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Abstract

Neurotensin (NTS) is a neuropeptide neurotransmitter expressed in the central and peripheral 

nervous systems. Many studies over the years have revealed a number of roles for this 

neuropeptide in body temperature regulation, feeding, analgesia, ethanol sensitivity, psychosis, 

substance use, and pain. This review will provide a general survey of the role of neurotensin with a 

focus on modalities that we believe to be particularly relevant to the study of reward. We will 

focus on NTS signaling in the ventral tegmental area, nucleus accumbens, lateral hypothalamus, 

bed nucleus of the stria terminalis, and central amygdala. Studies on the role of NTS outside of the 

ventral tegmental area are still in their relative infancy, yet they reveal a complex role for 

neurotensinergic signaling in reward-related behaviors that merits further study.

1. Introduction

NTS is a 13-amino acid neuropeptide that was originally isolated from bovine hypothalami 

(Carraway and Leeman, 1973). It is expressed in the central and peripheral nervous systems 

as well as in the gastrointestinal tract. Early work investigating this neuropeptide found 

NTS-like immunoreactivity in the VTA (Uhl et al., 1977), an area implicated in reward 

processing, thus making NTS a promising target for reward modulation. Many studies over 

the years have revealed a variety of roles for this neuropeptide in body temperature 

regulation, feeding, analgesia, ethanol sensitivity, psychosis, substance use, and pain (Tyler-

McMahon et al., 2000; Kinkead, 2002; Dobner, 2005, 2006; Ferraro et al., 2016; Schroeder 

and Leinninger, 2018; Tschumi and Beckstead, 2019). As may be expected from the breath 

of these phenotypes, NTS-containing cells have been identified in a number of different 

brain areas (Schroeder et al., 2019). While most of the work investigating the role of NTS in 

reward has historically focused on the VTA, the field has now expanded into additional brain 

regions that are crucial regulators of emotional valence and reward.
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This review will provide a general survey of the role of neurotensin with a focus on 

modalities that we believe to be particularly relevant to the study of reward. More 

specifically, it will concentrate on rodent studies, as that is where the bulk of region-specific 

work has been performed. We will summarize work in brain regions where NTS signaling 

has been linked to reward, as well as regions that are traditionally linked to reward but where 

the study of NTS has focused on other aspects of behavior not specifically linked to reward, 

for example most of the work investigating NTS signaling in the nucleus accumbens has 

focused on its implications in schizophrenia.

We will discuss work that has examined NTS inputs to the VTA, as well as the role of NTS 

signaling in promoting dopamine release within this structure. More specifically, we will 

discuss two neurotensinergic projections to the VTA that have been shown to modulate 

reward-related behaviors: the medial preoptic area (mPOA), and the lateral hypothalamus 

(LH). The VTA exerts many of its effects on reward behavior through its dopaminergic 

projection to the nucleus accumbens (NA). NTS has been extensively studied in the nucleus 

accumbens (NA) with regard to dopamine release, including a particular interest in how NTS 

may impact dopaminergic signaling in schizophrenia. Additionally, we will discuss evidence 

supporting accumbal NTS involvement in both the stimulant effects of amphetamines, as 

well as adaptations following long-term antipsychotic regimens. In the LH, NTS signaling 

has been linked to important homeostatic mechanisms such as metabolic control, feeding 

behavior, and sleep. The bed nucleus of the stria terminalis (BNST) does not send a 

neurotensinergic projection to the VTA, but there is mounting evidence that NTS from the 

BNST may traffic retrogradely to the VTA, though the functional significance of this 

mechanism is unclear. In the BNST itself, neurotensinergic signaling appears to play a role 

in the intersection of drug intake and stress, and particularly in neuroadaptations following 

chronic stress or drug use. Lastly, in the central amygdala (CeA), NTS-containing cells 

(NTSCeA) and neurotensinergic signaling appear to promote positive valence, and also serve 

to improve performance on a variety of memory-related tasks.

2. Receptor Pharmacology

Neurotensin binds to four known receptors: the GPCRs NTSR1 and NTSR2 (Vincent et al., 

1999), and the type 1 receptors Sortilin (Sort1) and SorLA (Sorl1; Jacobsen et al., 2001). 

More is known about the roles of NTSR1 and NTSR2 in behavior, as they were the first to 

be identified. These were originally referred to as the ‘high affinity’ (NTSR1) and ‘low 

affinity’ (NTSR2) NTS receptors respectively. These were also differentiated by their 

sensitivity to the antihistamine levocabastine, which competes for NTS binding to NTSR2 

but not NTSR1 (Chalon et al., 1996; Schotte et al., 1986), and so are referred to as the as the 

levocabastine-sensitive (NTSR2) and insensitive (NTSR1) receptor in some of the literature. 

The cellular distribution of these receptors in the brain is contentious, but it appears that 

NTSR1 is expressed predominantly in neurons and NTSR2 abundantly expressed in glia, 

and weakly in neurons (Woodworth et al., 2018b; Yamauchi et al., 2007). NTSR1 is found 

on dendrites, soma, and presynaptic terminals (Boudin et al., 1998; Pickel et al., 2001). A 

number of important tools have been developed for manipulation of neurotensinergic 

signaling. NTS does not cross the blood-brain barrier, but a brain-penetrant NTSR1 agonist 

(PD 149163) has been developed (Wustrow et al., 1995). This truncated form of NTS allows 
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for manipulation of NTSR1 signaling in the brain from peripheral injections. A nonpeptide 

NTSR1 antagonist has also been developed (SR 48692; Gully et al., 1993), which is orally 

bioavailable.

It is surprisingly unclear how these receptors signal in vivo, given the amount of work that 

has gone into outlining downstream signaling pathways in this system. This is largely due to 

conflicting evidence from different cell types, expression vectors, and brain regions. Recent 

work systematically exploring NTSR1 signaling has shown that this receptor is capable of 

signaling through various excitatory and inhibitory G alpha subunits (Besserer-Offroy et al., 

2017) as well as dimerizing, which does not appear to be required for G-protein function 

(White et al., 2007). NTS-bound NTSR1 is also rapidly internalized (for review see 

Hermans and Maloteaux, 1998), a source of rapid desensitization that may also impact the 

signaling dynamics of NTSR1. Furthermore, co-expression of NTSR1 and NTSR2 in culture 

has shown that heterodimerization of these two receptors results in sequestration of NTSR1 

and subsequent loss of signaling (Hwang et al., 2010). Lastly, there is evidence that NTSR1 

may form heterodimers with the dopamine D2 receptor (D2R) which would also impact 

NTSR1 signaling (Borroto-Escuela et al., 2013). The complexity revealed by all of these 

different studies suggests that it would be difficult to translate findings from in vitro 

experiments to in vivo signaling, or even findings from one brain region to another. The data 

on the possible transduction mechanisms of NTSR2 and NTSR3 are equally as conflicting 

(Mazella and Vincent, 2006). See Tschumi and Beckstead, 2019 for a detailed summary of 

intracellular signaling and overall action of NTS-ergic signaling in different brain regions. 

