalamus have been involved in social NP86,87 and, more recently, in object memory 

formation and in the establishment of appropriate responses to novel and familiar objects88. 

The extensive neuronal diversity and network connectivity of the hypothalamus sets this 

region as a key center for regulating novelty responses, via the VTA, and most probably 

many other structures, such as the HPC87. The LH sends abundant glutamatergic and 

GABAergic projections to the VTA and these inputs monosynaptically innervate VTA 

DAergic neurons, but also GABAergic neurons. Data suggest that the LH→VTA 

GABAergic component acts via disinhibition: Activation of the GABAergic projection from 

the LH elicits DA release in the NAc by suppressing the inhibition of VTA DA neurons by 

local VTA GABAergic neurons85. Similarly, the NAc sends abundant GABAergic inputs to 

the VTA, and electrophysiological and optogenetic studies indicate that these inputs also 

regulate VTA DAergic neurons through disinhibition via VTA GABAergic 

interneurons89-91. Accumulating data in the literature demonstrate that GABAergic neurons 

in the VTA play important roles in stress and reward processing92. Based on these previous 

findings, VTA GABAergic may be indirectly mediating novelty responses and may actually 

represent a fundamental component within the novelty network, although future research 

should be directed towards addressing this question.

While it is assumed that novel stimuli increase the activity of DAergic neurons, the 

molecular signatures that drive a novelty responses and habituation with familiarity is poorly 

understood. In drosophila, the behavioral response to novel and familiar stimuli and 

particularly, the transition in neural activity upon familiarization, requires DA-mediated 

plasticity at synapses in the mushroom body93. In mice, Bariselli et al. demonstrated that 

exposure to novel stimuli, independent of their nature, induce specific forms of synaptic 

plasticity at glutamatergic synapses in the VTA. More precisely, novel stimuli increase the 

strength of excitatory inputs onto VTA DAergic neurons, measured by the insertion of 

GluA2-lacking AMPARs 24h after exposure46. This form of novelty-induced synaptic 

plasticity persists upon repeated exposures to social stimuli but not object stimuli, 

suggesting that it is necessary to sustain interactions with stimuli of higher salience for 

instance novel social stimuli vs. inanimate objects. Moreover, the non-canonical GluA2-

lacking AMPA function can be induced by optogenetic stimulation of VTA DAergic neurons 

resulting in disruption of the habituation to novel social stimuli46.

3.2. The Substantia Nigra

The DA nigrostriatal pathway originating from the SN to the dorsal striatum has received 

abundant attention in the field of neurodegenerative disorders, given the functional loss of 

this pathway is strongly associated with Parkinson’s disease94,95 or Huntington’s disease96, 

among others neurodegenerative disorders. Anatomical and functional segregation of DA 

responses across the SN have also become a focus of interest for reward/aversive behavior97, 

as well as for the novelty response. Similar to VTA responses, DAergic neurons in the SN 

switch their firing rate from low-frequency spiking to a transient, high-frequency burst firing 

when mice are exposed to novel environments, and this switch requires intact K-ATP 
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channel activity for novelty-dependent exploratory behavior98. More recently, a 

subpopulation of DAergic neurons in the lateral part of the SN (SNL) has been shown to 

respond to specific types of novelty, and this response is independently related to RPE 

signaling42,99. As compared to other midbrain DA neurons, those located in the SNL send 

specific projections innervating the tail of the striatum (TS) and have a unique set of inputs 

as demonstrated by viral-based neuronal tracing100. Fiber photometry experiments combined 

with GCaMP signaling have revealed that SNL→TS DA responses are highly activated by 

novel stimuli of different nature including new odors, tones or objects42,99 (Fig. 2B). 

Moreover, the TS DA response also encodes physical salience42 and is activated with some 

types of aversive stimuli such as an air puff or high intensity tones, suggesting the possibility 

that they may encode the threatening aspect of novelty. Indeed, the DA response in the TS is 

significantly larger when mice retract from a novel inanimate object but not a familiar one. 

This pattern of activity is similar to that previously reported for VTA DAergic neurons, 

where increased activity coincides with the termination of exploratory events only for novel 

objects but not novel social stimuli67. Taken together, these results confirm that divergent 

DA activity may signal the intrinsic salience of novel stimuli and maintain approach/

avoidance behaviors based on their type of novelty101.

