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Abstract

Neuropeptide receptors of the brain and spinal cord are parts of the pain circuits targeted by
analgesic drugs. Some of these receptors have been found in the central nervous system as well as
in intracranial vascular structures and achieved revival of attention because of their role in acute
and chronic pain syndromes. A number of them are of high clinical relevance for e.g. migraine.
Others participate in symptoms of rare diseases like amyotrophic lateral sclerosis. Here we will
focus on five of the neuropeptide receptors and their non-peptide ligands potentially or already
successfully used as PET probes. Opioid receptors and neurotensin receptors are known to
mediate analgesic actions. Bradykinin and calcitonin gene-related peptide (CGRP) receptors are
known to be involved in the regulation of vascular tone and inflammatory responses, and neuro-
kinin receptors play a role in the occurrence of pain perception in a rather indirect manner. Most
experiences as PET tracers have been gathered with opioid receptor ligands and neurokinin
receptor ligands. The most innovative fields revealed by the studies summarized in this report are
the ligands of k opioid receptors and CGRP receptors for which a first PET tracer was presented
recently.
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1. Introduction
1.1. Neuropeptides and Pain Syndroms

The role of nociceptive and analgesic mechanisms is multifaceted and has great interest in receptor research
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throughout many decades because of the high clinical relevance and disabling consequences of pain syndromes.
Pain-inducing events include acute injuries or interventions, inflammatory (e.g. related to rheumatoid diseases)
or vascular reactions (e.g. migraine; [1] [2]), chronic diseases and degenerative processes of unknown reasons
responsible for e.g. amyotrophic lateral sclerosis (Lou-Gehring’s disease, [3]-[6]) or due to endocrinological or
metabolic processes like osteoporosis or diabetic neuropathy [7]. Furthermore, pain associated with cancer me-
tastasis belongs to the main indications for the treatment with analgesics [8]. In chronic sensations, also central
sensitizations responsible for peripheric allodynia or irritations of brain nerves for instance by herpes virus in-
fections can play a role [1] [9]. On the other hand, endogenous compounds e.g. endorphins contribute to the in-
terruption of pain circuitries in stress-induced analgesia [10]-[14].

Pain perception involves different kinds of receptors on various regulatory levels of the peripheral and central
nervous systems. These can be located in primary sensory nerve endings, spinal cord, brainstem, thalamus, and
different cortical regions like somatosensory and insular cortex as well as amygdala. The heterogeneous popula-
tion of receptors is sensitive to a multitude of endogenous chemical stimuli. Alterations in ionic environment [15]
belong to the signals activating first steps of pain sensitization in the periphery. Autacoids like prostanoids or the
peptide bradykinin released from vascular cells induce an amplification of pain signals and support inflammato-
ry processes. Monoamine or neuropeptide receptors act as attenuators or transformers of pain perception in
spinal cord and cerebral structures.

A role of neuropeptide receptors in pain perception and relief has been discovered already very early, even if,
like in the case of opioids as an extensively investigated transducer of analgesic signals, it was initially not
known that the endogenous transmitters of these receptors were peptides and it took centuries until it became
possible to identify and to characterize human neuropeptide receptors [16]-[18].

1.2. G Protein-Coupled Receptors (GPCRs)—Old and New Approaches to Signal
Transduction

In the brain which is devoid of nociceptive primary sensory units [9] nevertheless neuropeptide receptors con-
tribute to signal pathways, inflammatory or vascular processes committed to creation and maintenance of painful
alterations and sensations. In general, it is accepted that signaling of GPCR is accomplished via G proteins and
the respective second messengers. Desensitization and internalization is recognized a consequence of the action
of G protein-coupled receptor kinases (GRK) which induce through the binding of arrestin [19] the termination
of receptor activation. Additionally, arrestin has been recognized during the last decades as a signal protein on
its own which can associate with further regulatory proteins in multi protein complexes. Those can bias the
conventional signaling pathways governed by G proteins in dependence on cell type and microenvironment [8]
[20]-[23]. Ligand bias at 7-transmembrane receptors (7TMRs) responsible for a predominance either of signal-
ing via G proteins or of B-arrestin regulated pathways has been described for instance for neurokinin 1 and
opioid receptors [24]-[26].

The increasing knowledge on promiscuous neuropeptide receptors linked to such additional key complexes
obtained now a broader basis by a new understanding of the coexistence of two regulatory key proteins. Moreo-
ver, the rising number of 3D-crystal structures of GPCRs allow new insights into molecular dynamics of recep-
tor ligand interactions. The p opioid receptor was the first neuropeptide receptor for which a 3D structure was
accomplished [27].