Table 1 provides a summary of the pharmacological experiments cited in this review that 

probe the neurotensinergic system. Table 2 provides a short summary of manipulations cited 

here that result in changes in Nts mRNA expression or NTS tissue content.

3. Circuitry

VTA

Neurotensinergic signaling in the VTA has been of interest since the discovery of NTS 

immunoreactivity in the VTA of rats and monkeys (Uhl et al., 1977; Kataoka et al., 1979; 

Uhl et al., 1979). Evidence of NTS receptors on dopamine neurons specifically, was reported 

as early as 1981 (Palacios and Kuhar, 1981), and has been validated by subsequent studies 

(Szigethy and Beaudet, 1989). This has made NTS receptors a promising target for the 

manipulation of dopaminergic VTA neurons and subsequently, the modulation of reward-

related behavior.

Neurotensinergic signaling is rewarding in the VTA—It has been shown that rats 

will demonstrate conditioned place preference following NTS injections into the VTA 

(Glimcher et al., 1984), and that they will also lever-press for microinfusions of NTS into the 

VTA (Glimcher et al., 1987). Additionally, mice will nose-poke for optical stimulation of 

pathway specific inputs to the VTA (Kempadoo et al., 2013). Infusion of NTS into the VTA 

induces downstream dopamine efflux into the caudal NA (Kalivas et al., 1983; Leonetti et 

al., 2004; Sotty et al., 2000, 1998), mainly driven by NTSR-1 (Leonetti et al., 2004). As 

dopamine release in the caudal NA is implicated in many aspects of reinforcement, 
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motivation, and reward (Wise, 2004; for a contrasting view see Salamone et al., 2005), NTS 

signaling in the VTA is well poised to exert influence over these processes. Furthermore, 

neurotensinergic inputs to the VTA are well situated to regulate an important output of this 

crucial reward node. In fact, it was recently shown that intra-VTA antagonism of 

neurotensinergic signaling using SR142948 reduced operant methamphetamine intake in 

male DBA mice, a phenomenon that is well-established to be mediated by dopamine in the 

NA (Dominguez-Lopez et al., 2018). This suggests that intra-VTA NTS can indeed impact 

reward-related behaviors, although whether this effect is mediated through downstream 

dopamine release in the NA has yet to be explicitly studied.

Neurotensinergic projections to the VTA—Reported sources of NTS input to the VTA 

vary between mice and rats. The main sources of neurotensinergic input to the VTA in rats 

appear to be the lateral and preoptic areas of the hypothalamus (LH and lPOA; Zahm et al., 

2001). Work in mouse has revealed that the medial and lateral preoptic areas (mPOA, 

lPOA), LH, and NA shell send significant neurotensinergic input to the VTA (Woodworth et 

al., 2018a). The CeA, zona incerta, and peraquedictal gray also send neurotensinergic 

projections to the VTA in mouse, albeit less abundantly. While mice and rats both express 

NTS in the lateral septum, dorsal raphe and endopiriform nucleus, these neurons appear to 

project to the VTA only in rats (Geisler and Zahm, 2006). In general, the lateral septum and 

endopiriform nucleus project to the VTA more strongly in rats (Yetnikoff et al., 2015) than 

in mice (Faget et al., 2016), so the lack of VTA projecting NTS neurons from these regions 

may not be particularly surprising. It has been reported that dopaminergic neurons in the 

VTA of rats express NTS (Studler et al., 1988) and these NTS-containing VTA neurons 

(NTSVTA) do indeed project to the NA (Kalivas and Miller, 1984); however this co-

expression has not been observed in mice (Woodworth et al., 2018a). In fact, there appear to 

be very few NTSVTA neurons at all in mice. These species differences indicate that NTS 

may perform different roles in mice and rats, and generalizations across rodents should be 

made cautiously. Interestingly, it has been shown that the Nts mRNA distribution in primates 

is closer to that of mice than that of rats (Smits et al., 2004). Additional work should explore 

the relative strength of NTS input to the VTA in primates to further that comparison.

NTSmPOA->VTA signaling is rewarding and promotes social interaction—The 

NTS-containing GABAergic projection from the mPOA to the VTA (NTSmPOA->VTA) has 

been identified as an important mediator of social reward in mice (McHenry et al., 2017). 

Stimulation of NTS neurons in the mPOA (NTSmPOA) is reinforcing in both sexes, and 

estrogen magnifies the reinforcing properties of the NTSmPOA->VTA circuit by enhancing the 

neuronal excitability of NTSmPOA neurons, many of which express the estrogen receptor 

(Herbison and Theodosis, 1991; McHenry et al., 2017). In vivo optogenetic manipulation of 

this circuit leads to bidirectional modulation of social interaction with an opposite sex 

conspecific or simply the odor of the conspecific (McHenry et al., 2017). Additionally, the 

magnitude of reinforcement induced by optogenetic stimulation of the NTSmPOA->VTA 

projection is dynamically modulated in naturally cycling mice, with a greater response in the 

high estrogen phases. It has been previously shown that estrogen induces an increase in Nts 
mRNA expression in the mPOA whether administered exogenously (Watters and Dorsa, 

1998), or naturally during the proestrus phase (Smith and Wise, 2001). This suggests that the 
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NTS in NTSmPOA neurons can dynamically modulate the rewarding value of social 

interaction. Many of the NTSmPOA neurons that were investigated in this paper failed to 

respond to these opposite sex odors, which is a common result in most calcium imaging/

multiunit recording experiments. However, this leaves a number of NTSmPOA neurons which 

did not respond to opposite-sex mouse odor but may respond to other social cues and/or may 

be involved in other social behaviors such as parenting, grooming, nesting, or huddling. 