4. The Interpeduncular Nucleus

While accumulating evidence supports a functional role of increased DA system activity in 

response to novel stimuli, brain circuits and neuronal mechanisms leading to a cessation of 

behavioral responses when a novel stimulus transitions to familiar are poorly understood. 

Plasticity in the DA system may, in part, explain the habituation effect that is observed with 

repeated exposures of novel stimuli, and with the transition from novelty to familiarity46. 

However, a consensus body of work suggest that familiarity and novelty may involve non-

overlapping brain regions102, and that a dual mechanism may lead to the interaction between 

separate familiarity and novelty signals15. Consistent with this idea, recent investigations 

indicate that the interpeduncular nucleus (IPN) of the midbrain may play a key role in 

familiarity signaling and the response of NP45.

The IPN is located ventral and medial to the VTA and is an integrative element of the 

habenulo-interpeduncular pathway103. The habenula (Hb) consists of a small, epithalamic 

structure evolutionarily conserved among vertebrates classically subdivided into the medial 

(MHb) and lateral (LHb) regions104-106. Neuronal cell types within the MHb and LHb have 

spatially defined transcriptional profiles with distinct electrophysiological properties that are 

engaged by different types of stimuli107,108. In a general view, the Hb connects the limbic 

forebrain with monoaminergic midbrain and hindbrain structures, integrating value-based, 

sensory and experience-dependent information to control motivational, emotional and 

cognitive processing109,110. Although the IPN receives abundant excitatory inputs from the 

MHb, other structures including the raphe, the lateral dorsal tegmental nucleus (LDTg) or 

the forebrain septal nuclei also innervate this nucleus111. In addition, the IPN sends output 

projections to regions involved in motivation and emotional behaviors including the raphe, 

tegmentum or pontine nucleus112,113, although the precise influence of these projections on 

behavior is largely unknown. The majority of IPN neurons express the glutamate 

decarboxylase (GAD) enzyme and presumably synthesize and release the neurotransmitter 
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GABA, although glutamatergic and serotonergic neurons have also been identified within 

IPN sub-regions in rodents114. Despite being considered as an unpaired brain area, the IPN 

is a non-homologous structure that can be subdivided into multiple paired and unpaired 

subnuclei115. Whether physiological, anatomically and functionally relevant differences 

characterize each of these subdivisions requires further investigation.

The MHb-IPN pathway has been extensively studied in the context of drug addiction, 

particularly, this axis is a hub regulating the rewarding/aversive aspects of nicotine 

intake116-121 and the manifestation of nicotine withdrawal signs upon drug cessation122-125. 

Other investigations have linked the MHb-IPN axis with baseline anxiety126 or fear-related 

memories127,128, and with the control of emotional behavior in an experience-dependent 

manner115,129,130. Ablation of the MHb-IPN connection in mice via genetically-driven 

neurotoxicity results in a collection of behavioral abnormalities, among them, significant 

deficits in habituation upon repeated exposures to a new environment131. Noticeably, the 

absence of MHb-IPN function per se does not affect the initial response to a new 

environment but instead, it disrupts the process by which an animal habituates or 

familiarizes to novelty; the authors referred to this behavior as a maladaptation to new 

environments. Further research has demonstrated that the IPN may represent a 

neuroanatomical substrate for familiarity signaling and the expression of NP45. In particular, 

as mice habituate to novel stimuli upon repeated exposures, activity of IPN GABA neurons 

progressively increases. Both exposure to familiar social or inanimate object stimuli 

increases the activity of IPN GABAergic neurons as compared to exposure to novel stimuli 

with similar nature, measured with c-fos expression as a marker of neuronal activation. 

