Neurobiology of Substance P
and the NK, Receptor

Patrick W. Mantyh, Ph.D., J.D.

Substance P belongs to a group of neurokinins (NKs), small peptides that are broadly distributed
in the central nervous system (CNS) and peripheral nervous system (PNS). The biological effects of
substance P in the CNS, namely regulation of affective behavior and emesis in the brain and
nociception in the spinal cord, are mediated by its binding to the NK, receptor. The substance P-NK,
(SP-NK) receptor system is the most extensively studied NK pathway, and in contrast to receptors for
other‘netrotransmitters, such as glutamate, which have high expression throughout the CNS, only a
minority of neurons (5% to 7%) in certain CNS areas express the NK, receptor. The NK, receptor is
distributed in‘the,plasma membrane of cell bodies and dendrites of unstimulated neurons, but upon
substance P binding; the NK, receptor undergoes rapid internalization, followed by rapid recycling to
the plasma membrane. Release of substance P is induced by stressful stimuli, and the magnitude of its
release is proportional to-the intensity and frequency of stimulation. More potent and more frequent
stimuli allow diffusion of substance P farther from the site of release, allowing activation of an
approximately 3- to 5-times greater number of NK, receptor—expressing neurons. Recent studies em-
ploying pharmacologic or genetic inactivation of NK, receptors demonstrate the important role of the
SP-NK, receptor system in‘the regulation of affective behavior and suggest that inhibition of this path-

way may be a useful approach to treatment of depression and associated anxiety.

Substance P was first identified in 1931 as a compo-
nent of brain and intestinal extracts that had smooth
muscle contractile activities.! Early studies have shown
that substance P is present primarily in the gray matter
of the central nervous system (CNS), with highest levels
seen in the hypothalamus and substantia nigra.”> Substance
P was also found to be expressed in the spinal cord, mostly
in dorsal areas, as well as in the peripheral nervous system
(PNS), particularly in the autonomic nerves, spinal gan-
glia, and sympathetic trunk.’ Delineation of the 11-amino-
acid structure* and in vitro synthesis® of substance P in the
early 1970s have paved the way for studies aimed at eluci-
dating the biological roles of substance P in greater detail.
Subsequent discovery of peptides that have extensive
amino-terminal amino acid sequence similarities with sub-
stance P (NH,-methionine [Met]-leucine [Leu]-glycine
[Gly]-X-phenylalanine [Phe]) and that are, like substance
P, localized in the CNS and PNS has led to their classifica-
tion as neurokinins (NKs). In addition to substance P, this
group includes NKA and NKB.*¢

From the Department of Preventive Sciences, Psychiatry,
and Neuroscience, Universily of Minnesota, Minneapolis.

Supported by an unrestricted educational grant from
Merck & Co., Inc., West Point, Pa.

Corresponding author and reprints: Patrick W. Mantyh,
Ph.D., J.D., Neurosystems Laboratory, 18-208 Moos Tower,
515 Delaware Street, Minneapolis, MN 55455
(e-mail: manty001@umn.edu).

(J Clin Psychiatry 2002;63[suppl 11]:6-10)

Comparative analysis of pharmacologic properties of
substance P, NKA, and NKB has led to the recognition
of 3 distinct NK receptors, each with a preferred ligand:
substanceé P preferentially binds to the NK, receptor,
whereas NKA-“and NKB show preference for the NK, and
NK; receptors, respectively.*® However, each NK pos-
sesses agonist properties at all 3 receptor types, but the
biological activity of these systems appears to be governed
by both co-localization and affinity of various NKs for dif-
ferent NK receptors.®