Indeed, NtsmPOA neurons overlap with the galanin-containing (GalmPOA) population 

(McHenry et al., 2017) that has been found to govern parental behaviors (Wu et al., 2014), 

suggesting that NTSmPOA neurons may be implicated in similar behaviors. Different 

GalmPOA projections to the peraqueductal gray (PAG), medial amygdala (MeA) and VTA 

govern various aspects of parental behaviors (Kohl et al., 2018). NTSmPOA projections to 

these other brain regions may also contribute to parental behaviors in response to sensory 

and hormonal cues. Studies investigating these other projections may further illuminate a 

role for NTS in a wider repertoire of social behaviors.

NTSLH→VTA signaling is rewarding and promotes consumption—The LH to VTA 

projection is heterogeneous (Godfrey and Borgland, 2019) and has been linked to reward 

(Kempadoo et al., 2013), feeding (Maracle et al., 2019), social interaction (Nieh et al., 

2016), and object investigation (Nieh et al., 2016). For a review of the LH → VTA 

projection see Tyree and de Lecea, 2017. C57BL/6J NTS-Cre mice will nose-poke for 

optical stimulation of LH terminals in the VTA, and NTSR1 blockade blunts this behavior 

(Kempadoo et al., 2013). Interestingly, stimulation of NTS-containing LH neurons (NTSLH) 

supports conditioned place preference in NTSR1 global knockout mice (NTSR1−/−), but not 

those with intact NTSR1 (Woodworth et al., 2017b) suggesting that NTS may interact with 

other neurotransmitter systems within this circuit to mediate these effects. 30% of NTSLH 

neurons express LepRb (the long form leptin receptor; Leinninger et al., 2011), and 

stimulation of the GABAergic LepRbLH→VTA projection promotes consumption and 

motivation for food and water (Schiffino et al., 2019). Importantly, while these animals were 

trained under food or water restriction they were sated during the experiment. About 60% of 

LepRbLH neurons are co-localized with NTS-Cre (Leinninger et al., 2011), raising the 

possibility that NTS could modulate the rewarding properties of this projection. We discuss 

the behavioral role of these NTSLH neurons further in the LH-specific section below.

BNST as a non-traditional NTS input—Lastly, the BNST was originally hypothesized 

to be the major source of neurotensinergic signaling in the VTA, but this has not been borne 

out by tracing studies (Woodworth et al., 2018a; Zahm et al., 2001). There is, however, 

evidence of retrograde axonal transport of intact neurotensin from striatal terminals into the 

VTA through a mechanism involving, at least partly, NTSR1 (Castel et al., 1989, 1991; 

Steinberg et al., 1994). It has been hypothesized that NTS, possibly in combination with one 

of its receptors, may impact gene expression by being trafficked into the nucleus (Castel et 

al., 1994). Indeed, injection of NTS into the striatum resulted in upregulation of tyrosine 

hydroxylase mRNA in the ipsilateral substantia nigra (Burgevin et al., 1992), an effect which 

could serve to upregulate dopamine in this important reward node. Given the substantial role 

of dopamine in the substantia nigra, this suggests a functional role for this retrogradely-

trafficked NTS. Future work examining the site of action of this retrogradely-trafficked NTS 
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would be particularly illuminating, as NTSR-1 has been observed at the nuclear membrane 

(Pickel et al., 2001) and in association with nuclear pores (Delle Donne et al., 2004). 

Furthermore, NTSR1 contains a nuclear localization signal, which is necessary for the 

transport of such a large protein to the nucleus (Laduron, 1992). Future studies should 

examine a behavioral role for this nonconventional neurotensinergic VTA input, as well as 

behavioral and pharmacological modulators of this retrograde transport.

Mechanisms of neurotensinergic signaling in the VTA—Multiple mechanisms have 

been suggested as mediators of fast NTS signaling in the VTA, all or some of which may 

occur in the same neurons. NTS is thought to act on the VTA largely through volume 

transmission as opposed to synaptic transmission, as few NTS+ terminals in the VTA 

demonstrate synaptic specialization (Woulfe and Beaudet, 1989). There is some evidence in 

Long Evans rats that NTS increases glutamatergic excitatory post-synaptic currents (EPSCs) 

in dopaminergic and non-dopaminergic VTA neurons through both NTSR1 and non-NTSR1 

mechanisms (Bose et al., 2015). In C57BL/6 mice, relatively low concentrations of NTS 

(10nM) increases NMDA-mediated EPSCs through an NTSR1-related mechanism, whereas 

higher concentrations (100nM) decrease NMDA-mediated EPSCs through a non-NTSR1 

mechanism (Kempadoo et al., 2013). There is also mounting evidence that NTSR1 activity 

inhibits the dopamine D2 autoreceptor on postsynaptic dopaminergic terminals which 

induces a subsequent increase in excitability (Fawaz et al., 2009). For an extensive review on 

the interactions between dopamine and neurotensin see (Binder et al., 2001).

NTSR1 neurons in the VTA: projections and function—Transgenic mice have 

proven to be a useful tool for assessing the co-expression of TH and NTSR1 in the VTA. 

Studies seem to agree that most NTSR1 neurons in the VTA are dopaminergic (Szigethy and 

Beaudet, 1989; Woodworth et al., 2018b, 2017a), while the number of THVTA neurons 

expressing NTSR1 is likely close to 70% (Woodworth et al., 2018b). Interestingly, NTSR1 is 

more widely and generally expressed in the immature mouse, and is more restricted to 

THVTA neurons in the adult animal (Woodworth et al., 2018b). This suggests that 

neurotensinergic projections to the VTA outlined previously (Woodworth et al., 2018a) may 

have an outsized effect in the developing brain. Thus the NTS system might account for one 

of the mechanisms by which the adolescent brain is particularly sensitive to reward. The 

extent to which NTS may play different roles in developing and adult brains is an interesting 

and important question for future study.

Recent work has shown that dopaminergic VTA outputs, inputs, and genetic makeup are 

congruent across sex (Chung et al., 2017). As they are a large subpopulation of THVTA cells, 

this is also likely the case for NTSR1VTA neurons, but this has yet to be explored. 

NTSR1VTA neurons project strongly to ventral striatal areas including the NA core and shell, 

striatum, and interstitial nucleus of the posterior limb of the anterior commissure (IPAC; 

Woodworth et al., 2018b, 2017a). Notably, projections to prefrontal cortical areas have not 

been observed, suggesting that NTSR1VTA neurons are a subset of mesolimbic, as opposed 

to mesocortical VTA neurons. Lesioning NTSR1VTA neurons using a viral diphtheria toxin 

A construct resulted in increased ambulation and consumption, and resistance to the 

development of high fat diet (HFD)-induced obesity through increased energy expenditure 
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(Woodworth et al., 2017a). This is in contrast to developmental NTSR1VTA knockout mice, 

which have increased susceptibility to HFD-induced weight gain (Opland et al., 2013). 