Silencing IPN GABAergic neurons with optogenetic tools induces exploratory activity of 

familiar stimuli as if it is novel; whereas, activating IPN GABAergic neurons reduces 

exploration of novel stimuli mimicking familiarity. Overall, these results indicate that the 

activity of these neurons is both necessary and sufficient for the expression of familiar 

responses and therefore a critical component of NP. Importantly, direct manipulations of IPN 

GABA tone has similar effects on encounters to stimuli of social and non-social nature 

(inanimate objects), implying a global response of the IPN for familiarity. In addition, 

functional circuit mapping has revealed that MHb cholinergic/glutamatergic afferents 

innervating the IPN are necessary and sufficient to drive a familiarity response (Fig. 2A and 

2B).

The close proximity of the IPN with the VTA DA system suggests the possibility that these 

two midbrain areas may be synaptically connected. Indeed, several investigations have 

reported that the IPN is directly innervated by the DA system124: a subset of VTA DA 

neurons sends monosynaptic connections to the IPN, and this circuit is sufficient to trigger a 

social novelty response45. This mesointerpeduncular axis signals via D1 receptor expressing 

neurons in the IPN that are exclusively activated by novel but not familiar social stimuli 

interactions (Fig. 2A). With all the aforementioned inputs integrating novelty and familiarity 

signals in the IPN, it remains to be elucidated where IPN neurons convey information to 

guide responses of familiarity and NP. Reports have shown that IPN GABAergic neurons 

send inhibitory outputs to the LDTg, particularly to neurons in the LDTg that are 

monosynaptically connected to VTA DA neurons132. Through this IPN→LDTg circuit, the 

IPN controls aversion to nicotine, suggesting that the IPN can modulate VTA DA 
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transmission via polysynaptic mechanisms (i.e. indirectly via LDTg→VTA pathways). 

Nevertheless, the precise IPN anatomical and functional synaptic connections involved in 

NP and reward-related responses are unclear.

5. The raphe

Midbrain neurons in the median raphe (MnR) and dorsal raphe (DR) are the predominant 

sources of serotonin (5-HT) synthesis in the brain133. These neurons send extensive axonal 

projections that innervate forebrain areas, including the prefrontal and entorhinal/perirhinal 

cortices and the HPC134-138, where the release of 5-HT contributes to emotional and 

cognitive function. For many decades, disruption of 5-HT neurotransmission has been linked 

to psychiatric disorders especially depression and anxiety139,140. More recently, a growing 

body of literature suggest the possibility that the 5-HT system has a direct effect encoding 

reward-related signals44,141,142. Using real-time measurements of DR 5-HT neuronal 

activity with fiber photometry, recent investigations have shown that these neurons are 

highly activated by rewarding stimuli including sucrose, food or sex, but not by aversive 

stimuli such as a foot-shock142. Importantly, DR 5-HT neurons also respond to novelty and 

the magnitude of their activation depends on the nature and intrinsic salience of the novel 

stimuli. For instance, novel social stimuli robustly activate DR 5-HT neurons, whereas 

investigation of novel inanimate objects are associated with brief Ca2+ transients of smaller 

magnitude142,143 (Fig. 2A). Optogenetic manipulations of DR 5-HT neuronal activity 

showed that these neurons are necessary and sufficient to trigger investigation of novel social 

stimuli but not novel inanimate objects143. Similar effects are seen using chemogenetic 

inhibition of these neurons, which does not affect NP response for inanimate objects144. 

Instead, chemogenetic inhibition of 5-HT neurons in the MnR raphe impair a novelty 

response to inanimate objects (Fig. 2B), suggesting the MnR and DR 5-HT nuclei may 

differentially process novel stimuli depending on their nature and/or salience. Interestingly, 

DR 5-HT neurons send abundant axon projections to the NAc where they convey social 

novelty responses. Indeed, optogenetic stimulation of 5-HT terminal activity in the NAc 

recapitulates the behavioral phenotypes of DR 5-HT somatic manipulations143 (Fig. 2A).

DR neurons are noticeably heterogeneous in terms of anatomical, electrophysiological and 

neurotransmitter signaling that may reflect their functional specialization guiding 

behavior138. A sparse subpopulation of DA neurons in the DR has been shown to play a 

unique role in sociability and aversion-related behaviors145,146. These DR DAergic neurons 

increase their activity when mice investigate novel social stimuli and to a lesser extent with 

novel object stimuli interactions67; they share similar activity pattern as described for VTA 

DAergic neurons. Increases in DR DAergic neural activity are mainly observed during initial 

contact with a novel social stimulus, and significantly decay upon consecutive encounters. In 

addition, optogenetic activation of these DR DAergic neurons is sufficient to promote 

investigation towards novel social individuals but not novel objects145, again, as previously 

described for VTA DAergic neurons. However, stimulation of the DR neurons intrinsically 

drives aversion, whereas stimulation of VTA DAergic neurons is known to be rewarding147. 