The scope of functional understanding of neuropeptide actions has been further extended by the discovery of
direct receptor-receptor interactions suggesting heteromerization and mosaic formation between different sub-
types and subfamilies of GPCRs as shown for opioid receptor subtypes [28] [29]. The boost in the characteriza-
tion of 3D crystal structures since publication of the 3,-adrenergic receptor structure by Kobilka’s group in 2007
[30] gave rise to new challenges to SPECT and PET methods and tracer development as valuable proofs of ma-
thematical models of receptor-ligand interactions in vivo.

A number of opioid receptor heteromers has been described during the last few years for instance & opioid re-
ceptor (DOR)-x opioid receptor(KOR) heteromers [31], DOR-u opioid receptor (MOR) heteromers [32] [33]
and MOR-KOR heteromer [34] but also heteromers with other receptor types e.g. an o 2A adrenergic-MOR he-
teromer [28] [29] [35]-[37] guiding future research also to bivalent ligands which could give additional func-
tional informations but also new therapeutic approaches.

Moreover, the knowledge on the role of transducer proteins has been extended during the last decades putting
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B-arrestins beside the G proteins as similar important for different downstream signaling pathways contributing
not only to termination of receptor responses but also to activation of chemotaxis, apoptosis and translational
mechanisms [20].

1.3. Blood-Brain-Barrier (BBB), Blood-Spinal-Cord Barrier (BSCB) and Potential Access
by Emission Tomographic Imaging

A further challenge for new nuclear medical in vivo methods is to contribute to the understanding of the inter-
play between spinal cord neuronal systems which can impede or enhance the signals conveyed to higher levels
of the central nervous system [38].

In general, hitherto the use of peptide compounds for selective labeling of peptide receptors in the central
nervous system is restricted. A recent review by Craik et al. [39] classified these substances in two main catego-
ries among which one comprises traditional “small molecules” (<500 Da; with oral bioavailability) and the other
larger “biologics” (>5000 Da; need to be delivered via injection). Essential drawback of the small molecules is
that they often show relatively low selectivity. The advantage is that with the prerequisite that the physico-
chemical features are suitable, the probability that the compound can cross the BBB is relatively good. The large
molecules show low bioavailability, poor membrane permeability and metabolic instability. But at least the up-
take via BBB or via the BSCB (which shows somewhat different properties [40] can be altered in special dis-
eases like amyotrophic lateral sclerosis [6] or other diseases with deranged BSCB [41] and also in irritable bo-
wel syndrome [42] [43].

The search for PET and SPECT suitable ligands of peptide receptors playing a role in pain perception was
especially successful up to now for ligands at the opioid receptors which trigger the analgesic route and at
CGRP (calcitonin gene-related peptide) receptors which mediate algesic effects by vascular interactions. Inter-
esting compounds have been found also for tachikinins. However, a direct role of neurokinin receptors in central
pain circuits could not be confirmed finally [44].

The tachykinin substance P became the pioneer peptide in the discovery of neuropeptide GPCR [45]-[47] but
up to now opioid receptors are the most extensively discussed types of neuropeptide receptors targeted by de-
velopers of pain relieving drugs [13] [48]-[53].

Neurotensin receptors have been discovered with some delay as a further target of endogenous analgesic
compounds [54]. Hitherto also for bradykinin, CGRP as well as for neuropeptide Y (NPY) and brain-derived
neurotrophic factor (BDNF) is suggested a role in perception or mediation of painful stimuli [55] [56]. However,
these peptides have been shown to influence inflammatory processes associated with pain rather directly affect-
ing the cerebral microvasculature [57]. In the brain tissue special subtypes of opioid, neurotensin and neurokinin
receptors as well as CGRP receptors have been detected in various regions in concentrations promising a suffi-
ciently suitable target for the binding of potentially specific receptor antagonists and the development of PET
and SPECT tracer [44] [58]-[60].