Interestingly, NTSR1VTA ablated mice also showed increased motivation for and 

consumption of sucrose (Woodworth et al., 2017a), similar to the developmental NTSR1VTA 

knock out animals which showed increased sucrose preference (Opland et al., 2013). In 

summary, NTSR1 VTA neurons appear to be a crucial in regulating feeding and future work 

should investigate downstream targets to further parse out their mechanism of action.

Nucleus Accumbens

The nucleus accumbens (NA) is the predominant target of VTA dopaminergic signaling, and 

thus, a crucial node impacting reward, reinforcement, and motivated behaviors (Volkow et 

al., 2017; Klawonn and Malenka, 2018). The NA consists of shell and core regions which 

have differences in cytoarchitecture as well as the distribution of a number of neuropeptides 

and receptors (Salgado and Kaplitt, 2015). The NA core has been traditionally considered a 

continuation of striatum, with NA shell forming part of the ‘extended amygdala’ (Heimer et 

al., 1997). Manipulations of the core and shell have been shown to differentially impact 

behavior across a wide range of measurements and paradigms (Di Chiara, 2002), with the 

shell having a more widespread role in reinforcement (Zahm, 1999), and the core having a 

more specialized role in cue-related reward learning and behavior (Ito et al., 2004).

NTS and dopamine signaling in the NA—NTSR1s are found in both the core and 

shell, with a higher density of NTSR1s on both terminals and spines in the core (Pickel et 

al., 2001). NTS-containing cells are also located within both the core and shell regions 

(Schroeder et al., 2019; Zahm, 1992). Dopamine receptor 2 (DRD2) signaling has been 

shown to modulate NTS release in the NA, as administration of a DRD2 antagonist reduces 

extracellular NTS (Wagstaff et al., 1996). NTS itself can enhance the release of dopamine in 

the NA through inhibition of DRD2 (Fawaz et al., 2009), tightly linking NTS 

neurotransmission with dopamine signaling in the NA. This interconnection between 

dopamine and NTS signaling (reviewed in Binder et al., 2001) has led to an interest in using 

NTS signaling as a target for impacting dopamine signaling, as mentioned previously. For 

this reason, there is a rich and extensive literature linking neurotensinergic signaling and 

schizophrenia (Binder et al., 2001), and in particular, linking NTS signaling to the effects of 

antipsychotic medications. Here, we are re-framing some of this rodent literature as it helps 

inform the role of NTS in the NA. Finally, while this section describes some effects of 

neurotensinergic signaling in the NA, and the NA contains NTS+ cells, the sources of NTS 

driving these phenotypes have not been elucidated.

NTS in the NA normalizes amphetamine-mediated disruption in sensorimotor 
gating—Prepulse inhibition (PPI) is a phenomenon in which a mild sensory stimulus 

reduces the startle response to a subsequent stimulus (Geyer et al., 2002), and is commonly 

used as a readout of sensorimotor gating. Sensorimotor gating is thought to mediate the 

ability of organisms to ignore irrelevant stimuli in favor of relevant stimuli. Deficiencies in 

PPI have been extensively described in studies of humans with schizophrenia and other 

psychoaffective disorders (Braff et al., 2001). Intra-accumbal administration of NTS has 

dose-dependent effects on pre-pulse inhibition (PPI), where low doses ameliorate disruptions 
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caused by amphetamine administration (Feifel et al., 1997). In keeping with these findings, 

amphetamine administration fails to increase PPI in NTS knockout mice (Kinkead et al., 

2005). Subcutaneous administration of an NTS mimetic, PD149163, also dose-dependently 

restores PPI to baseline levels following amphetamine administration in male Sprague-

Dawley rats (Feifel et al., 1999). However, as PD149163 was later found to be selective for 

NTSR1 (Petrie et al., 2004), this work can be re-evaluated to support a role for NTSR1 

signaling as the mediator of the anti-stimulant effects of NTS signaling. This makes 

particular sense, as PD149163 also increased PPI in both saline and amphetamine-treated 

C57BL/6J mice in a separate study (Vadnie et al., 2016). Virally-induced overexpression of 

NTSR1 in the NA restores amphetamine-induced disruption in PPI in rats, returning it to a 

saline baseline (Caceda et al., 2005). Crucially, this amelioration is then blocked by the 

NTSR1 antagonist SR 142948A, further supporting NTSR1 signaling in mediating the anti-

stimulant effects of NTS signaling. Interestingly, NTS injected into the NA core blocks the 

psychostimulant effects of intraperitoneal (i.p.) cocaine and amphetamine, but fails to blunt 

cocaine operant selfadministration in male Wistar rats (Robledo et al., 1993). In summary it 

appears that accumbal NTS, through NTSR1, modulates the stimulant effects of 

amphetamines and cocaine without necessarily impacting drug intake. More broadly, 

NTSR1 signaling appears to be an important target in remediating drug-induced dopamine 

disruption in the NA.

NTS in the NA attenuates dopamine supersensitivity—A number of behavioral and 

pharmacological manipulations have been found to impact Nts expression in the NA, which 

as described above, has clear implications for dopamine signaling in this region. Acute 

(Betancur, 2001) and chronic (Betancur, 2001; Betancur et al., 1997) cocaine injections have 

been found to increase Nts mRNA in the NA shell. Chronic haloperidol administration has 

also been shown to increase tissue NTS content in the NA of male (Kinkead et al., 2000) and 

female (See et al., 1995) Sprague-Dawley rats. Long-term antypsychotic treatment regimens 

have been linked to aberrant reward processing in rats (Bédard et al., 2011), possibly 

through the development of dopamine supersensitivity (Servonnet et al., 2017). Dopamine 

supersensitivity is a phenomenon wherein a chronic antipsychotic regimen can then itself 

lead to a paradoxical increase in psychotic episodes and the requirement for a higher dose of 

antipsychotics (Yin et al., 2016). This phenomenon is thought to be driven by an increase in 

DRD2 number and sensitivity following treatment. There is mounting evidence that 

dopamine supersensitivity may underlie some aspects of treatment failure in schizophrenia 

(Samaha et al., 2007). Interestingly, a recent study found that intra-NA NTS administration 

attenuated this dopamine supersensitivity (Servonnet et al., 2017), suggesting that NTS and 

its receptors are promising targets for modulating NA dopaminergic signaling.