The divergence of these two DAergic neuronal populations in reward/aversion responses but 

their equal effects on the social novelty response has been attributed to opposite motivational 

drives in sociability: While VTA DAergic neurons are assumed to represent the substrate for 
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social reward, DR DAergic neurons putatively drive seeking for social contact as an attempt 

to mitigate social loneliness145. Thus, DR DAergic neuron activation is significantly 

stronger if mice undergo acute social isolation and their photoinhibition only affects 

interaction with novel social stimuli in socially isolated mice, but not group-housed 

animals145. Overall, these results indicate that DR DAergic neurons guide investigation of 

novel social stimuli when there is a specific motivational drive for sociability in an effort to 

relieve an aversive behavioral state, and point towards the idea that specific neuronal 

responses may have significant effects in processing novelty information according to the 

basal internal states of an individual.

6. Perspective/Outstanding questions for future directions

Novelty represents another dimension of salience that increases alertness, attention and 

drives behavioral orienting. As such, novelty engages midbrain DA systems that contribute 

to assorted approach/avoidance conflicts with a behavioral outcome that depends on the 

overall salience of the novel event. Accumulating evidence points towards specific 

components of the DA system responding to different types of novelty, but how subsets of 

DA neurons and their associated microcircuits integrate salience-specific novelty 

information requires further research. For social stimuli interactions, a major circuit 

comprising VTA DAergic neurons and DA release in the NAc triggers the novelty response. 

The NAc integrates VTA DA signals but also 5-HT signals from DR neurons, acting as a 

hub for socially salient information. Of note, the systems governing this novelty response are 

fine-tuned by the special needs for survival, and under socially restricted circumstances, 

additional DA neurons that reside in the DR drive the novel social response. For inanimate 

object interactions, SNL DA and projection-specific sites to the TS play a significant role in 

the response to novelty. These overall findings suggest that divergent brain regions may be 

responsible for different types of novelty responses based on stimulus salience and that they 

are susceptible to internal demands.

Intriguingly, in most scenarios, DA responses only increase with the first novelty encounter 

thus posing a series of outstanding questions. First, what are the synaptic plasticity/

mechanisms of DA responses that occur upon consecutive exposures to novelty that lead to 

the transition to familiarity? Persistent changes in glutamatergic inputs onto DAergic 

neurons might underlie responses to social novelty but not to inanimate objects. Second, 

what additional neuronal circuits and networks respond to familiarity and facilitate the 

habituation of DA responses? Recent data implicate the MHb→IPN axis as one circuit-level 

component critical for familiarity signaling, but additional networks are likely involved. 

Importantly, how are these midbrain circuits and DA responses to novelty integrated into 

MTL structures to identify and guide appropriate responses to novelty vs. familiarity? 

Moreover, how are these circuits and DA responses to novelty shaped by lifespan 

experience, assuming that absolute novelty dominates at early stages of life and then decays 

with age and experience? Finally, how is novelty-induced exploratory behavior modulated 

by the basal internal state of an individual and the special needs for survival (food/social 

availability, etc), and which clusters of neurons may be involved in each specific situation?
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An interesting aspect of novelty is the fact that the brain is hardwired to seek out stimuli that 

are new. Novelty seeking (NS) in humans and animals is defined as an increased exploration 

of novel stimuli and/or environments and the willingness to take risk to obtain them. From 

an evolutionary perspective, seeking new foods, social encounters, or environments opens up 

opportunities for adaptation and increased chances of survival. In modern society, NS is a 

driving force for creativity and innovation, leading to novel ideas and technologies, and 

ultimately improving the advancement of human wellbeing and progress. Within the last few 

years, increased attention has been paid to this motivational aspect of novelty exploration 