2. Opioid Receptors
2.1. Opioids and Opioid Receptors

Although actions of the plant opiates morphine and codeine have been well known and employed for many cen-
turies, mammalian endogenous peptides acting at opioid receptors have been characterized for the first time in
the seventies of the last century [61]. The knowledge on the two natural enkephalins (YGGFL: [Leu5] enkepha-
lin; YGGFM: [Met5] enkephalin) discovered by the group of Kosterlitz provided also the amino terminal se-
quence which is common with further endorphins, neoendorphins (a-neoendorphin: YGGFLRKYPK); B-neoen-
dorphin: YGGFLRKYP) and dynorphins but different from endomorphins (endomorphin A: YPWF, endomor-
phin B: YPFF) and nociceptin (FGGFTGARKSARKLADE). Nevertheless, the prepro-precursor proteins of en-
kephalins, dynorphins (dynorphin A: YGGFLRRIRPKLKWDNQ; dynorphin B: YGGFLRRQFKVVT) and of
the 31 amino acid residue (a.a.r.) long B-endorphin (YGGFMTSEKSQTPLVTLFKRAIIKRAYKKGE) are three
different structures: preproenkephalin, preprodynorphin and B-lipotropin (precursor of 3-endorphin) integrated
into proopiomelanocortin which supplies also ACTH and MSH [61].

Four opioid receptors have been described [62]-[64] of the p, 8, v and « types as well as the orphan receptor
ORL (opioid receptor like receptor) [65]. All these receptors have been cloned already in the 1990ties [66]-[68].

()
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Two subclasses of p opioid receptors (MOR) have been described according to localization and three sub-
types of x opioid receptors (KOR) have been proposed by computational modelling according to structure.
However, only the k1 subtype has been identified experimentally up to now whereas a k2 subtype has been cha-
racterized as a heteromeric receptor formed by association of the 31 and the k1 subtype [68].

M-Opioid receptors belong to the Class A GPCR (y subfamily). It may transmit signals to different down-
stream regulatory pathways but predominantly to such mediated via G; proteins responsible for its analgesic ef-
fect. Following the activation the |1 opioid receptor is phosphorylated and coupled to arrestin [69].

M-Opioid receptor sites are presented throughout peripheral nerves and have been identified in central nerve
terminals of primary afferent neurons, peripheral sensory nerve fibers and dorsal root ganglia [70].

In the peripher nervous system (PNS) B-endorphins produce analgesia (particularly by binding to p-opioid
receptors [52]. Binding of B-endorphin induces in the PNS the inhibition of the release of tachykinins, especially
of substance P [70].

Opioids influence the membrane potential via different ion channels. They can keep the cell membrane in a
hyperpolarized state via the inhibitory action on cAMP formation [71] but, moreover, they can stimulate G pro-
tein-coupled inwardly rectifying potassium (GIRK) channels resulting also in membrane hyperpolarization.
Among the four GIRK channels the GIRK-II is important for opioid analgesia [70] [72].

The three classified subtypes of opioid receptors, y, 6 and K, mediate their actions via pertussis toxin sensitive
G proteins (G, proteins) but also via pertussis toxin insensitive G proteins like Gz, G14 and Gy, which stimulate
GIRK and inhibit adenylate cyclase [70] [73]. Mobilization of intracellular Ca** via phospholipase C can be also
mediated by G4, G14 and G,¢ protein.

Opioid receptors are located presynaptically where they regulate transmitter (e.g. dopamine) release and
postsynaptically on interneurons and medium spiny neurons of the striatum [53].

The target receptor of substance P, the neurokinin receptor, has been found in postsynaptic afferent terminals
in laminae I, 11 and 1X of the spinal cord [38] [70]. CGRP can facilitate the activity of substance P in the dorsal
horn of the spinal grey matter and glutamate is known to be involved in several steps of nociceptive transmis-
sion which can be modulated by the action of opioids.

The o receptor which has been originally presumed to be a further subclass of opioid receptors and also a
phencyclidine (PCP) binding site could be characterized meanwhile as a binding site of the N-methyl-D-aspar-
tate (NMDA\) receptor [74]. This binding site is now accounted to the group of “receptor chaperons” [74] [75]. It
has been demonstrated autoradiographically that opiate receptors and PCP binding site have different localiza-
tions [76] [77]. The o-1 receptor of the different species are highly homologeous, however, the protein shows no
homology with other mammalian proteins but 30% homology with the yeast gene encoding C7-C8 sterol-
isomerase [78].

The largest densities of p opioid receptors have been found in the brains of rodents (range of 120 - 240
fmol/mg) [79] (Table 1).