Lateral Hypothalamus

The lateral hypothalamus (LH), an important homeostatic regulator, is another source of 

neurotensinergic signaling in the brain. NTS neurons in the LH (NTSLH) are GABAergic, 

synapse within the LH, and project to the VTA (as previously discussed), as well as the 

substantia nigra pars compacta (Brown et al., 2019).
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NTS is an anorectic peptide—A wealth of data supports the characterization of NTS as 

an anorectic neuropeptide. Intracerebroventricular (icv) administration of NTS has been 

shown to decrease feeding in fasted male Sprague-Dawley rats (Luttinger et al., 1982), as 

well as in both fasted and sated male Wistar rats (Cooke et al., 2012). I.p. administration of 

NTS has also been shown to suppress feeding in both fasted (Cooke et al., 2012; Ratner et 

al., 2016) and sated (Cooke et al., 2012) male C57Bl/6 mice. Interpretation of these global 

manipulations has been complicated by findings using an NTS knockout mouse (NTS−/−). 

Specifically, male and female NTS−/− mice were protected against the development of high-

fat diet-induced obesity, and showed impaired fat absorption in the intestines (Li et al., 

2016). This effect is presumably mediated by the actions of NTSR1 signaling in the 

periphery, as i.p. administration of SR 48692 was able to reduce intestinal lipid absorption in 

male C57BL/6 mice. In humans, levels of NTS precursor (pro-NTS) in fasting blood plasma 

are predictive of later development of obesity (Li et al., 2016). These findings, and others, 

make it imperative that investigations into the role of NTS in feeding are pursued in a circuit 

specific manner.

NTSLH neurons supress feeding through NTSR1—The LH is an important 

homeostatic regulator, composed of a number of neuronal populations which have been 

linked to feeding and metabolic regulation (for a review on LH cellular populations see 

Brown et al., 2015). While administration of NTS into the LH does not appear to modulate 

feeding (Hawkins et al., 1986), the NTSLH neurons themselves are poised to affect food 

consumption. Chemogenetic activation of NTSLH neurons in mice was able to increase 

locomotor activity and suppress food intake in both sated and food-deprived mice 

(Woodworth et al., 2017b). Pre-treatment with either a NTSR1 (SR48692) or DRD1 

antagonist (SCH23390) blocked this NTSLH-induced suppression of feeding, and NTSLH 

stimulation failed to suppress feeding in NTSR1−/− animals. Taken together, this data 

attributes the role of NTSLH neurons in feeding suppression to signaling through NTSR1, 

presumably through the NTSLH->VTA projection. Supporting this hypothesis, it has been 

shown that the anorectic effect of central NTS administration can be potentiated by the 

concurrent administration of L-DOPA (catecholamine precursor) or bromocriptidine 

(dopamine receptor antagonist), again supporting the idea that the anorectic actions of NTS 

can be attributed to NTSR1-mediated increases in dopamine signaling (Hawkins et al., 

1986). However, NTSLH-induced locomotion is largely intact NTSR1−/− mice, and was not 

impaired by pretreatment with either SR48692 or SCH23390, suggesting that this aspect of 

NTSLH activation is independent of NTSR1 signaling on downstream DA neurons 

(Woodworth et al., 2017b).

The role of NTSR1 in food intake more generally is complicated by data from different 

studies using NTSR1−/− mice. The first reported study using a NTSR1−/− mouse found no 

differences in growth curves in their animals (Pettibone et al., 2002). However, others have 

reported significantly increased weight and food intake in NTSR1−/− mice both using the 

same NTSR1−/− line (Kim et al., 2008), and a separately generated NTSR1−/− mouse line 

(Remaury et al., 2002). However, as icv administration of leptin has a decreased anorectic 

effect in C57BL/6 NTSR1−/− mice (Kim et al., 2008), it is likely that NTSR1 is at least 

partly involved in the role of NTS in mediating appetite.
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What appears to be the main difference between these knockout studies is that those which 

found differences in feeding (Kim et al., 2008; Remaury et al., 2002) used mice that were 

maintained on a C57BL/6 background, as opposed to a mixed C57BL/6 129/SvJ 

background. While it is unclear which of the differences between these strains underlies this 

disparity, it is apparent that there is some salient difference that is relevant to studies of NTS. 

This is concerning as many of the NTSrelated mouse strains (NTSR1−/−, NTSR2−/−, NTS

−/−, NTS-Cre) are being published and maintained on mixed genetic backgrounds, making it 

very difficult to draw conclusions across conflicting studies. Studies exploring differences in 

NTS, NTSR1, and NTSR2 expression and function in the commonly used rat and mouse 

strains would be very informative to the field.

NTSLH neurons regulate food intake in response to metabolic signals—A small 

subset of NTSLH neurons (30%; Leinninger et al., 2011) express the long form leptin 

receptor (LepRb) and inhibit nearby feeding-promoting orexin neurons thus affecting 

leptinmediated actions on the inhibition of feeding (Goforth et al., 2014; Leinninger et al., 

2011). Loss of LepRb specifically in NTSLH neurons decreases spontaneous locomotor 

activity in mice and increases both weight and percent body fat in a general disruption of 

energy balance (Brown et al., 2017). Deletion of LepRb in NTSLH neurons also resulted in 

the dysregulation of other LH mRNA transcripts, specifically, increased expression of Dlk1 
(delta-like 1 homologue; Villanueva et al., 2012; Meister et al., 2013) and LepRb, possibly 

as a result of compensation from non-NTScontaining LepRbLH neurons, as well as 

decreased expression of Nts. Interestingly, these animals also show more specific 

dysregulation of reward-related adaptive feeding and palatability. Specifically, LepRb 

knockout in NTSLH neurons results in animals that do not decrease feeding in response to 

leptin and do not increase sucrose preference in response to ghrelin, which are the normal 

responses observed in wildtype animals. Furthermore, these animals do not demonstrate 

shifts in breakpoint performance for a sucrose reward in response to leptin or ghrelin 

challenges, as would be observed in wild type mice. Thus, NTSLH neuronal signaling is 

crucial for the adaptive evaluation of a natural caloric reward in response to the animals 

internal metabolic state.

