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Abstract

The neurokinins are a class of peptide signaling molecules that mediate a range of central and
peripheral functions including pain processing, gastrointestinal function, stress responses, and
anxiety. Recent data have linked these neuropeptides with drug-related behaviors. Specifically,
substance P (SP) and neurokinin B (NKB), have been shown to influence responses to alcohol,
cocaine, and/or opiate drugs. SP and NKB preferentially bind to the neurokinin-1 receptor (NK1R)
and neurokinin-3 receptor (NK3R), respectively, but do have some affinity for all classes of
neurokinin receptor at high concentrations. NK1R activity has been shown to influence reward and
reinforcement for opiate drugs, stimulatory and neurochemical responses to cocaine, and escalated
and stress-induced alcohol seeking. In reinstatement models of relapse-like behavior, NK1R
antagonism attenuates stress-induced reinstatement for all classes of drugs tested to date. The
NK3R also influences alcohol intake and behavioral/neurochemical responses to cocaine, but less
research has been performed in regard to this particular receptor in preclinical models of addiction.
Clinically, agents targeting these receptors have shown some promise, but have produced mixed
results. Here, the preclinical findings for the NK1R and NK3R are reviewed, and discussion is
provided to interpret clinical findings. Additionally, important factors to consider in regards to
future clinical work are suggested.

Introduction

There are three primary neurokinin peptides, Substance P (SP), Neurokinin A (NKA) and
Neurokinin B (NKB). The neurokinin class of peptides is part of the tachykinin family and

the associated nomenclature is influenced by this classification (see below). SP and NKA are

produced by the preprotachykinin-a (PPTA) propeptide and NKB is produced by

preprotachykinin-b (PPTB) propeptide. Other tachykinin peptides including Neuropeptide K

and Neuropeptide y are formed by alternative splicing of the PPTA mRNA, but will not be
discussed in this review[1]. Neurokinin systems play a diverse role in physiological
processes including regulation of pain processing, cardiovascular function, intestinal
motility, and complex behaviors such as stress responses and drug seeking. Genetic

association studies have implicated a role of neurokinin receptors in alcohol abuse, attention
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deficit hyperactivity disorder, and bipolar disorder[2—4]. Also, medications targeting these
receptors have been tested for the treatment of depression, substance abuse, and menopausal
hot flashes[5-11]. One FDA-approved medication, the neurokinin-1 receptor antagonist
aprepitant, is currently in use to treat chemotherapy-induced nausea.

There are three neurokinin receptor subtypes: neurokinin-1 receptor (NK1R; TACR1 gene),
neurokinin-2 receptor (NK2R, TACR2 gene), and neurokinin-3 receptor (NK3R; TACR3
gene). At sufficient concentrations, all neurokinin peptides can activate each neurokinin
receptor, but each receptor has a preferred high affinity endogenous ligand. Specifically, SP
prefers the NK1R, NKA preferentially binds the NK2R, and NKB targets the NK3R[12].
Very little research has been done in regards to the NK2R in responses to drugs of abuse,
and it will not be covered in detail here. This review will focus exclusively on the NK1R and
NK3R, two tachykinin receptors that are widely distributed in the regions of the brain that
mediate motivated behavior and drug responses, and have been studied fairly extensively in
addiction models. These receptors are most commonly coupled to the Ga.q mechanism,
which stimulates phospholipase C activity to cleave PIP2 into the intracellular signaling
molecules 1P3 and diacylglycerol. The end result of activation of this pathway is calcium
mobilization from endoplasmic reticulum stores and stimulation of protein kinases including
calcium/calmodulin kinase and protein kinase C. In general, both NK1R and NK3R
activation has a positive, stimulatory effect on dopaminergic signaling in the mesolimbic
pathway. This pathway, which originates in the ventral tegmental area (VTA) of the midbrain
and sends dopaminergic innervation to the striatum and other limbic regions, is thought to
underlie the rewarding and reinforcing properties of drugs and natural rewards. Additionally,
both NK1R and NK3R influence the activity of other monoamine neurotransmitters
including norepinephrine (NE) and serotonin (5HT). These neurotransmitters can influence
drug seeking directly as well as through their interactions with the mesolimbic DA system.

In this review, the role of the NK1R and NK3R in monoamine function and drug seeking
behavior will be described in detail. This will be followed by a commentary on the state of
clinical research for neurokinins in addiction to date, and will highlight important aspects
that should be considered in this realm of research going forward. While the research on the
NKS3R in drug responses is not quite as extensive as that for the NK1R, some interesting
effects have been reported for this receptor over the last few decades.

Monoamine Signaling

The NK1R is expressed widely throughout brain regions that mediate affective behaviors,
including in the amygdala, striatum, hippocampus, and brainstem[13-16]. Administration of
SP into the VTA increases locomotor activity, suggesting a psychostimulatory effect[17].
NK1R activation has also been shown to modulate neurophysiological and neurochemical
measures in the mesolimbic pathway. Specifically, peripheral administration of SP increases
DA release in the striatum[18], intra-VTA infusion of the SP analog DiMe-C7 increases DA
content in multiple terminal regions of the VTA[19], and local application of the NK1R
agonist GR73632 causes electrophysiological excitation of the VTA in anesthetized rats[20].
Taken together, these results indicate that SP and the NK1R influence the activity of
dopaminergic projections that originate in the VTA and mediate drug reward and
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reinforcement, although it has been suggested that the effect of neurokinins in the VTA
could be mediated through the NK3R. Specifically, it was shown that in ex vivo brain slices
containing the VTA, application of the NK3R agonists senktide or NKB increase neuronal
firing rates more strongly than agonists of other neurokinin receptor subtypes[21]. This is
intriguing because the NK3R is expressed more highly than the NK1R in the rodent VTA,
however, retrograde tracing studies show that the NK1R seems to be expressed more
strongly in VTA neurons projecting to the NAC, whereas NK3R is more prominent in VTA
neurons that project to the frontal cortex[22].

Like the NK1R, the NK3R is expressed widely throughout the brain in regions that mediate
affective and motivated behaviors, including in the olfactory bulb, amygdala, multiple
cortical regions, hypothalamic subnuclei, hippocampus, locus coeruleus, VTA, and
interpenduncular nucleus, among others [23-26]. Overall, NK3R activation has very similar
effects to NK1R stimulation on mesolimbic DA function. For example, NK3R stimulation
increases the firing rate of dopaminergic neurons of the substantia nigra pars compacta and
VTA [17, 20, 21, 27]. In agreement with this, NK3R activation in dopaminergic cells of the
midbrain induces transmitter release in the striatum, an effect that is also observed for
acetylcholine release in from septal inputs to the hippocampus[17, 28].