In general, the largest density of opioid receptors in the spinal cord has been observed in the dorsal horn (la-
mina | and I1). However, the autoradiographic analysis by different authors revealed different predominance of
the receptor subtypes in this region. An early work by Czlonkowski et al. [80] ranked the abundance of the re-
ceptor subtypes in human spinal cord with highest frequency of k binding sites (41% - 59% of the opioid recep-
tors) in this region. A somewhat lower contribution was identified for the . opioid subtype with 33% - 49%, and
d-re- ceptors were identified in 8% - 15% of the opioid binding sites. Besse et al. [81] reported some years later
about a predominance of p-opioid receptors (70% of the opioid receptors in the rat spinal cord). The & subtype
has been found at the second position providing 24% of the total number of opioid receptors and 6% were attri-
buted to the k-subtype [70]. In the human spinal cord Faull et al. [82] found a density of opioid binding sites in
the range between 10 and 33 fmol/mg. Finally, the data reveal some species differences. However, there is no
doubt, that in humans KORs and especially thek1 receptorplays the most pivotal role in the mediation of pain
perception, and transmission of the respective signals [38].

Supraspinally, MORs have been found in the amygdala, nucleus accumbens, striatum, thalamus, hypothala-
mus, periaqueductal grey, reticular formation, locus coeruleus and rostral ventromedial medulla. In the thalamus
|1 opioid receptors have been described in the medial nuclei which relay the signal input from the spinothalamic
tract to the cingulate cortex and limbic parts of the brain [53] [70].

In the human brain opioid receptors achieve relatively low densities compared to the rodent brain [83] (see
Table 1) with moderate differences between 1, 6 and k subtypes and a tendency to larger densities of KORs.
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Table 1. Densities of neuropeptide (pain) receptors in brain tissues of different species: Data obtained by means of autoradi-
ographic and membrane binding studies (rodent, monkey, human) available in the literature (in fmol/mg protein; or *** in
fmol/mg wt. weight) Abbreviations: DAMGO: [D-Ala? MePhe,Gly(ol)*]enkephalin;DELT-I [*H]-[D-Ala2]deltorphinl; [*H]
DAGO: Tyr-D-Ala-Gly-(N-Me)Phe-Gly-ol, [*H]DTLET: [®H]Tyr-D-Thr-Gly-Phe-Leu-Thr; [***I]BP-SP: Bolton Hunter-

Substance P; [**°I] NKA:[*1] lodohistidyl-Neurokinin A; [*°1] BP-ED:[*?*I]Bolton-Hunter-eledoisin.

Densities of neuropeptide receptors in brain tissues of different species

Density . . .
Receptor in fmol/mg Species  Region Method Ligand References
120 and 240 Rat Brain homogenate Membrane binding Ry-[*H]endorphin [79]
4 opioid 9.2-137 Mice oo, thalamus, red Autoradiography [°H]DAMGO [84]
8.1-38.1 Human  Cortex Autoradiography [*H]DAGO [83]
. Frontal+ . 3
5 opioid 14 - 86 Mice cingulate cortex Autoradiography [*H]DELTI [84]
27.3-56.2 Human  Cortex Autoradiography [*H]DSLET [83]
.. . Striatum, accumbens, . 3
k1 opioid 29-84.6 Mice hypothalamus Autoradiography [°H]CI-977 [84]
. Striatum, temporal cortex, . 3 .
 opioid 6.6 -120 Mice accumbens, hypothalamus Autoradiography [°H]bremazocine [84]
15.0-111.8 Human  Cortex Autoradiography [*H]bremazocine” [83]
Opioid (total: 41% - . .
59%x; 33%-49% p;  10-33 Human Eplngl C?rﬁ I(cilqrsal horn: Autoradiography Diprenorphine [82]
8% - 15% 5) amina I-111; lissauer tract)
Neurotensin 597 Sprague  Brain without Membrane SR142948A in absence [112]
NTS1/NTS2 Dawley rats cerebellum binding of 10 uM levocabastine
Sprague Membrane SR142948 in Presence
NTS1 104 Dawley rat binding of levocabastine [112]
Sprague ‘. SR142948 in Presence
NTS2 422 Dawley rat of levocabastine [112]
i Membrane 125 [113]
CGRP 214 - 250 Rat Hypothalamus binding [**1]CGRP [114]
NTS/area postrema, spinal
trigeminal nucleus, vagal . -
Bradykinin 09-19 Rat do?sal motor nucleds 9 Autoradiography  [***I-Tyr*-Bradykinin [115]
B2 Spinal cord
18-45 Rat Spinal cord Autoradiography  [***I-Tyr®-Bradykinin [116]
94 Gerbil Cortex
607 Gerbil  Striatum .
NK1 Autoradiography [*HIGR205171 [44]
59-74 Human  Cortex
318-432 Human  Striatum
8.67 - 13.24™" Rat Spinal cord Autoradiography [***1|BH-SP [203]
Membrane
73 Rat Hippocampus binding, [*IINKA [117]
NK2 Autoradiography
1.65-2.55"" Rat Spinal cord Autoradiography [203]
NK3 31.2 Rat Cortex Autoradiography [*H]Senktide [118]
2.53-3.08™ Rat Spinal cord Autoradiography [***1|BP-ED [203]