NTSLH neurons acutely drive fluid consumption through a non-NTSR1 
mechanism—Hypertonic saline-induced dehydration has been shown to decrease Nts 
mRNA in the LH of rats, suggesting a role for NTS in fluid consumption (Watts et al., 

1995). Chemogenetic activation of NTSLH neurons suppresses food consumption, as 

described above, but on a relatively long timescale in sated animals (a day or more; 

Woodworth et al., 2017b). On the other hand, this same stimulation can drive fluid 

consumption in the span of a few hours in euhydrated mice (Kurt et al., 2019; Woodworth et 

al., 2017b). Activation of NTSLH neurons promotes drinking of any available fluid, while 

maintaining the natural preferences of the animal (palatable fluids over unpalatable ones; 

Kurt et al., 2019). This phenomenon does not require NTSR1 signaling, as it is intact in 

NTSR1−/− animals and is not blocked by pretreatment with SR48692 or SCH23390 

(Woodworth et al., 2017b).
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A recent paper identified a fluid-responsive NTSLH population in mice that does not overlap 

with the NTS/LepRbLH population (Brown et al., 2019). Briefly, overnight dehydration 

induces Fos activation in some NTSLH neurons, but not LepRbLH neurons. These 

dehydration-activated NTSLH neurons do not project to mesolimbic dopaminergic regions, 

unlike LepRb/NTSLH neurons, suggesting that the role of these neurons in impacting 

different consumption behaviors is mediated through different downstream regions (Brown 

et al., 2019). Future work exploring the downstream projections of dehydration-responsive 

NTSLH neurons specifically is sure to be informative.

NTSLH neurons promote wakefulness—Sleep is a fundamental process that affects the 

overall wellbeing of an organism and has a significant impact on reward and learning 

processes (Byrne and Murray, 2017; Poe, 2017; Sara, 2017). Neurotensinergic signaling 

onto orexinLH neurons is also important for the control of sleep and wakefulness. Icv 
administration of a non-selective NTSR antagonist (SR142948) decreased wakefulness 

during the light period in wildtype but not orexin-ablated mice (Furutani et al., 2013). 

OrexinLH neurons appear to express NTSR2, as NTS (100nM) was able to depolarize these 

cells in slice, but pretreatment with the NTSR2 preferential agonist levocabastine blocked 

this effect. Furthermore, chemogenetic and brief optogenetic stimulation of NTSLH neurons 

promotes transition from NREM, but not REM, sleep to wakefulness (Naganuma et al., 

2019). In the same study, chemogenetic and longer optogenetic activation of these neurons 

also induced hyperthermia. (Body temperature and wakefulness are tightly linked in 

mammals, see (Krauchi, 2010) for a review). This is in line with previous work which had 

shown that chemogenetic activation of both NTSLH (Kurt et al., 2019) and GABALH 

neurons more generally (de Vrind et al., 2019) results in increased body temperature. 

Interestingly, inhibition of NTSLH neurons failed to affect spontaneous sleep, but did both 

attenuate arousal in response to a novel environmental stress and increase arousal in 

response to a metabolic stress (Naganuma et al., 2019). Similarly to observations in the 

LepRb knockout described above (Brown et al., 2017), both of these responses are 

maladaptive. Taken together, this suggests that NTSLH neurons are an important nexus for 

the integration of different sources of stress and the selection of an appropriate behavioral 

response.

BNST

Part of the extended amygdala, the bed nucleus of the stria terminalis (BNST) is a 

hetereogenous structure that integrates reward and stress/anxiety processes (McElligott and 

Winder, 2009). The BNST contains a significant population of NTS producing neurons that 

have been implicated in these behaviors. Pharmacological blockade of NTS signaling in the 

BNST using SR142984 can normalize the increased open-arm avoidance observed in 

chronically stressed rats (Normandeau et al., 2018b). Chronic unpredictable stress can also 

decrease Ntsr1 mRNA detected in the dorsal BNST (Normandeau et al., 2018b), suggesting 

an important role for NTS modulation in response to stress.

NTS in the BNST induces inhibitory LTP—BNST NTS has also been implicated in 

cocaine self-administration. Cocaine self-administration induces a GABAergic LTP 

mediated by the D1 dopamine receptor (DRD1; Krawczyk et al., 2011). Blockade of DRD1 
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within the oval nucleus of the BNST (ovBNST) depresses cocaine responses from escalating 

beyond what is observed for sucrose self-administration, and the magnitude of this LTP is 

correlated with motivation for cocaine intake in individual rats as measured by the final level 

of lever pressing on a progressive ratio (Krawczyk et al., 2013). As ex vivo bath application 

of the NTSR antagonist SR-14298 blunts this LTP, it is presumably mediated through an 

increase in local NTS release. Because bath application of NTS increased the size of 

GABAA inhibitory post-synaptic currents (IPSCs) in both cocaine and control rats, the 

increase in local NTS release in cocaine rats could further increase local GABA. This work 

provides a link between NTS signaling in the BNST and the effects of drug-taking on 

natural reward systems.

Interestingly, in a model of binge-like sucrose consumption, bath application of dopamine 

produced a significant increase in GABA IPSCs in ovBNST neurons in animals that had 

intermittent access to sucrose, but not those with continuous access (Maracle et al., 2019). 

As might be expected, this effect developed over abstinence from sucrose. Following binge-

like consumption these animals were insensitive to conditioned suppression, a phenomenon 

that was normalized following intra-BNST DRD1 blockade. It may be reasonably 

hypothesized that neurotensinergic signaling underlies this DRD1-mediated LTP as was 

shown with cocaine self-administration. If this were the case, it would suggest that the role 

of NTS in the BNST is related to the incubation of craving. Future work examining this 

possibility might illuminate an underlying neurobiological mechanism tying both drug and 

‘natural’ reward.

Local NTS in the BNST enhances the strength of GABAergic CeA input—NTS 

is co-expressed with other neuropeptides in the BNST such as dynorphin (DYN) and 

corticotropin releasing factor (CRF; Ju and Han, 1989; Shimada et al., 1989). We have 

demonstrated that endogenous NTS and DYN in the BNST can bidirectionally modulate 

CeA to ovBNST inhibitory transmission through NTSR1 and the kappa opioid receptor 

(KOR), respectively (Normandeau et al., 2018a). NTSR1 signaling increases CeA 

GABAergic signaling, and KOR signaling decreases the strength of this input. Furthermore, 

chronic stress can enhance the ability of endogenous NTS to potentiate inhibitory synapses, 

and intra-BNST blockade of NTS receptors can attenuate the anxiety-like behavior induced 

by chronic stress (Normandeau et al., 2018b). These data suggest that NTS signaling in the 

BNST may provide a link between stress and drug intake, and possibly the stress of 

abstinence and withdrawal. Additionally, these data may suggest a means by which 

catecholamine signaling in the BNST, which has been shown to release neuropeptides, may 

regulate stress responses (McElligott et al., 2010; Nobis et al., 2011).