and how they are driven by phasic activation of midbrain DA systems, although the complete 

brain network and mechanisms underlying these processes remain largely unknown. High 

levels of NS and excessive novelty value can lead to maladaptive learning and decision-

making, as seen in several neurological disorders such as drug addiction, schizophrenia or 

attention deficit hyperactivity disorder. Elucidating the precise neuronal circuits and cellular/

molecular mechanisms that govern NS will not only help to clarify the evolutionarily 

conserved driving forces behind the processing of novelty and familiarity, but also, may 

provide invaluable insights towards the development of novel strategies for the diagnosis 

and/or treatment of a wide range of neuropathological conditions with abnormal NS 

response.
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Highlights

• Novelty triggers an orienting response to evaluate the salience of the new 

event

• Dopamine midbrain circuits guide approach/avoidance behaviors to novelty

• Divergent midbrain circuits drive the novelty responses based on stimulus 

salience
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Figure 1. The novelty response and activated brain areas.
(A) Novel stimuli trigger an increase in behavioral response that rapidly decays as the 

stimulus becomes familiar with consecutive exposures. (B) Imaging studies in humans 

reveal that exposure to novelty increases the activity of MTL structures including the MFG 

(blue), PRC/ERC (light blue) or HPC (purple). Importantly, exposure to novelty raises the 

activity levels of midbrain DA centers within the VTA/SN (red) that are relevant for 

processing novelty-related salience. ERC, enthorinal cortex; HPC, hippocampus; MFG, 

middle frontal gyrus; PRC, perirhinal cortex; SN, substantia nigra; VTA, ventral tegmental 

area.
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Figure 2. Circuits underlying novelty responses to social and inanimate objects in rodents.
(A) Schematic representation of a sagittal view of a rodent brain showing midbrain circuits 

and interconnected areas that respond to novel and familiar social information. Novel social 

stimuli strongly activate VTA (red) DA systems that project to the NAc (orange), which is a 

hub integrating and consolidating socially-relevant information from the HPC (purple), and 

processing social reward via projections from the DR (gray). The LH (green) sends GABA 

inputs to the VTA that contribute to the social novelty response. The VTA also sends DA 

projections to the IPN (blue), which, via the habenulo (yellow) -interpeduncular axis, has an 

important role in resolving familiarity-based information. (B) Novel inanimate object stimuli 

activate midbrain DA systems in the VTA, but most importantly, in the SN lateral (light red) 

that projects to the TS (light orange). The VTA receives glutamate and GABA projections 

from the LH that also process salient information to novel inanimate objects. The habenulo-

interpeduncular axis guides responses to familiar inanimate objects. Additional midbrain 

nuclei including the MnR (light gray) also play a role in response to novel objects. DR, 

dorsal raphe; HPC, hippocampus; IPN, interpeduncular nucleus; LH, lateral hypothalamus; 

MHb, medial habenula; MnR, median raphe; NAc, nucleus accumbens; SN, substantia 

nigra; TS, tail of the striatum; VTA, ventral tegmental area.
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Table 1.

Key definitions related to the novelty response.

Name Definition

Novelty An entity/stimulus or environment that an individual has not previously experienced in its lifetime.

Habituation A form of associative learning in which a decrease in innate responses is elicited by repeated exposures to a stimulus or 
context.

Familiarity A judgment or feeling of prior experience regardless of memory recollection.

Salience The quality of a stimulus/context of being more prominent or noticeable as compared to the surroundings regardless of 
valence.
*Novelty is a dimension of salience which drives an attentional bias and behavioral orienting.

Valence An affective quality ascribed to the intrinsic attractiveness (positive valence) or aversiveness (negative valence) of a 
specific stimulus/context.
*A novel stimulus may have an intrinsic positive valence, thus inducing an approach behavior, or a negative valence that 
promotes avoidance behavior.

Attention The behavioral and cognitive process of selectively focusing on a specific aspect of information.
*Novelty increases attention to elicit an appropriate behavioral response.

Orienting 
response

An individual’s immediate motor, behavioral and/or physiological response to novel stimuli or environmental changes.
*Novelty triggers an orienting response by increasing attention and driving approach/avoidance behaviors.
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