Enkephalin mediates via & opioid sites inhibition of GABA release. Dynorphin binds « opioid sites and inhi-
bits glutamate release in the globus pallidus interna from subthalamic projections [53].
B endorphins act via presynaptic { opioid receptors mediating inhibition of the release of GABA, which re-
sults in excess production of dopamine [53].

2.2. Opioid Receptor Ligands

Autoradiographic analysis revealing the receptor distribution in the brain and spinal cord as summarized in
Table 1 has been performed using tritium labelled peptide agonists like DAMGO (MOR) [70], DELTI (DOR)

()
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[84] and non-peptide agonists like bremazocine (KOR) [84].

Furthermore, highly specific antagonists for the p-opioid receptor (funaltrexamine [85] [86]); for the &-re-
ceptor (naloxonazine; [87]) and the KORL1 receptor (nor-binaltorphimine (4; Nor-BNI) [88]) were used. Autora-
diographic analysis confirmed that the most frequent types of opioid receptors in the dorsal horn of the spinal
cord are u and « receptors (with some species differences) while in the brain special regions achieved large den-
sities of w, 8, or k receptors [82]-[84]. PET ligands have been established up to now especially for p and « re-
ceptors. [*'C]carfentanil (1) (Figure 1 and Table 2) (MOR agonist) [89]-[91], [**C]Diprenorphine (5 opioid re-
ceptor antagonist) are well known as well as [**F]cyclofoxy (2) (Figure 1 and Table 2), [**FJacetylcyclofoxy
[92] [94]-[96] and [*'C]buprenorphine [97] [98] as nonselective ligands. [**C]GR103545 (3) (Figure 2 and Ta-
ble 2) is the R-enantiomer of the racemic [*'C] GR89696 binding at k1 receptors [98]. Carfentanil, used in vete-
rinary medicine, was one of the first PET tracers for labelling of a neuropeptide GPCR and had been employed
also for establishing and evaluating of different compartment models [90] [99]-[101].

The KOR antagonist 5-guanidinonaltrindole (GNTI) provides a 5 fold higher affinity than the prototypical
agonist Nor-BNI and an order of magnitude greater selectivity. However, it belongs to the compounds with long
acting properties which can be difficulty evaluated for their structur activity relelationships [88] [102].

GR 103545 (3; Figure 2) has a high affinity to «k receptors close to that of GNTI (for instance I1Csy 18 pM in
vitro/rabbit vas deferens or 0.22 nM in rhesus monkey brain homogenate) as well as good brain penetration
[103], however, poor selectivity versus the - and 8-receptor subtypes. Moreover, an intrinsic agonist activity
and significant side effects on blood flow and further circulation parameters have been reported for GR 103545.

Thomas et al. presented in 2001 a first x opioid receptor antagonist (JDTic) (5) (Figure 2 and Table 2) using
a not opiate compound as lead structure [104] and disclosed two years later a further derivative of JDTic with an
additional methyl group at the N-position of tetrahydroisoquinoline ring (MeJDTic; (6) Figure 2 and Table 2;
[105]). Recently, Munro et al. [106] reported delayed but long-time persisting action of JDTIc which suggests
special pharmacokinetic and pharmacodynamics properties. The authors conclude that the delay is due to an en-
trapment of JDTic in cellular compartments e.g. lysosomes. Poisnel et al. published in 2008 an improved pro-
cedure for radiolabelling of MeJDTic by means of [*'C]methy! triflate and [**C]methyl iodide achieving yields
of 78% - 98% and 75% - 82%, respectively [98]. Specific activities between 1.48 and 4.44 GBg/umol were
available at the end of the synthesis [98]. The compound showed with a log P of 2.7 a good lipophilicity and
high affinity at the k opioid receptor (K; 0.053 nM), however, only a rather low brain uptake of 0.15% ID/g 5
min post injection. This low brain uptake is attributed to the fact that a large part of the injected radiotracer re-
mains in the periphery e.g. bound to the lungs (12% - 30% ID/g), in the kidney (12% - 30%) as well as in the
liver (15% ID/g) [98].