The NK1R and NK3R also regulate the activity of the monoamines NE and 5HT. In general,
reduction of NK1R signaling in the raphe nuclei, either by genetic deletion of the receptor or
pharmacological antagonism, increases serotonergic function[29-33]. Also, activity of the
NKZ1R in the septal nuclei regulates coping behavior during stress exposure and modulates
the release of 5HT in this region[34]. For NE, NK1R signaling seems to facilitate the
activity of NE neurons in the locus coeruleus[35-37]. Some evidence suggests that the
NKS3R also regulates SHT and NE signaling. Specifically, NK3R agonism increases the
firing rate of locus coeruleus neurons and induces NE release in the cortex[38, 39].
Additionally, it is thought that NK3Rs stimulate SHT neuron activity in the dorsal raphe via
indirect effects on local glutamate terminals[40].

One prominent function of the NK1R is the regulation of stress responses. Following
exposure to stressors, SP is released and activates the NK1R in regions such as the lateral
septum and the amygdala[34, 41]. Another neurochemical effect of stress exposure is the
release of monoamine transmitters into the cortex, and this has been shown to be NK1R-
dependent. Specifically, the NK1R antagonist GR205171 reduces the stress-induced increase
in DA metabolites the prefrontal cortex (PFC) following immobilization stress in rats[42].
This NK1R antagonist also suppresses immobilization stress-induced release of DA and NE
in the PFC of both rats and gerbils, as measured by /n vivo microdialysis[43]. It is important
to note one study which observed increased DA release and VVTA neuronal activity following
systemic administration of GR205171[44]. However, this finding runs counter to the stress
effects outlined above, and the effect of NK1R agonists on VTA/DA function described
earlier in this section.

Taken together, these findings suggest that the NK1R and NK3R can both positively regulate
DA signaling in the mesolimbic pathway. Additionally, these receptors influence the activity
of other monoaminergic systems. There appears to be an important role of the NK1R in
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stress-induced transmitter release; however, the role of the NK3R in stress-induced
monoamine release has not been studied.

Reward Behavior

Functionally, neurokinin receptor stimulation itself can induce reward responses. SP or
peptide analogs (for example DiMe-C7) can induce place preference when administered
either systemically or directly into the nucleus basalis magnocellularis (a cholinergic nucleus
of the basal forebrain, also called nucleus basalis of Meynert), or the lateral hypothalamus (a
hypothalamic subregion involved in motivated behavior and a transit point for the median
forebrain bundle) [45-48]. The place preference model is a commonly used rodent
behavioral test that pairs a drug or stimulus with a novel environment. A subsequent
preference to spend time in the drug paired environment is thought to be indicative of
rewarding properties of that drug. NK1R/SP-induced place preference was subsequently
suggested to be dependent upon p opioid receptor (MOR) signaling[46]. This is intriguing in
light of data demonstrating a cellular interaction between NK1R and MORs[49].
Specifically, concurrent NK1R activation prevents agonist-induced MOR internalization
through the sequestration of intracellular arrestins. In general, opioid receptors and the SP/
NKZ1R system have complex interactions in the brain and spinal cord in the regulation of
drug reward and pain sensitivity (for review see[50]). Similar to the NK1R,
intracerebroventricular (ICV) infusion of a NK3R agonist induces a place preference to an
environment paired with the drug [51]. While these experiments demonstrate individual
roles of the NK1R and NK3R in reward development, it is important to note that some
agonists (for example the endogenous ligands SP and NKB) have affinity for both receptor
types, albeit at varying affinities. Thus, depending on the concentration and specificity of the
compounds used, it is difficult to clearly dissect the individual roles of the NK1R and NK3R
under these conditions. It is likely that both receptors contribute to the development of
reward responses, given their anatomical distribution and common facilitation of DA
signaling in the mesolimbic pathway.

Opiate Reward and Reinforcement

There is a quite extensive literature demonstrating a role of the NK1R in opiate reward and
reinforcement. For example, morphine administration induces SP release in the VTA [52],
and NK1R antagonism attenuates DA release in the nucleus accumbens (NAC; a ventral
region of the striatum and terminus for mesolimbic DA projections) following morphine
injection[52]. Inhibition of NK1R function by genetic deletion or pharmacological
antagonism attenuates self-administration of morphine or heroin[53, 54], suppresses
morphine-induced locomotion[55], and blunts the rewarding properties of these drugs[56,
57]. The latter effect has been localized at least in part to NK1R expressing cells in the
amygdala using a NK1R targeting neurotoxin[58]. For operant self-administration, it is
important to note that NK1R antagonism attenuates drug intake under both short access and
long access schedules[54]. Long access self-administration (operant sessions longer than 6
hours) typically leads to escalation of intake compared to short access self-administration
(1-2 hour operant sessions) and is thought to recruit additional stress-related signaling
systems[59-62]. This suggests that NK1R signaling is involved in baseline reward/
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reinforcement, as well as escalated consumption, of opiate drugs. An exciting recent study
used CRISPR-Cas9 methods to selectively delete NK1R expression in VTA neurons. It was
found that this manipulation prevented morphine place preference and DA release in the
NAC, suggesting a specific locus of action for the role of the NK1R in opiate reward[52].

The role of the NK1R in opiate reward and reinforcement is one of the most consistent
findings from the addiction literature on neurokinin systems and represents a highly
significant target in medication development. There is no evidence to date of a role of the
NK3R in opiate reward or reinforcement, and more research is needed in this area.

Cocaine-Induced Behaviors

Several early studies indicated that cocaine administration alters SP/NK1R function.
Specifically, cocaine injection increases c-fos expression (immediate early gene that
indicates neuronal activation) preferentially in SP-expressing cells of the striatum[63]. Also,
repeated cocaine injection increases expression of the propeptide for SP in multiple
subregions of the striatum including the dorsal striatum and NAC core, whereas acute
cocaine injection tended to increase SP expression primarily in the dorsal aspects of the
striatum[64, 65]. The findings described above refer to the effects induced by non-contingent
(experimenter delivered) cocaine administration; however, contingent (voluntary operant
self-administration) cocaine administration also effects SP expression. For example, chronic
cocaine self-administration increases the expression of SP in the striatum of rats[66, 67].
Behaviorally, NK1R antagonism has been shown to prevent both the acute stimulatory
effects of cocaine as well as the locomotor sensitization response following repeated cocaine
injections[68, 69].

While the NK1R may mediate some behavioral effects of cocaine, most studies on cocaine-
related behaviors indicate that the NK1R is not involved in primary reward or reinforcement
for this drug, as evidenced by a lack of effect of NK1R manipulations in cocaine self-
administration or place preference[53, 55, 57, 70]. However, the NK1R may have a
functional role in reinstatement of cocaine seeking following extinction[70-72], a preclinical
animal model of relapse-like behavior (see below). Also, the effect of NK1R antagonism on
escalated cocaine self-administration following long access sessions has not been examined.
Given the role of the NK1R in stress responses in general, and the ability of long access drug
self-administration to recruit stress signaling systems, it is possible that NK1R antagonism
would attenuate escalated cocaine intake following exposure to long access sessions.