NEUROLOGY OF SUBSTANCE P
AND THE NK, RECEPTOR

The substance P-NK, (SP-NK,) receptor pathway is
the most abundant and the most extensively studied neu-
ropeptide system in both the CNS and PNS, regulating the
behavioral responses to a range of noxious and stressful
stimuli. In the spinal cord, the SP-NK, receptor system
modulates nociception, and disruption of the NK, receptor
reduces the response to some forms of moderate/intense
pain in adult mice.”* Expression in the brainstem emetic
nuclei has implicated substance P in the control of vomit-
ing,'® and this hypothesis was validated in clinical studies
with substance P (NK, receptor) antagonists (SPAs),
which have been shown to have antiemetic effects.'"'? In
the PNS, abnormal activity of the SP-NK, receptor path-
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way has been associated with several inflammatory con-
ditions, such as asthma, inflammatory bowel disease, and
migraine.”® On the basis of its localization in limbic re-
gions (e.g., amygdala, hypothalamus) of the brain,' in-
cluding the spatial overlap with neurotransmitter pathways
(e.g., serotonergic, noradrenergic) known to be involved in
the regulation of mood, the SP-NK, receptor system has
also been suggested to play an important role in the control
of affective behavior."” This hypothesis was recently sup-
ported by several preclinical and clinical studies, which
have shown(that the pharmacologic or genetic inactivation
of the NK, receptor is associated with anxiolytic and anti-
depressant effects,”>!7 The aims of this review are to
describe the localization and mechanism of action of the
SP-NK, receptor system in the brain and spinal cord and to
discuss preclinical evidence for the involvement of this
system in response to stress-and.affective behavior.

Localization of Substance P and
NK, Receptors in the Brain and Spinal Cord
Autoradiographic, immunohistochemical; and messen-
ger RNA (mRNA) expression studies' have documented
broad distribution of substance P and’NK, receptors in
the CNS. Intense substance P staining was observed in
amygdala, locus ceruleus, hypothalamus, substantia nigra,
and peduncular nuclei, whereas moderate labeling'was de-
tected in caudate putamen, nucleus accumbens, and raphe
nuclei, as well as in the lamina I of the spinal cord."®*"On
the other hand, relatively low levels of substance P stain-
ing were identified in the cerebral cortex, cerebellum, and
hippocampus.'®?' Substance P was shown to localize to
synaptic vesicles,” to be expressed in both the neuronal
cell bodies and dendrites,' and to be released in a calcium-
dependent manner.”** Taken together, these findings sug-
gested that substance P may be a neurotransmitter in-
volved in regulation of emotional and stress responses.”’
The distribution of the NK, receptor in the CNS gener-
ally corresponds to that of substance P, as shown by elec-
trophysiologic studies involving localized application
of substance P*? and autoradiographic, immuno-
histochemical, and mRNA expression experiments.'*?"%
These studies demonstrate high levels of NK, receptor ex-
pression in brain areas crucial for the regulation of affec-
tive behavior and response to stress, such as the amygdala,
hypothalamus, hippocampus, frontal cortex, raphe nucleus
of the brainstem, and the locus ceruleus. In some regions
(e.g., substantia nigra, lateral interpeduncular nuclei),
though, intense substance P staining does not always ap-
pear to be accompanied by coexpression of NK, recep-
tors.**?! Tt has been suggested that, in these areas, sub-
stance P may bind to closely related NK, or NK,
receptors,*'? although experimental evidence for this
hypothesis is lacking. Alternatively, the apparent “mis-
match” may be a consequence of technical limitations.*"
In contrast to the receptors for known neurotransmitters
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Figure 1. Selective Expression of the Neurokinin-1 (NK;)
Receptor in the Central Nervous System?®

“Reprinted with permission from Mantyh et al.** Confocal
photomicrograph shows that only a small proportion of central
nervous system neurons (green) express the NK, receptor (blue).

(e.g., serotonin, norepinephrine), which are expressed by
virtually all neurons in a given CNS region, NK, receptors
are expressed by the minority (5% to 7%) of neurons in
both the brain and the spinal cord (Figure 1).'**'~* Selec-
tive expression of NK, receptors suggests that treatment
with SPAs may be associated with a more favorable toler-
ability profile than therapy with agents targeting the sero-
tonergic or noradrenergic pathway. This concept is sup-
ported by the findings from the phase 2 clinical trial with
the SPA' aprepitant (MK-0869), which showed a signifi-
cantly lower incidence of sexual dysfunction in patients
receiving aprepitant (300 mg q.d.) than in those treated
with the selective serotonin reuptake inhibitor paroxetine
(20 mg q:d:) (3% vs. 26%, respectively; p < .001)."