BNST NTS decreases maternal aggression—Nts mRNA is upregulated in the dorsal 

BNST of postpartum mice (Driessen et al., 2014), and icv administration of NTS enhances 

Fos expression in the dBNST (Gammie et al., 2009). Additionally, icv administration of 

either NTS or SR 48692 (NTSR1 antagonist) decreases or increases maternal aggression 

respectively (Gammie et al., 2009). In combination, this suggests that NTSR1 activity in 

postpartum mice is linked to maternal aggression and that NTS is dynamically regulated in 

order for the animal to engage the appropriate behavioral response. It remains to be seen 

Torruella-Suárez and McElligott Page 12

Neuropharmacology. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whether NTS signaling in the BNST may impact aggression in other contexts, and whether 

other behavioral manipulations that impact NTS in the BNST may also impact aggression 

through a similar mechanism. These studies reveal a role for neurotensinergic signaling in 

the BNST beyond artificial drug manipulations, and show that it may be normally regulated 

in the brain throughout the life-cycle of the organism. Future studies examining the 

interaction between these sources of NTS regulation would broaden our understanding of 

NTS in this region.

CeA

The central amygdala (CeA) is a limbic subnucleus that functions as the main output of the 

amygdalar complex. While originally associated with aversive associative learning, more 

recent work has appreciated it as a region that encodes both positive and negative emotional 

valence (Janak and Tye, 2015). The CeA has also been identified as a crucial hub for both 

ethanol consumption, and the effect of ethanol consumption on the brain (Koob, 2003).

NTS in the CeA is reinforcing and strengthens learning—Intra-CeA administration 

of NTS has been shown to produce conditioned place preference in male Wistar rats, a 

phenomenon that is ablated by pre-administration of either an NTSR1 antagonist SR 48692 

(László et al., 2010a), or the DRD1 antagonist SCH23390 (László et al., 2018). In the 

Morris Water Maze, intra-CeA NTS administration improves escape latency when injected 

during the memory consolidation phase following trials (László et al., 2010b), and intra-CeA 

administration of NTS in the consolidation phase of a passive avoidance test also improves 

performance; both of these effects are also curbed by administration of an NTSR1 antagonist 

(László et al., 2012). These studies would suggest that NTS signaling in the CeA is 

reinforcing and promotes learning across a variety of modalities and tasks.

Global NTS manipulations also support a role for NTSergic signaling in learning. Global 

NTSR1 knockout facilitated freezing in animals that received a single shock during 

contextual fear conditioning, but did not impact freezing when the animals received six or 

eight shocks (Yamada et al., 2010). This increase in freezing could be blocked by 

administration of either propranolol (βadrenergic antagonist) or the NMDA receptor 

antagonist MK-801 during the consolidation phase. If shock number were to be used as a 

proxy for memory strength, this would suggest that NTSR1 facilitates weaker contextual 

fear memories, but is not necessary for stronger memory expression. Interestingly, 

NTSR1−/− mice present an aberrant LTP in pyramidal cells in the basolateral amygdala 

(BLA; Amano et al., 2008). Acute pharmacological blockade of the NTSR1 receptor 

permitted the induction of this LTP in wildtype mice, showing that this phenomenon was not 

simply due to developmental compensation. The increased responsivity of BLA cells to 

electrophysiological input, and presumably sensory input in the intact animal, could explain 

the increased salience of a mild stressor observed in the conditioning experiment (Yamada et 

al., 2010), as the BLA is a main source of input to the CeA.

In contrast, systemic administration of an NTSR1 agonist (PD149163) has been shown to 

block fear-potentiated startle (Shilling and Feifel, 2008). Both PD149163 (Prus et al., 2014; 

Steele et al., 2017) and NTS (Steele et al., 2017) have also been shown to decrease ultra-
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sonic vocalizations (USVs) produced by rats in a context in which they had previously been 

shocked. Interestingly, this acute effect of NTSR1 agonism is blocked in animals that had 

received repeated administrations of PD 149163 (Prus et al., 2014). Taken in combination 

with the previous global knockout experiments, this suggests that the neurotensinergic 

system adapts to developmental knockout of NTSR1. To our knowledge, however, this yet to 

be directly examined.

NTSCeA neurons overlap with anxiety-related populations, but NTS in the CeA 
does not impact anxiety-like behavior—NTSCeA neurons are GABAergic and overlap 

with a number of other peptidergic populations in the CeA. They have extensive overlap 

with of corticotropin- releasing factor (Crf; Kim et al., 2017; Pomrenze et al., 2019; 

Torruella-Suárez et al., in press), crf receptor-1 (Crfr1; Torruella-Suárez et al., in press), and 

dynorphin (Dyn; Kim et al., 2017; Pomrenze et al., 2019; Torruella-Suárez et al., in press) 

neurons. They also share some some overlap with somatostatin (Sst) neurons (McCullough 

et al., 2018; Torruella-Suárez et al., in press) and minimal overlap with protein kinase-c delta 

(Prkcδ)- containing populations (Kim et al., 2017). It is important to note that quantification 

of degrees of overlap varies by amygdalar subregion, location on the anteriorposterior axis, 

and methodology. In contrast with the CeA CRF-containing neurons (CRFCeA) neurons with 

which they overlap, NTSCeA neurons (Kim et al., 2017; Torruella-Suárez et al., in press) and 

intra-CeA neurotensinergic signaling (László et al., 2010a; Pomrenze et al., 2019) do not 

appear to have a role in anxiety-like behaviors. In fact, optogenetic stimulation of NTSCeA 

cell bodies appears to be reinforcing (Kim et al., 2017), in line with intra-CeA NTS 

administration promoting conditioned place preference (László et al., 2018, 2010a).

Due to the overlap in CeA peptidergic populations described above, recent work has 

attempted to disentangle the role of specific neuropeptides within these populations. A 

recent paper performed systematic shRNA-mediated knockdown of Vgat (vesicular GABA 

transporter), Crf, Dyn, and lastly Nts, within the CRFCeA population in rats (Pomrenze et al., 

2019). This study found that impairing NTS signaling in CRFCeA neurons left anxiety-like 

behaviors largely unaffected, with other neurotransmitters being responsible for baseline and 

evoked anxiety-related phenotypes in these neurons. Nts knockdown in CRFCeA neurons 

failed to affect time spent in the open arms of an elevated plus maze or time spent in the 

center of an open field, but did increase the number of entries into the open arms. When the 

authors activated CRFCeA neurons using the hM3Dq DREADD Nts knockdown again failed 

to impact these measures of anxiety-like behavior. These data indicate the NTS signaling in 

the CeA does not play a role in either baseline or acutely induced anxiety. Interestingly, Nts 
knock-down in the CeA results in heightened cue-induced freezing after fear memory 

extinction whereas vGAT knockdown had no effect. These data suggest that fear learning in 

the CeA is at least partly mediated by NTS signaling. It is yet to be seen whether Nts 
knockdown in the CeA would similarly impact learning related to a positive stimulus. 