There is a substantial literature describing the role of the NK3R in cocaine responses. For
example, NK3R antagonist treatment reduced, and NK3R agonists enhanced, the locomotor
activating effects of cocaine in rats, and these effects were sensitive to the specific doses of
NKS3R acting drugs administered[73, 74]. Acute NK3R antagonism also reduces cocaine-
induced stereotypical behaviors[75], as well as the development and expression of locomotor
sensitization following repeated cocaine injections[76]. Chronic treatment with NK3R
antagonist in this study also revealed increased sensitivity to cocaine-induced stereotypies,
suggesting DA hypersensitivity following chronic antagonist administration, an effect that
was confirmed using D1 receptor binding assays. In non-human primates, decreased

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

Page 6

methylation state of the TACR3 promoter (which generally correlates with increased
expression) following repeated cocaine administration has been observed [77].
Paradoxically, DA levels in the NAC were increased by systemic pretreatment of rats with
either an agonist or antagonist of the NK3R[73, 74]. Similar to this, both NK3R antagonists
and agonists attenuate some behavioral responses to cocaine in marmosets[78, 79].

Taken together, these findings indicate a complex role of the NK1R and NK3R in cocaine-
induced behaviors. While there seem to be substantial effects of these receptors on the
locomotor stimulating effects of cocaine, for example, there is no data demonstrating a role
of the NK1R or NK3R in cocaine reward or reinforcement in standard rodent models used to
measure these behaviors. However, these receptors may be involved in relapse-like behavior
or escalated drug seeking, and may still have promise for the development of
pharmacotherapies for cocaine abuse.

Alcohol Reward and Reinforcement

For alcohol, the effect of the NK1R appears to be specific to stress-induced alcohol seeking
and escalated consumption. For example, NK1R inhibition, either by genetic deletion, viral
vector mediated knockdown, or pharmacological means, attenuates alcohol consumption in
C57BL6/J mice, which consume high amounts of alcohol[9, 80, 81]. In this strain of mice,
exposure to chronic social defeat increases NK1R expression and alcohol consumption[82].
Also, in a recent study, NK1R levels were found to positively correlate with the strength of
alcohol place preference, and a NK1R antagonist reduced the expression of this reward
behavior[83]. In agreement with this, NK1R knockout mice show a complete lack of place
preference for alcohol[80].

Alcohol consumption in high preferring rats is also dependent on NK1R signaling. For
example, inhibition of the NK1R reduces escalated alcohol consumption in specific rat lines
bred for high alcohol preference including alcohol preferring P rats and Marchegian-
Sardinian alcohol preferring rats[84, 85]. Intermittent alcohol access (Monday/Wednesday/
Friday access to 20% v/v alcohol) is another exposure that induces escalated alcohol intake
in rodents[86]. Intermittent alcohol access alters NK1R expression in the striatum, and the
NKI1R plays a functional role in the escalated intake that is induced by this access
schedule[87, 88]. In operant models, escalated alcohol self-administration can be induced by
yohimbine injection, and this is also sensitive to NK1R antagonism[87]. Escalated alcohol
self-administration has also been induced by upregulation of the NK1R in the central
nucleus of the amygdala (CeA) using viral vector methods [89]. This is particularly
intriguing because this particular brain region shows increased NK1R expression in the P
rat. While there is strong evidence for a role of the NK1R in escalated and stress-induced
alcohol intake, it has been repeatedly demonstrated that NK1R antagonism does not reduce
alcohol intake under baseline (non-escalated) conditions[84, 85, 90-92].

ICV infusion of NK3R agonists acutely suppress alcohol consumption in alcohol preferring

rats but do not affect food/water intake, alcohol metabolism, or alcohol-induced conditioned
taste aversion [51, 93-95], and this effect is mimicked by systemic injection [96]. This effect
of NK3R action has been suggested to be localized to the nucleus basalis magnocellularis, a
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cholinergic nucleus of the basal forebrain[97], and the lateral hypothalamus, a major
subregion of the hypothalamus that is involved in motivated behavior[98]. Intriguingly, these
two regions have also been found to play a role in SP effects on DA function and reward
behavior (see above) [47, 99]. Infusion of NK3R agonist into the lateral ventricles or the
paraventricular nucleus of the hypothalamus also attenuated motivation for alcohol
access[100]. Since NK3R activation has rewarding properties by itself as described above,
NKS3R agonists may reduce alcohol intake by contributing in part to the hedonic response
when alcohol is consumed. The role of the NK3R in stress-induced alcohol intake has not
been assessed.

Taken together, these complex roles of the NK1R and NK3R in alcohol-related behaviors
argues for the further investigation of compounds targeting these receptors in the treatment
alcohol use disorder. Given that the NK1R tends to affect stress-induced alcohol intake and
the NK3R influences baseline consumption may argue for the development of dual NK1R/
NK3Rs as potential treatments.

Nicotine-Related Behaviors

One study has examined the role of neurokinin receptors in neural responses to nicotine and
is of interest to include here. It was found that NK1R (and NK3R) on neurons of the medial
habenula (MHDb) are involved in acute excitability, neuroadaptations, and withdrawal
processes following exposure to nicotine[101]. In this study it was hypothesized that
nicotinic receptors on neurokinin terminals that innervate the MHb have a stimulatory role in
acute release, but chronic nicotine exposure desensitizes this response and contributes to
withdrawal. Given this functional role of neurokinins in nicotine responses and its
expression within critical circuits that mediate the response to this drug, additional research
is needed in this area.

Reinstatement of Drug Seeking

Reinstatement is a preclinical rodent model that is used to study relapse-like behavior. In this
behavioral protocol, an animal is first trained to self-administer a drug. Next, drug delivery
is removed during the extinction phase and operant responding gradually subsides. Next,
reactivation, or reinstatement, of responding is triggered by exposure to specific stimuli
including stress exposure, drug priming, or presentation of drug-paired cues. NK1R
antagonism has repeatedly been shown to reduce the reinstatement of alcohol seeking that is
triggered by footshock stress exposure or yohimbine (often considered a pharmacological
stressor) injection, but not that which is induced by presentation of an alcohol-paired cue[70,
85, 89, 91, 102]. Increased sensitivity to yohimbine-induced reinstatement is exhibited by
alcohol preferring P rats, which express high levels of the NK1R in the CeA (see above), and
intra-CeA infusion of a NK1R antagonist attenuates this response[89]. Overexpression of the
NK1R using viral vector infusion in control rats produces a behavioral response similar to
that observed in P rats (increased yohimbine-induced reinstatement). The NAC shell appears
to be another critical site of NK1R action in stress-induced reinstatement, as NK1R activity
in this NAC subregion mediates stress-induced reinstatement of alcohol seeking in an
outbred control strain of rats (Wistar)[102]. Overall, this suggests that the NK1R in the CeA
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and the NAC shell, two critical nodes of the extended amygdala stress circuitry that
influences drug seeking behavior, mediates stress-induced reinstatement of alcohol seeking
[84, 89, 102].