First experiments with the novel «k opioid receptor antagonist ["'C]LY 2795050 (8) (K; 0.72 nM) (Figure 2)
resulted in a markedly lower B,./Kq ratio than expected from in vitro experiments but demonstrated good se-
lective binding at KORs which could be reduced by the selective KOR antagonist LY245302 (7) during in vivo
experiments in monkeys [107].

11
H3C s
1

Figure 1. p-opioid receptor ligands:1) Methyl-1-phenethyl-4-(N-phenylpropion-
amido) piperidine-4-carboxylate 2) (4R,4aS,7aR, 12bS)-3-(cyclopropylmethyl)-7-
fluoro-1,2,3,4,5,7a-hexahydro-4aH-4,12-methanobenzofuro [3,2-e] isoquinoline-4a,
9-diol. Asterisks indicated two different positions of labelling which have been re-

ported.
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Table 2. Partition coefficients log P and log D as well as molecular weights for selected neuropeptide receptor ligands. Bold
and parenthesized numbers correspond to the number of the respective formula in the figures (ACD/ChemSketch* and Sci-
finder software was the source of some of the data).

Partition coefficients log P and log D as well as molecular weights for selected neuropeptide receptor ligands

Compound Peptide receptor ~ CAS registry MW Log P Log D Reference
Carfentanil (1) MOR 59708-52-0 394.51 3.68 313 [89]
Cyclofoxy (2) MOR, KOR 103223-57-0 345.41 1.64 1.30 [92] [93]

GNTI KOR 219655-56-8 47155 0.8 —2.41 [102]

MeJDTic (5) KOR - 481.67 365, 2.7 [104]

IDTic (6) KOR 785835-79-2 467.64 3.26" [105]
SR 142948 (9) NTS1(NTS2)  184162-64-9 685.85 7.22 472 [136]
SR 48692 (10) NTS1(NTS2)  146362-70-1 587.07 5.7 5.2 [135]
(BIB?\I'jggg%aS”)t a1 CGRP 204697-65-4 869.65 3.246 0.40 [156]
BMS-694153 (12) CGRP 1050381-35-5 644.78 3.081 0.86 [158]
MK-4232 (14) CGRP 1263291 585.64 338 [153]
MK3207 (15) CGRP 957118-49-9 557.62 0.202 -0.12 [159]
MKO0974 (Telcagepant) (16) CGRP 781649-09-0 566.52 13 13 [150]
CGRPA2 (17) CGRP - 587.65 Non_br;;‘i;netram [153]
LF 160687 (Anatibant) (20) B2 209733-45-9 711.66 3.38 1.39 [176]
L 742,694 (21) NK1 159706-39-5 502.41 478 472 [224]
CP-96345 (22) NK1 132746-60-2 41257 5.739 2.89 [213]
MK 0869 (Aprepitant) (25) NK1 170729-80-3 534.43 4.99 4.93
L 754,030 3.85 [225]
(metabolit of MK0869) NK1 17012980-3 683.76 55 -751
L 758,298 (Fosaprepitant) NK1 172673-20-0 614.41 1.97 ~2.09 [226]
SPA-RQ (26) NK1 262598-99-2 450.43 323" [232]
SR 48968 (Saredutant) NK2 142001-63-6 552.5 3.44 245 [233]
SR 142.803 (Osanetant) NK3 160492-56-8 606.62 6.21 5.24 [237]
SB223412 (Talnetant) NK3 174636-32-9 382.45 5.8 4.99 [238]
TAK 637 NK3 217185-75-6 573.53 7.03 7.03 [239]

3. Neurotensin Receptors
3.1. Neurotensin and Neurotensin Receptors

The neurotensin system is widely distributed in the CNS and peripheral tissues [108] [109]. It accounts for an
essential part of the non-opioid stress-induced analgesia and is probably involved into further analgesic cir-
cuitries.

The 13 a.a.r. peptide neurotensin (ELYENKPRRPYIL) is a neurotransmitter as well as neuromodulator in the
brain and a paracrine or circulating hormone in the periphery [110] [111]. Neurotensin is facilitating pain if ap-
plied in low doses (0.03 pM - 0.03 nM; [119] [120]) to the rostral ventromedial medulla (RVM) [121] but re-
vealed an analgesic effect at higher dosage [10].