Activation of substance P—containing neurons in re-
sponse to acute’noxious,stimuli or stress results in the
rapid synaptic release of substance P, which then binds to
the closely apposed NK, receptors in the immediate vicin-
ity. On unstimulated neurons, NK, receptors are localized
on the plasma membrane of both/the cell body and den-
drites (Figure 2A), but after stimulation and substance P
binding, they are rapidly internalized (within 5 minutes)
into the cytoplasm via endosomes (Figure 2B).*** This
NK, receptor internalization in response to‘substance P
binding is readily reversible, with complete return of inter-
nalized receptors to the surface after 30 minutes. Preclini-
cal studies have demonstrated an increased number of
neurons with NK, receptor internalization in the anterior
basolateral amygdala in response to maternal separation,
further supporting the involvement of the SP-NK, receptor
system in response to stress.'

The degree of substance P release and NK, receptor in-
ternalization is proportional to the intensity and frequency
of stressful stimuli. More potent stimuli (e.g., thermal) re-
sult in a substantially greater release of substance P and in-
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Figure 2. Internalization of Neurokinin-1 (NK;) Receptors in
Stimulated Neurons®

“Reprinted with permission from Mantyh et al.* On-tinstimulated
neurons, the NK, receptor is uniformly distributed in‘the,plasma
membrane of both the cell bodies and dendrités (A).-Five minutes after
stimulation and substance P release, NK, receptots are internalized into
the cytoplasm via endosomes (B).

Figure 3. Greater Excitation of Substance P-Expressing
Neurons Promotes Higher Neurokinin-1 (NK;,) Receptor
Internalization®
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*Adapted with permission from Allen et al.”

ternalization of the NK, receptor (Figure 3). Similarly,
previous exposure to stress amplifies the activity of the
SP-NK, receptor system, as documented in the rat model
of irritant-induced hindpaw inflammation, in which the
initial decrease in NK, receptor activity is followed by a
prolonged period (= 8 days) of increased expression.*
Greater substance P release in response to higher intensity
or repeated administration of stressful stimuli not only
leads to more potent activation of adjacent NK, receptor—
expressing neurons, but also permits diffusion of sub-
stance P away from the site of release and therefore stimu-

Figure 4. Substance P Released From Sensitized Neurons
Diffuses and Activates Relatively Distant Neurokinin-1 (NK,)
Receptor-Expressing Neurons®

“Adapted with permission from Abbadie et al.”” Sensitization induces
greater release of substance P, which in turn induces activation of a
greater number of NK, receptor-expressing neurons.

lation of more distant neurons. It has been estimated that
approximately 3 to 5 times more neurons are activated in
response to more potent or more frequent stress stimuli
(Figure 4).%

Role of SP-NK, Receptor Pathway
in Affective Behavior

Several preclinical studies have evaluated physiologic
and behavioral responses to changes in the activity of the
SP-NK, receptor pathway, providing strong evidence for
the important role of this system in the regulation of emo-
tional behavior. Early experiments with localized applica-
tion.of substance P or NK, receptor agonists demonstrated
potentiation of anxiety-like behavior in several model sys-
toms 153840

A ‘separate’ line of research focused on identifying
the conse€quences,of inactivation of the NK, receptor
by either pharmacologic (SPAs, cytotoxic substance
P—saporin [SP-SAP] ‘eonjugates) or genetic (NK, receptor
knockout mice) means. The results of these studies consis-
tently demonstrate that-the’ blockade of SP-NK,
receptor signaling results in “antidepressant/anxiolytic
effects and increased noradrenergic and serotonergic
neurotransmission in the locus ceruleus and dorsal raphe,
respectively.> 7442 In 1 study, intra-amygdala adminis-
tration of SPA L760,735 in guinea pig pups-significantly
reduced the duration of vocalizations in response:to mater-
nal separation,” a model of anxiety-like behavior.* The
review by Santarelli and Hen in this supplement* de-
scribes the preclinical studies with SPAs and NK,
receptor knockout mice in more detail; the following is a
review of preliminary experiments with SP-SAP conju-
gates.