The role of the NK1R in reinstatement for other drugs of abuse has also been examined to
some extent and the effect of NK1R antagonism in stress-induced reinstatement seems to be
a consistent effect across drug classes. Early work examining the role of the NK1R in
reinstatement of cocaine seeking demonstrated that infusion of a NK1R agonist, either
intracerebroventricularly or directly into the VTA, induced reinstatement of extinguished
cocaine seeking[71, 72]. However, pretreatment with a specific NK1R antagonist did not
attenuate cocaine-primed reinstatement. Importantly, stress-induced reinstatement was not
examined in these studies. It has more recently been shown that NK1R antagonism
attenuates reinstatement of cocaine seeking that is triggered by yohimbine injection, which
is often considered to be a pharmacological stress stimulus (see above)[70]. Only one study
has examined the role of the NK1R in reinstatement of opiate seeking. Specifically, a very
recent study reported an attenuation of stress-induced reinstatement of oxycodone seeking
by NK1R antagonism[103]. Taken together with the findings for alcohol reinstatement
described above, it seems likely that the NK1R is involved in stress-induced reinstatement
for all classes of drugs, but not reinstatement that is induced by other classes of stimuli
(cues, for example). However, drug-primed reinstatement for opiate drug seeking has not yet
been assessed, and given the role of the NK1R in most opiate responses examined to date
suggests that it may have a role in this behavior as well. Additionally, it is unknown if the
neurocircuitry that mediates the NK1R effect on stress-induced reinstatement to cocaine and
opiate seeking is identical to that which has been identified for alcohol seeking.

The role of the NK1R in stress-induced reinstatement of drug seeking following extinction is
one of the most consistent findings in the preclinical literature on this topic, and may
represent the most valuable behavioral target for testing NK1R antagonists in the clinic. This
affect appears to hold for all classes of drug tested thus far. However, there is no literature
reporting any test of the NK3R in this behavior, and these experiments would be of great
interest.

Summary of Preclinical Findings

Overall, a survey of the literature suggests that neurokinin receptors are strong candidates
for development of pharmacotherapies for addiction. However, there seems to be stronger
evidence in support of a role of the NK1R in drug-related behaviors, with the NK3R less
represented in the preclinical findings, especially when considering opiate-related behaviors
and relapse-like behavior for all classes of drugs. There is a considerable support for both
receptors in alcohol-related behaviors, with the NK3R being more associated with baseline
intake and the NK1R being more involved in escalated and stress-induced intake. Alcohol
use disorder is an area where much attention should be focused in the testing of neurokinin
receptor antagonists. Additionally, the NK1R seems to have prominent effects on opiate
reward and reinforcement. Given the magnitude of opiate use disorder and its related health
risks in our current world, this is an additional area where more extensive clinical testing of
NK1R antagonists should be focused.
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Given the highly overlapping expression patterns and behavioral effects of the NK1R and
the NK3R, and the diverse role that the NK1R plays in drug seeking behaviors, additional
research on the role of the NK3R in stress-induced drug seeking, opiate reward/
reinforcement, and escalated alcohol self-administration is needed. Testing of combined
antagonists also holds potential as a novel pharmacological approach. Finally, more research
on nicotine is needed given the one intriguing study described above and the scope of that
health issue.

Therapeutics & Clinical Research

Human studies have supported a role of neurokinin receptor genetic polymorphisms in drug
and alcohol dependence. Single Nucleotide Polymorphisms (SNPs) in the gene for the
NK1R (TACR1 gene) influences risk of alcohol abuse and other related comorbid disorders
[2, 3]. Additionally, similar SNPs contribute to the sensitivity to alcohol associated cues as
measured by the magnitude of functional activation in critical brain regions during cue
presentation[104]. For the NK3R, multiple SNPs in the human TACR3 gene are associated
with the incidence of alcohol and cocaine dependence[4]. For both the NK1R and NK3R
receptor, several clinical trials have been performed for conditions such as depression,
anxiety, pain, and drug abuse. Testing NK1R pharmacotherapies for novel indications is
aided somewhat by the existence of a FDA-approved drug that targets this receptor:
aprepitant, which is prescribed for chemotherapy induced nausea. In general, the results of
clinical trials using NK1R or NK3R antagonists have produced mixed results, but these
systems continue to hold great promise in pharmaceutical development. Future research
should consider several key factors which will be discussed below including polymorphisms
in neurokinin receptor genes, comorbidity with other psychiatric conditions, dosing/receptor
occupancy, the use of combined NK1R/NK3R antagonists, and the viability of NK1R
antagonist/MOR agonist formulations.

As stated above, SNPs in the genes for both the NK1R and NK3R associate with increased
risk of alcohol and drug dependence. While these SNPs may influence functional response
of the receptor to stressful stimuli or drug exposure, it is important to consider that these
SNPs may also affect the efficacy of antagonists that target these receptors. Such
pharmacogenetic interactions should be considered in clinical trials as a potential factor that
influences the viability of these drugs in diverse patient populations. As such, it is possible
that NK1R or NK3R acting agents may be indicated for a genetically defined subpopulation
of patients that should be screened to identify such predictive factors. This personalized
approach to medicine is commonly thought to be a major direction in which health care and
pharmaceutical development will move.

NK1R antagonists gained much attention 2 decades ago when they were shown to have
clinical efficacy in the treatment of depression[5]. However these results were not replicated
in subsequent studies[105]. While most pharmaceutical companies halted NK1R-related
research on this receptor system for psychiatric indications, newly developed, high potency
NK1R antagonists have been developed and this new generation of drugs has shown
considerable promise in depression pharmacotherapy. It is now thought that early negative
findings resulted from insufficient occupancy of NK1Rs with the compounds and doses
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used. Indeed, when very high NK1R occupancy is achieved, antidepressant effects are
typically observed[7, 8, 106, 107]. In the future, clinical trials for depression, anxiety,
addiction, and other related conditions should be performed with this in mind, and high
potency receptor occupancy should be confirmed at the doses used in these experiments.

One notable trial for alcohol dependence produced highly promising results, with NK1R
antagonism reducing craving and other physiological responses in treatment seeking
detoxified alcoholics with comorbid anxiety[9]. However, a subsequent study using
aprepitant showed no efficacy on behavioral outcomes in alcoholics with comorbid post-
traumatic stress disorder[10]. This negative result may have been due to insufficient receptor
occupancy by aprepitant at the dose used (see discussion above). In regards to opiate drugs,
pretreatment with a NK1R antagonist increased the subjective effects of oxycodone
administration[108]. However, it is unclear where on the dose-response function for
oxycodone and/or aprepitant the specific doses administered lie for these individuals. In
these unexpected and somewhat confusing results, another factor that should not be
overlooked is that the sample population in the initial alcohol study was selected for
alcoholics with comorbid anxiety. This suggests that substance dependent patients with
specific comorbidities may be the most responsive to neurokinin targeting treatments.
Whether these specific comorbidities associate with identifiable genetic signatures is
unknown and should be examined in more detail.