Studies like this by Pomrenze et al. suggest that we may be able to disentangle the role of 

these overlapping neuropeptides using acute genetic manipulations.

NTSCeA neurons play a role in ethanol consumption—NTSCeA neurons project to 

the BNST (Arluison et al., 1994; Torruella-Suárez et al., in press) and PBN (Torruella-
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Suárez et al., in press) in mice. The NTSCeA->BNST pathway has yet to be explored, but as 

NTSCeA neurons are a subpopulation of CRFCeA neurons, work exploring the 

CRFCeA->BNST projection is relevant in this context. CRFCeA neurons have been of interest 

in ethanol consumption, particularly in the later stages that are thought to be driven by 

negative reinforcement (Koob, 2010). It was recently shown that inhibition of the 

CRFCeA->BNST pathway in ethanol-dependent rats decreases both consumption of ethanol 

and withdrawal symptomology (de Guglielmo et al., 2019). While CRF and CRF1 (CRF 

receptor 1) are important mediators of the increase in CeA GABAergic transmission 

observed in ethanol dependence (Herman et al., 2016; Roberto et al., 2010), the role of other 

neuropeptides in the development of ethanol dependence and ethanolrelated 

neuroadaptations has not been as extensively explored. In this vein, our recent study 

explored whether NTSCeA neurons were involved in ethanol consumption and found that 

viral ablation of these neurons reduce voluntary homecage ethanol consumption in non-

dependent C57BL/6J background mice (Torruella-Suárez et al., in press). As mentioned 

previously, NTS in the BNST is capable of modulating the NTSR1CeA->BNST projection 

(Normandeau et al., 2018a) suggesting that other sources of NTS near these synapses, such 

as NTS from the CeA itself, may also modulate this input.

NTSCeA->PBN neurons promote rewarding fluid consumption—We also recently 

explored the role of the NTSCeA->PBN projection. We found that optogenetic stimulation of 

the NTSCeA->PBN projection promotes positive valence and is reinforcing (Torruella-Suárez 

et al., in press). This follows the pattern of other CeA->PBN projections that have been 

examined such as Htr2aCeA->PBN (serotonin receptor 2a; Douglass et al., 2017) and 

PnocCeA->PBN (nociceptin; Hardaway et al., 2019), which also promote positive valence and 

reinforcement. Optogenetic stimulation of the NTSCeA->PBN projection also promotes 

consumption of palatable and rewarding fluids, whereas stimulation of the Htr2aCeA 

population and the Htr2aCeA->PBN pathway specifically, drives consumption of chow. 

Interestingly, optogenetic inhibition of the Htr2aCeA population also decreases consumption 

of a palatable fluid, but this was not further explored in that study. This suggests that 

NTSCeA->PBN neurons have a unique role in fluid reward. Additionally, Nts mRNA in the 

CeA was significantly decreased after dehydration in rats (Watts et al., 1995), and these 

neurons showed increased Fos expression after rewatering in C57BL/6 mice (Kim et al., 

2017). Inhibition of the lateral subpopulation of NTSCeA neurons decreased water drinking 

in water-deprived mice, but had no effect on feeding in food-deprived animals (Kim et al., 

2017). This suggests that NTSCeA neurons play a role in rewarding fluid consumption in 

hydrated animals, but switch to a more general role in fluid consumption in dehydrated 

animals.

4. Conclusions

As described here, neurotensinergic signaling is involved in a number of different reward-

related behaviors and plays a variety of contextually- and regionally-dependent roles. There 

has been interest in manipulating this system in the pursuit of novel treatments for 

schizophrenia (Kinkead and Nemeroff, 2006; Meltzer et al., 2004; Vadnie et al., 2016), pain 

(Dobner, 2006; Eiselt et al., 2019), and substance use disorders (Felszeghy et al., 2007; 
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Ferraro et al., 2016). In the treatment of schizophrenia, agonism of the NTS system may 

serve as an antipsychotic on its own (Vadnie et al., 2016), or may serve to ameliorate the 

effects of a chronic antipsychotic regimen (Servonnet et al., 2017). As an analgesic, NTSR 

agonists appear to improve the analgesic effects of morphine, leading to a lower dose 

required to produce analgesia and therefore lowering adverse reactions (Eiselt et al., 2019). 

In the treatment of substance use disorders, NTSR1 antagonism has been shown to decrease 

some of the rewarding effects of cocaine when administered during withdrawal in rats 

(Felszeghy et al., 2007). There is also evidence that the actions of NTS in the paraventricular 

nucleus of the thalamus (PVT) are relevant to alcohol use disorder, with low endogenous 

NTS levels leading to a higher propensity to drink excessive amounts of ethanol, and intra-

PVT administration of NTS reducing ethanol drinking (Pandey et al., 2019).

A more thorough understanding of the acute and long-term effects of NTS agonism and 

antagonism in the brain is crucial for both of these aims. It is particularly important to 

understand how neurotensinergic signaling acts in the typically functioning nervous system, 

and how it is impacted by neuropsychiatric illness as well as drug use. Studies on the role of 

NTS outside of the VTA are still in their relative infancy, yet they reveal a complex role for 

neurotensinergic signaling in reward-related behaviors that merits further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Neurotensin (NTS) is involved in reward signaling beyond the VTA.

• NTS signaling impacts neuronal signaling differently across brain regions.

• Review of rodent literature with some primate and human highlights.
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Figure 1. 
Circuit diagram outlining regions where NTS and NTSR1 are expressed, physiological 

ramifications of NTS signaling, and behaviors mediated by these circuits. Lateral 

hypothalamus (LH), medial preoptic area (mPOA), central nucleus of the amgydala (CeA), 

ventral tegmental area (VTA), bed nucleus of the stria terminalis (BNST), parabrachial 

nucleus (PBN), nucleus accumbens (NA). Light blue = NTS neurons and projections, dark 

blue = NTSR1 expressing neurons, green = dopamine neurons and projections.
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