The peptide has been shown to modulate dopaminergic transmission in the midbrain [122]. It contributes to
nociception, hypothermia and control of anterior pituitary hormone release. Two subtypes of 7TMD neurotensin
receptors are known: NTS1 (NTRH; a high affinity receptor which binds also levocabastine (a histamine H1 an-
tagonist but with low affinity) and NTS2 (NTRL; low affinity receptor to neurotensin, which binds also levoca-
bastine but with higher affinity). The NTS1subtype was observed predominantly in humans, rabbits and guinea
pigs whereas NTS2 was found also in adult rat and mouse brain [113] [123] [124]. The histamine antagonist
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Figure 2. x-opioid receptor ligands:3) Methyl-(R)-4-(2-(3,4-dichlorophenyl) 3(pyrrolidin-
1-ylmethyl) piperazine-1-carboxylate 4) 17, 17°-(dicyclopropylmethyl)- 6,6°,7,7°-6,6-imino-7,7’-
binorphan-3,4’14, 14’-tetrol 5) (3R)-7-hydroxy- N-((S)-1-((3R,4 R)-4-(3-hydroxyphenyl)-3,4-
dimethyl  piperidin-1-yl)-3-methylbutan-2yl)-2-methyl-1,2,3,4,4a,8a-hexahydroisoquinoline-3-
carboxamide 6) (3R)-7-hydroxy-N-((S)-1-((3R,4 R)-4-(3-hydroxy-phenyl)-3,4-dimethylpiperi-
din-1-yl)-(3-methylbutan-2yl)-1,2,3,4,4a,8a-hexahydroiso- quinoline- 3-carboxamide 7) (S)-3-
chloro-4-(4-((2-(3,5-dimethyl-phenyl) pyrrolidin-1-yl)methyl)phenoxy)-3-fluorobenzamide 8)
(S)-3-chloro-4-(4-((2-pyridin-3-yl)pyrrolidin-1-yl)methyl)phenoxy)benzamide.

levocabastine has been shown to act as an agonist at the NTS receptors in mice, and as an antagonist in humans
[125].

The NT3 receptor (NTS3) is a 100 kDa protein with a single transmembrane domain containing a cysteine
rich domain and belongs to the Vps10p-D receptor family (type | transmembrane receptor family) comprising
the sortilin receptor (NTR3), SorCS1, SorCS2, SorCS3 and SorLA. It contributes to molecule sorting between
cell surface and intracellular compartments [110] [126]-[128]. However, a contribution of the NTS3 receptor to
the action of the other neurotensin receptor subtypes, especially of NTS1 is also possible [129]. Eventually,
NTR4/SorLA is a further receptor proposed [54].

Neurotensin mediates, especially acting at its neurotensin 1 receptor (NTS1), via multiple oncogenic signaling
pathways like PKC/ERK and AKT, several effects in the development of cancer, which include cell proliferation,
migration, invasive growth and neoangiogenesis [130].

NTS3 is suggested to mediate NT effects on microglial migration, cytokine expression and proliferation of
cancer cells [110] [119].

However, analgesic effects by neurotensin are not mediated under any condition at the receptors NTS1 and
NTS2. It has been revealed that NT acts agonistic in NTS1 mediated pathways NT but at NTS2 receptors neu-
rotensin can induce agonistic and antagonistic activities [110] also dependent from the animal species. Although
the NTS2 receptor can be associated with several G proteins allowing the mediation of a diversity of G protein
dependent effects, it was for long time not clear whether this subtype of the receptor has really any key function
in the body and in which way G proteins could play a role in its actions [110].
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Meanwhile has been demonstrated that NTS2 plays a particular role in the stimulation of corticotropin releas-
ing factor. At the level of the lumbar spinal cord, a participation of this receptor subtype in disinhibition of des-
cending pain control pathways has been suggested [14].

3.2. Neurotensin Receptor Ligands

Whereas recently some efforts were made to develop peptide analogs with specific binding to neurotensin re-
ceptors [131] [132] as well as hybride peptide tracers [133] [134], there are only few non-peptide lead structures
for high affinity and specific neurotensin receptor ligands available.