Of potential benefit to the clinical field, new dual acting antagonists of NK1R and NK3R
have shown safety, tolerability, and high receptor occupancy, but have yet to be tested in
addiction[109, 110]. NK1R and NK3R have overlapping expression distributions, behavioral
effects, and affinity for the same endogenous ligands. For example, combined effects of the
NK1R and NK3R have been shown to modulate nicotine responses and withdrawal effects,
specifically in the MHb (see above)[101]. Preclinically, few studies have examined both
NK1R and NK3R in the same experimental preparations and behavioral protocols, and
additional research in this realm is needed. These receptors may act in concert, or may
compensate for one another when one is inhibited with an antagonist. In either case,
combined NK1R/NK3R antagonists may be a quite valuable strategy to implement in
pharmaceutical development.

Another exciting avenue that has been introduced in the last decade is the development of
combined MOR agonists/NK1R antagonist compounds. New generation compounds that
agonize opioid receptors while concurrently inhibiting NK1Rs have been reported to have
beneficial analgesic properties without developing tolerance following chronic
administration, triggering increased DA release in the NAC, or inducing place preference;
however, these compounds have yet to be tested in humans[52, 111]. These agents hold great
promise as treatments for chronic pain, but also for opiate addiction.

Conclusions

As described in detail above, the NK1R and NK3R have notable effects on drug responses
and drug seeking behavior. One of the most consistent findings has been an effect of NK1R
antagonism on stress-induced drug seeking for multiple classes of drugs, an effect that is
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likely mediated by the extended amygdala stress circuitry. Considering these findings
together, neurokinin receptor targets hold great promise in pharmaceutical development, and

ad
ne

ditional clinical studies would help to advance this field. Previously reported results and
gative findings should be considered in the context of the specific drugs/doses used, the

impact of pharmacogenetic interactions, and comorbid psychiatric conditions.

References
1.

10

11.

12.

13.

14.

15.

16.

17.

18.

Helke CJ, et al., Diversity in mammalian tachykinin peptidergic neurons: multiple peptides,
receptors, and regulatory mechanisms. FASEB J, 1990 4(6): p. 1606-15. [PubMed: 1969374]

. Sharp SI, et al., Genetic association of the tachykinin receptor 1 TACR1 gene in bipolar disorder,

attention deficit hyperactivity disorder, and the alcohol dependence syndrome. Am J Med Genet B
Neuropsychiatr Genet, 2014 165B(4): p. 373-80. [PubMed: 24817687]

. Seneviratne C, et al., Susceptibility locus in neurokinin-1 receptor gene associated with alcohol

dependence. Neuropsychopharmacology, 2009 34(11): p. 2442-9. [PubMed: 19553914]

. Foroud T, et al., The tachykinin receptor 3 is associated with alcohol and cocaine dependence.

Alcohol Clin Exp Res, 2008 32(6): p. 1023-30. [PubMed: 18422838]

. Kramer MS, et al., Distinct mechanism for antidepressant activity by blockade of central substance

P receptors. Science, 1998 281(5383): p. 1640-5. [PubMed: 9733503]

. Kramer PD, et al., The truth about Prozac: an exchange. New York Rev Books, 2008 55(2): p. 54-5.
. Ratti E, et al., Results from 2 randomized, double-blind, placebo-controlled studies of the novel

NK1 receptor antagonist casopitant in patients with major depressive disorder. J Clin
Psychopharmacol, 2011 31(6): p. 727-33. [PubMed: 22020354]

. Ratti E, et al., Full central neurokinin-1 receptor blockade is required for efficacy in depression:

evidence from orvepitant clinical studies. J Psychopharmacol, 2013 27(5): p. 424-34. [PubMed:
23539641]

. George DT, et al., Neurokinin 1 receptor antagonism as a possible therapy for alcoholism. Science,

2008 319(5869): p. 1536-9. [PubMed: 18276852]

. Kwako LE, et al., The neurokinin-1 receptor antagonist aprepitant in co-morbid alcohol
dependence and posttraumatic stress disorder: a human experimental study. Psychopharmacology
(Berl), 2015 232(1): p. 295-304. [PubMed: 25030801]

Prague JK, et al., Neurokinin 3 receptor antagonism as a novel treatment for menopausal hot
flushes: a phase 2, randomised, double-blind, placebo-controlled trial. Lancet, 2017 389(10081): p.
1809-1820. [PubMed: 28385352]

Pennefather JN, et al., Tachykinins and tachykinin receptors: a growing family. Life Sci, 2004
74(12): p. 1445-63. [PubMed: 14729395]

Quirion R, et al., Autoradiographic distribution of substance P receptors in rat central nervous
system. Nature, 1983 303(5919): p. 714-6. [PubMed: 6190094]

Mantyh PW, Hunt SP, and Maggio JE, Substance P receptors: localization by light microscopic
autoradiography in rat brain using [3H]SP as the radioligand. Brain Res, 1984 307(1-2): p. 147—
65. [PubMed: 6087984]

Yip Jand Chahl LA, Localization of tachykinin receptors and Fos-like immunoreactivity induced
by substance P in guinea-pig brain. Clin Exp Pharmacol Physiol, 2000 27(11): p. 943-6. [PubMed:
11071315]

Commons KG, Neuronal pathways linking substance P to drug addiction and stress. Brain Res,
2010 1314: p. 175-82. [PubMed: 19913520]

Elliott PJ, et al., Behavioural and biochemical responses following activation of midbrain
dopamine pathways by receptor selective neurokinin agonists. Neuropeptides, 1991 19(2): p. 119-
26. [PubMed: 1719444]

Boix F, et al., Effects of substance P on extracellular dopamine in neostriatum and nucleus
accumbens. Eur J Pharmacol, 1992 216(1): p. 103-7. [PubMed: 1382019]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 12

Barnes JM, et al., Neurochemical consequences following injection of the substance P analogue,

DiMe-C7, into the rat ventral tegmental area. Pharmacol Biochem Behav, 1990 37(4): p. 839-41.
[PubMed: 1709506]

Overton P, et al., Neurokinin agonists differentially affect A9 and A10 dopamine cells in the rat.

Eur J Pharmacol, 1992 213(1): p. 165-6. [PubMed: 1379929]

Seabrook GR, Bowery BJ, and Hill RG, Pharmacology of tachykinin receptors on neurones in the
ventral tegmental area of rat brain slices. Eur J Pharmacol, 1995 273(1-2): p. 113-9. [PubMed:
7537676]

Lessard A, et al., The neurokinin-3 (NK3) and the neurokinin-1 (NK1) receptors are differentially
targeted to mesocortical and mesolimbic projection neurons and to neuronal nuclei in the rat
ventral tegmental area. Synapse, 2009 63(6): p. 484-501. [PubMed: 19224600]

Massi M, Panocka I, and de Caro G, The psychopharmacology of tachykinin NK-3 receptors in
laboratory animals. Peptides, 2000 21(11): p. 1597-609. [PubMed: 11090913]

Stoessl AJ and Hill DR, Autoradiographic visualization of NK-3 tachykinin binding sites in the rat
brain, utilizing [3H]senktide. Brain Res, 1990 534(1-2): p. 1-7. [PubMed: 1705846]