SP-SAP conjugate exploits the internalization of the
NK, receptor to achieve selective killing of NK, receptor—
expressing neurons by SAP, which inhibits ribosomal
protein synthesis (Figure 5).* Localized application
of SP-SAP promotes selective pharmacologic ablation
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Figure 5. Mechanism of Cytotoxic Action of Substance P—
Saporin (SP-SAP) Complex*
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*SP-SAP conjugate is internalized via the neurokinin-1(NK)

receptor endosomal pathway, and saporin subsequently escapes from
trans-Golgi network to inhibit ribosomal protein synthesis and thereby
induce cell death. Localized application of SP-SAP effectively/leads'to
ablation of neurons containing the NK, receptor.

of neurons expressing the NK, receptor (Figure 6) and
thereby allows the examination of the role of the SP-NK,
receptor pathway in various regions of the brain and
spinal cord. Injection of the SP-SAP complex into the
dorsal horn of the spinal cord resulted in a marked attenua-
tion of responses to highly noxious stimuli, mechanical and
thermal hyperalgesia,”” and chronic neuropathy and in-
flammation,"’ suggesting that the SP-NK, receptor path-
way in the spinal cord may be involved in nociception.
The SP-SAP complex has also been used to evaluate
the role of the SP-NK, receptor pathway in affective be-
haviors, using the elevated plus maze (EPM) assay. In
EPM, animals face a choice between active exploration
of a novel environment and fear of heights and open
spaces; several measurements, such as the time spent in
the open arms and the number of entries in the open arms,
are considered indicators of anxiety-like behavior."” In
preliminary studies (P.W.M., unpublished studies), injec-
tion of SP-SAP into the rat amygdala was associated with
a significant prolongation of the time spent in the open
arms and a significantly higher number of entries in the
open arms, whereas no effect was observed on the overall
locomotory activity. These anxiolytic effects of SP-SAP
are highly reminiscent of the findings reported in NK,
receptor knockout mice and with the use of SPAs (see
review by Santarelli and Hen in this supplement**).”>"’
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Figure 6. Stages of Neuronal Death Following Internalization
of Substance P-Saporin Into Cultured Neurons Expressing
Neurokinin-1 Receptors®

*Adapted with permission from Mantyh et al.*’

SUMMARY

The SP-NK, receptor pathway is involved in the neural
processing of a range of noxious and stressful stimuli,
and it represents the most abundant and the most thor-
oughly studied neuropeptide system in both the CNS and
PNS. In the brain, substance P and the NK, receptor are
co-localized in emetic nuclei and regions involved in the
regulation of stress and emotional responses (amygdala,
hypothalamus, hippocampus, frontal cortex, the micronu-
clei), suggesting that this pathway may be an important
regulator of emesis and affective behavior. This idea is
supported by results of preclinical and clinical studies with
SPAs, which have been shown to have both antiemetic
and ~antidepressant/anxiolytic properties. In the spinal
cord, the SP<NK, receptor pathway has been implicated in
nociception. Importantly, the proportion of neurons ex-
pressing the’NK, reeeptor in various regions of the brain,
such as the amygdala,/and spinal cord is low (5% to 7%).
This selectivity contrasts”with ubiquitous expression of
glutamatergic, serotonergic;-and’noradrenergic receptors.

Acute stress stimuli lead to the release of substance P,
binding of substance P to the NK, receptors in the immedi-
ate vicinity, and rapid internalization of the activated NK,
receptors. The extent of substance P,release and NK,
receptor internalization corresponds to the intensity and
frequency of afferent stimulation, with more intense or re-
peated stimuli producing greater receptor internalization.
Additionally, greater release of substance P in response
to more intense stimulation allows substance P diffusion
away from the site of release, leading to activation of up to
5 times more NK, receptor—expressing neurons.

Recent studies involving pharmacologic or genetic in-
activation of the NK, receptor corroborate the regulatory
role of the SP-NK, receptor pathway in affective behavior.
Behavioral assays consistently demonstrate that inhibition
of NK, receptor activity results in anxiolytic and antide-
pressant effects.
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Drug name: paroxetine (Paxil).
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