Dam TV, Escher E, and Quirion R, Visualization of neurokinin-3 receptor sites in rat brain using
the highly selective ligand [3H]senktide. Brain Res, 1990 506(1): p. 175-9. [PubMed: 1689199]
Shughrue PJ, Lane MV, and Merchenthaler I, In situ hybridization analysis of the distribution of
neurokinin-3 mRNA in the rat central nervous system. J Comp Neurol, 1996 372(3): p. 395-414.
[PubMed: 8873868]

Keegan KD, Woodruff GN, and Pinnock RD, The selective NK3 receptor agonist senktide excites a
subpopulation of dopamine-sensitive neurones in the rat substantia nigra pars compacta in vitro. Br
J Pharmacol, 1992 105(1): p. 3-5. [PubMed: 1375857]

Marco N, et al., Activation of dopaminergic and cholinergic neurotransmission by tachykinin NK3
receptor stimulation: an in vivo microdialysis approach in guinea pig. Neuropeptides, 1998 32(5):
p. 481-8. [PubMed: 9845011]

Gobbi G, et al., Neurokinin 1 receptor antagonism requires norepinephrine to increase serotonin
function. Eur Neuropsychopharmacol, 2007 17(5): p. 328-38. [PubMed: 16950604]

Santarelli L, et al., Genetic and pharmacological disruption of neurokinin 1 receptor function
decreases anxiety-related behaviors and increases serotonergic function. Proc Natl Acad Sci U S
A, 2001 98(4): p. 1912—7. [PubMed: 11172050]

Conley RK, et al., Substance P (neurokinin 1) receptor antagonists enhance dorsal raphe neuronal
activity. J Neurosci, 2002 22(17): p. 7730-6. [PubMed: 12196596]

Valentino RJ, et al., Substance P Acts through local circuits within the rat dorsal raphe nucleus to
alter serotonergic neuronal activity. J Neurosci, 2003 23(18): p. 7155-9. [PubMed: 12904475]

Guiard BP, et al., Substance P neurokinin 1 receptor activation within the dorsal raphe nucleus
controls serotonin release in the mouse frontal cortex. Mol Pharmacol, 2007 72(6): p. 1411-8.
[PubMed: 17890358]

Ebner K, et al., Neurokinin 1 receptor antagonism promotes active stress coping via enhanced
septal 5-HT transmission. Neuropsychopharmacology, 2008 33(8): p. 1929-41. [PubMed:
17957216]

Guyenet PG and Aghajanian GK, Excitation of neurons in the nucleus locus coeruleus by
substance P and related peptides. Brain Res, 1977 136(1): p. 178-84. [PubMed: 412562]
Cheeseman HJ, Pinnock RD, and Henderson G, Substance P excitation of rat locus coeruleus
neurones. Eur J Pharmacol, 1983 94(1-2): p. 93-9. [PubMed: 6197310]

Ma QP and Bleasdale C, Modulation of brain stem monoamines and gamma-aminobutyric acid by
NK1 receptors in rats. Neuroreport, 2002 13(14): p. 1809-12. [PubMed: 12395129]

Jung M, et al., Electrophysiological, behavioural and biochemical evidence for activation of brain
noradrenergic systems following neurokinin NK3 receptor stimulation. Neuroscience, 1996 74(2):
p. 403-14. [PubMed: 8865192]

Bert L, et al., Permissive role of neurokinin NK(3) receptors in NK(1) receptor-mediated activation
of the locus coeruleus revealed by SR 142801. Synapse, 2002 43(1): p. 62-9. [PubMed:
11746734]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 13

Liu R, Ding Y, and Aghajanian GK, Neurokinins activate local glutamatergic inputs to serotonergic
neurons of the dorsal raphe nucleus. Neuropsychopharmacology, 2002 27(3): p. 329-40. [PubMed:
12225691]

Ebner K, et al., Substance P in the medial amygdala: emotional stress-sensitive release and
modulation of anxiety-related behavior in rats. Proc Natl Acad Sci U S A, 2004 101(12): p. 4280-
5. [PubMed: 15024126]

Hutson PH, et al., Stress-induced increase of cortical dopamine metabolism: attenuation by a
tachykinin NK1 receptor antagonist. Eur J Pharmacol, 2004 484(1): p. 57-64. [PubMed:
14729382]

Renoldi G and Invernizzi RW, Blockade of tachykinin NK1 receptors attenuates stress-induced rise
of extracellular noradrenaline and dopamine in the rat and gerbil medial prefrontal cortex. J
Neurosci Res, 2006 84(5): p. 961-8. [PubMed: 16862563]

Lejeune F, Gobert A, and Millan MJ, The selective neurokinin (NK)(1) antagonist, GR205,171,
stereospecifically enhances mesocortical dopaminergic transmission in the rat: a combined dialysis
and electrophysiological study. Brain Res, 2002 935(1-2): p. 134-9. [PubMed: 12062484]
Hasenohrl RU, Gerhardt P, and Huston JP, Evidence for dose-dependent positively and negatively
reinforcing effects of the substance P C-terminal analog DIME-C7. Neuropeptides, 1990 17(4): p.
205-11. [PubMed: 1709480]

Hasenohrl RU, Gerhardt P, and Huston JP, Naloxone blocks conditioned place preference induced
by substance P and [pGlu6]-SP(6-11). Regul Pept, 1991 35(3): p. 177-87. [PubMed: 1722047]

Holzhauer-Oitzl MS, Boucke K, and Huston JP, Reinforcing properties of substance P in the lateral
hypothalamus revealed by conditioned place preference. Pharmacol Biochem Behav, 1987 28(4):
p. 511-5. [PubMed: 2448832]

Holzhauer-Oitzl MS, Hasenohrl R, and Huston JP, Reinforcing properties of substance P in the
region of the nucleus basalis magnocellularis in rats. Neuropharmacology, 1988 27(7): p. 749-56.
[PubMed: 2458535]

Yu YJ, et al., Neurokinin 1 receptors regulate morphine-induced endocytosis and desensitization of
mu-opioid receptors in CNS neurons. J Neurosci, 2009 29(1): p. 222-33. [PubMed: 19129399]

Xiao J, et al., Neurokinin 1 and opioid receptors: relationships and interactions in nervous system.
Transl Perioper Pain Med, 2016 1(3): p. 11-21. [PubMed: 28409174]

Ciccocioppo R, et al., Mechanism of action for reduction of ethanol intake in rats by the tachykinin
NK-3 receptor agonist aminosenktide. Pharmacol Biochem Behav, 1998 61(4): p. 459-64.
[PubMed: 9802842]

Sandweiss AJ, et al., Genetic and pharmacological antagonism of NK1 receptor prevents opiate
abuse potential. Mol Psychiatry, 2018 23(8): p. 1745-1755. [PubMed: 28485408]

Ripley TL, et al., Lack of self-administration and behavioural sensitisation to morphine, but not
cocaine, in mice lacking NK1 receptors. Neuropharmacology, 2002 43(8): p. 1258-68. [PubMed:
12527475]

Barbier E, et al., The NK1 receptor antagonist L822429 reduces heroin reinforcement.
Neuropsychopharmacology, 2013 38(6): p. 976-84. [PubMed: 23303056]

Placenza FM, et al., Effects of central neurokinin-1 receptor antagonism on cocaine- and opiate-
induced locomotor activity and self-administration behaviour in rats. Pharmacol Biochem Behav,
2006 84(1): p. 94-101. [PubMed: 16757018]

Robinson JE, et al., Potentiation of brain stimulation reward by morphine: effects of neurokinin-1
receptor antagonism. Psychopharmacology (Berl), 2012 220(1): p. 215-24. [PubMed: 21909635]
Murtra P, et al., Rewarding effects of opiates are absent in mice lacking the receptor for substance
P. Nature, 2000 405(6783): p. 180-3. [PubMed: 10821273]

Gadd CA, et al., Neurokinin-1 receptor-expressing neurons in the amygdala modulate morphine
reward and anxiety behaviors in the mouse. J Neurosci, 2003 23(23): p. 8271-80. [PubMed:
12967989]

Ahmed SH, et al., Neurobiological evidence for hedonic allostasis associated with escalating
cocaine use. Nat Neurosci, 2002 5(7): p. 625-6. [PubMed: 12055635]

Ahmed SH and Koob GF, Long-lasting increase in the set point for cocaine self-administration
after escalation in rats. Psychopharmacology (Berl), 1999 146(3): p. 303-12. [PubMed: 10541731]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 14

Ahmed SH and Koob GF, Transition from moderate to excessive drug intake: change in hedonic set
point. Science, 1998 282(5387): p. 298-300. [PubMed: 9765157]

Ahmed SH, Walker JR, and Koob GF, Persistent increase in the motivation to take heroin in rats
with a history of drug escalation. Neuropsychopharmacology, 2000 22(4): p. 413-21. [PubMed:
10700660]

Johansson B, Lindstrom K, and Fredholm BB, Differences in the regional and cellular localization
of c-fos messenger RNA induced by amphetamine, cocaine and caffeine in the rat. Neuroscience,
1994 59(4): p. 837-49. [PubMed: 7520134]

Mathieu-Kia AM and Besson MJ, Repeated administration of cocaine, nicotine and ethanol: effects
on preprodynorphin, preprotachykinin A and preproenkephalin mRNA expression in the dorsal
and the ventral striatum of the rat. Brain Res Mol Brain Res, 1998 54(1): p. 141-51. [PubMed:
9526067]

Adams DH, Hanson GR, and Keefe KA, Differential effects of cocaine and methamphetamine on
neurotensin/neuromedin N and preprotachykinin messenger RNA expression in unique regions of
the striatum. Neuroscience, 2001 102(4): p. 843-51. [PubMed: 11182247]

Hurd YL, et al., Cocaine self-administration differentially alters mMRNA expression of striatal
peptides. Brain Res Mol Brain Res, 1992 13(1-2): p. 165-70. [PubMed: 1374504]

Arroyo M, Baker WA, and Everitt BJ, Cocaine self-administration in rats differentially alters
mRNA levels of the monoamine transporters and striatal neuropeptides. Brain Res Mol Brain Res,
2000 83(1-2): p. 107—-20. [PubMed: 11072100]

Davidson C, Lee TH, and Ellinwood EH, The NK(1) receptor antagonist WIN51708 reduces
sensitization after chronic cocaine. Eur J Pharmacol, 2004 499(3): p. 355-6. [PubMed: 15381058]

Kraft M, Ahluwahlia S, and Angulo JA, Neurokinin-1 receptor antagonists block acute cocaine-
induced horizontal locomotion. Ann N 'Y Acad Sci, 2001 937: p. 132-9. [PubMed: 11458534]

Schank JR, et al., The role of the neurokinin-1 receptor in stress-induced reinstatement of alcohol
and cocaine seeking. Neuropsychopharmacology, 2014 39(5): p. 1093-101. [PubMed: 24173499]

Placenza FM, et al., Infusion of the substance P analogue, DiMe-C7, into the ventral tegmental
area induces reinstatement of cocaine-seeking behaviour in rats. Psychopharmacology (Berl), 2004
177(1-2): p. 111-20. [PubMed: 15167979]

Placenza FM, et al., Activation of central neurokinin-1 receptors induces reinstatement of cocaine-
seeking behavior. Neurosci Lett, 2005 390(1): p. 42—7. [PubMed: 16125318]

Jocham G, et al., Neurokinin 3 receptor activation potentiates the psychomotor and nucleus
accumbens dopamine response to cocaine, but not its place conditioning effects. Eur J Neurosci,
2007 25(8): p. 2457-72. [PubMed: 17445241]

Jocham G, et al., Neurokinin receptor antagonism attenuates cocaine’s behavioural activating
effects yet potentiates its dopamine-enhancing action in the nucleus accumbens core. Eur J
Neurosci, 2006 24(6): p. 1721-32. [PubMed: 17004936]

Nwaneshiudu CA and Unterwald EM, Blockade of neurokinin-3 receptors modulates dopamine-
mediated behavioral hyperactivity. Neuropharmacology, 2009 57(3): p. 295-301. [PubMed:
19500601]

Nwaneshiudu CA and Unterwald EM, NK-3 receptor antagonism prevents behavioral sensitization
to cocaine: a role of glycogen synthase kinase-3 in the nucleus accumbens. J Neurochem, 2010
115(3): p. 635-42. [PubMed: 20807318]

Barros M, et al., Decreased methylation of the NK3 receptor coding gene (TACR3) after cocaine-
induced place preference in marmoset monkeys. Addict Biol, 2013 18(3): p. 452—-4. [PubMed:
22070124]

De Souza Silva MA, et al., The tachykinin NK3 receptor antagonist SR142801 blocks the
behavioral effects of cocaine in marmoset monkeys. Eur J Pharmacol, 2006 536(3): p. 269-78.
[PubMed: 16603151]

de Souza Silva MA, et al., Interaction of the tachykinin NK3 receptor agonist senktide with
behavioral effects of cocaine in marmosets (Callithrix penicillata). Peptides, 2006 27(9): p. 2214—
23. [PubMed: 16621146]

Thorsell A, et al., Neurokinin-1 receptors (NK1R:s), alcohol consumption, and alcohol reward in
mice. Psychopharmacology (Berl), 2010 209(1): p. 103-11. [PubMed: 20112009]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

81.

82.

83.

84.

85.

86

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 15

Baek MN, et al., Artificial microRNA-based neurokinin-1 receptor gene silencing reduces alcohol
consumption in mice. Neurosci Lett, 2010 475(3): p. 124-8. [PubMed: 20347940]

Nelson BS, Sequeira MK, and Schank JR, Bidirectional relationship between alcohol intake and
sensitivity to social defeat: association with Tacrl and Avp expression. Addict Biol, 2017.

Huang H, et al., Alcohol-induced conditioned place preference negatively correlates with anxiety-
like behavior in adolescent mice: inhibition by a neurokinin-1 receptor antagonist.
Psychopharmacology (Berl), 2018 235(10): p. 2847-2857. [PubMed: 30054674]

Schank JR, et al., Tacrl gene variation and neurokinin 1 receptor expression is associated with
antagonist efficacy in genetically selected alcohol-preferring rats. Biol Psychiatry, 2013 73(8): p.
774-81. [PubMed: 23419547]

Ayanwuyi LO, et al., Neurokinin 1 receptor blockade in the medial amygdala attenuates alcohol
drinking in rats with innate anxiety but not in wistar rats. Br J Pharmacol, 2015.

. Simms JA, et al., Intermittent access to 20% ethanol induces high ethanol consumption in Long-

Evans and Wistar rats. Alcohol Clin Exp Res, 2008 32(10): p. 1816-23. [PubMed: 18671810]

Sequeira MK, et al., The neurokinin-1 receptor mediates escalated alcohol intake induced by
multiple drinking models. Neuropharmacology, 2018 137: p. 194-201. [PubMed: 29758386]

Barson JR, et al., Substance P in the anterior thalamic paraventricular nucleus: promotion of
ethanol drinking in response to orexin from the hypothalamus. Addict Biol, 2015.

Nelson BS, et al., Escalated Alcohol Self-Administration and Sensitivity to Yohimbine-Induced
Reinstatement in Alcohol Preferring Rats: Potential Role of Neurokinin-1 Receptors in the
Amygdala. Neuroscience, 2019 413: p. 77-85. [PubMed: 31242442]

Augier E, et al., Wistar rats acquire and maintain self-administration of 20 % ethanol without water
deprivation, saccharin/sucrose fading, or extended access training. Psychopharmacology (Berl),
2014 231(23): p. 4561-8. [PubMed: 24858375]

Schank JR, et al., Stress-induced reinstatement of alcohol-seeking in rats is selectively suppressed
by the neurokinin 1 (NK1) antagonist L822429. Psychopharmacology (Berl), 2011 218(1): p. 111-
9. [PubMed: 21340476]

Steensland P, et al., The neurokinin 1 receptor antagonist, ezlopitant, reduces appetitive responding
for sucrose and ethanol. PLoS One, 2010 5(9).

Perfumi M, et al., The tachykinin NH2-senktide inhibits alcohol intake in alcohol-preferring rats.
Pharmacol Biochem Behav, 1991 38(4): p. 881-7. [PubMed: 1714609]

Ciccocioppo R, et al., Selective agonists at NK3 tachykinin receptors inhibit alcohol intake in
Sardinian alcohol-preferring rats. Brain Res Bull, 1994 33(1): p. 71-7. [PubMed: 7506113]
Polidori C, et al., Further evidence that the tachykinin PG-KII is a potent agonist at central NK-3,
but not NK-1, receptors. Peptides, 1997 18(6): p. 825-33. [PubMed: 9285931]

Ciccocioppo R, et al., Subcutaneous injections of the tachykinin senktide reduce alcohol intake in
alcohol-preferring rats. Peptides, 1995 16(3): p. 533-7. [PubMed: 7544465]

Ciccocioppo R, et al., Stimulation of tachykinin NK-3 receptors in the nucleus basalis
magnocellularis reduces alcohol intake in rats. Peptides, 1997 18(9): p. 1349-55. [PubMed:
9392836]

Panocka I, et al., Sensitivity of brain sites to the inhibitory effect on alcohol intake of the
tachykinin aminosenktide. Peptides, 1998 19(5): p. 897-905. [PubMed: 9663456]

Boix F, et al., Relationship between dopamine release in nucleus accumbens and place preference

induced by substance P injected into the nucleus basalis magnocellularis region. Neuroscience,
1995 64(4): p. 1045-55. [PubMed: 7538637]

100. Slawecki CJ and Roth J, Neurokinin type-3 receptor stimulation impairs ethanol-associated

appetitive behavior in Wistar rats. Alcohol Clin Exp Res, 2003 27(12): p. 1962—70. [PubMed:
14691384]

101. Dao DQ, et al., Nicotine enhances excitability of medial habenular neurons via facilitation of

neurokinin signaling. J Neurosci, 2014 34(12): p. 4273-84. [PubMed: 24647947]

102. Schank JR, et al., Neurokinin-1 receptor antagonism attenuates neuronal activity triggered by

stress-induced reinstatement of alcohol seeking. Neuropharmacology, 2015 99: p. 106-114.
[PubMed: 26188146]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schank

103.

104.

105.

106.

107.

108.

109.

110.

111.

Page 16

Fulenwider HD, et al., Sex differences in oral oxycodone self-administration and stress-primed
reinstatement in rats. Addict Biol, 2019: p. e12822. [PubMed: 31830773]

Blaine S, et al., TACR1 genotypes predict fMRI response to alcohol cues and level of alcohol
dependence. Alcohol Clin Exp Res, 2013 37 Suppl 1: p. E125-30. [PubMed: 23078527]

Keller M, et al., Lack of efficacy of the substance p (neurokininl receptor) antagonist aprepitant
in the treatment of major depressive disorder. Biol Psychiatry, 2006 59(3): p. 216—23. [PubMed:
16248986]

Zamuner S, et al., A pharmacokinetic PET study of NK(1) receptor occupancy. Eur J Nucl Med
Mol Imaging, 2012 39(2): p. 226-35. [PubMed: 21993526]

Trist DG, Ratti E, and Bye A, Why receptor reserve matters for neurokininl (NK1) receptor
antagonists. J Recept Signal Transduct Res, 2013 33(6): p. 333-7. [PubMed: 24106886]

Walsh SL, et al., Effects of the NK1 antagonist, aprepitant, on response to oral and intranasal
oxycodone in prescription opioid abusers. Addict Biol, 2013 18(2): p. 332-43. [PubMed:
22260216]

te Beek ET, et al., Pharmacokinetics and central nervous system effects of the novel dual

NK1 /NK3 receptor antagonist GSK1144814 in alcohol-intoxicated volunteers. Br J Clin
Pharmacol, 2013 75(5): p. 1328-39. [PubMed: 23067311]

Ridler K, et al., Characterising the plasma-target occupancy relationship of the neurokinin
antagonist GSK1144814 with PET. J Psychopharmacol, 2014 28(3): p. 244-53. [PubMed:
24429221]

Largent-Milnes TM, et al., Spinal or systemic TY005, a peptidic opioid agonist/neurokinin 1
antagonist, attenuates pain with reduced tolerance. Br J Pharmacol, 2010 161(5): p. 986-1001.
[PubMed: 20977451]

Brain Res. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Schank

Page 17

Highlights

Neurokinins are stress-related neuropeptides that mediate drug-related
behaviors

NKZ1 receptors are primarily involved in opiate reward and stress-induced
relapse for most drugs

NK3 receptors mediate cocaine-induced behaviors and alcohol consumption

NK1R and NK3R are valuable targets in medication development for
addiction
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