Especially two neurotensin-receptor ligands are known since relatively long period of time. These are the
adamantine derivatives SR 142948A (9) (Figure 3) and SR 48692 (10) (Figure 3). SR 48692 was the first high
affinity and selective non-peptide neurotensin receptor antagonist discovered by Gully et al. [135]. This orally
active compound showed higher affinity to NT1 receptors than neurotensin. SR 48692 had in guinea pig brain
homogenates an ICs, of 0.99 M vs 2.8 nM for neurotensin (for inhibition of *?°I-neurotensin binding in coronal
sections of midbrain). In turn the 1Cs, in rat brain homogenates was higher (ICs, 82 nM vs. 3.2 nM for neuroten-
sin) and the Hill coefficient confirmed that there is not only one binding site. The binding affinities of SR 48692
for newborn mouse and human brain as well as for adult brains of the same species were between these values
(ICsq 13.7 nM, 17.8 nM (newborn) and 34.8 and 8.7 nM (adult), respectively) [135]. Autoradiographic studies in
guinea pig identified moderate densities of neurotensin receptors in substantia nigra pars compacta, ventral teg-
mental area as well as high densities of these receptors in the cortical nucleus of the amygdala, the pyramidal
layer of the hippocampal formation and granular cells of the gyrus dentatus. SR 48692 could displace neuroten-
sin from all these structures. SR142948A disclosed some years after SR 48692 [136] binds also to NT1 and NT2
receptors. However, in contrast to SR48692 it could block hypothermia and analgesia induced by central appli-
cation of neurotensin [112] [136]. Saturation studies in rat brain membranes revealed a single class of high af-
finity binding sites (Kq4 3.48 nM) and K; values for displacement of neurotensin of 5.0 nM. The K; value in the
competition experiment with neurotensin was 32.8 nM for the displacement of SR 142948A and in the competi-
tion by SR48692 K; was 123.6 nM [112]. The separate analysis of NT1 and NT2 receptor (K; 8.5 nM) density
resulted in Bay values of 104 fmol/mg protein and 422 fmol/mg protein [112] (Table 1).

4. Calcitonin Gene-Related Receptors
4.1. Calcitonin Gene-Related Peptide and CGRP Receptor

The 37 a.a.r. peptide CGRP (ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF) can act as potent
vasodilator as well as a neuromodulator in the brain. This peptide is potentially involved in the occurrence of
migraine which affects 12% of the society in western countries [2] [137].

Several locations of CGRP release have been identified which contribute to occurrence and maintenance of
migraine attacks (primary sensory neurons of the trigeminal ganglion, dorsal spinal cord and perivascular nerve
endings but also the smooth muscle layers of intracranial blood vessels) [60] [138] [139]. The intracranial CGRP
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Figure 3. Neurotensin receptor ligands: 9) (2-{[5[2,6-dimethoxyphenyl)-1-(4-(N-(3-dimethyl-amino-
propyl) N-methyl-carbamoyl-2-isopropylphenyl)-1H-pyrazol-3-carbonyl] amino] adamantane-2 car-
boxylic acid 10) (2-{[1-(7-chloro-quinolin-4-yl)-5-(2,6-dimethoxypheyl)-1H-pyrazole-3-carbonyl] amino}

adamantane-2-carboxylic acid.
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fibres have their origin in the trigeminal ganglion [140] [141].

CGRP receptors have been reported to be involved in pain transmission and inflammation [57] [142]. The
CGRP receptor is a G protein-coupled receptor which is comprised of a multimeric complex including the cal-
citonin receptor like receptor (orphan receptor CLR; member of secretin family/class B) [143], as well as an ac-
cessory protein (receptor activity modifying membrane protein 1; RAMP 1) which includes a 148 a.a.r peptide
with a single transmembrane domain [144] [145] and an intracellular protein (receptor component protein; RCP)
[140] [146]. Combinations of RAMP 2 and 3 subtypes with CLR which can bind also CGRP but with lower af-
finity and preferring adrenomedullin (AM) (AM > aCGRP > amylin > calcitonin; [147]) form the adrenomedul-
lin receptors 1 and 2 (AM1 and AM2). Combinations of RAMP 1 - 3 with the calcitonin receptor (CTR) result in
the amylin receptors (AMY) 1 - 3 [143] [148]. AM, CT and AMY receptors are of importance for the characte-
rization of selectivity CGRP ligands.

Neural cells produce via alternative splicing two different 37 a.a.r. CGRPs: aCGRP (outside the central nerv-
ous system in TRPV1-expressing and capsaicin sensitive primary sensory neurons) and BCGRP (not encoded by
calcitonin gene and found in intrinsic neurons of the gut) [143] [149].

The major task of CGRP seems to be dilation of arterial vessels in a NO independent manner by direct action
of cAMP on the smooth muscle [151]. CGRP antagonists have been shown to inhibit vasodilation as well as
neural transmission [152].

CGRP receptors could be shown by PET imaging particularly in cerebellum and brainstem [143] [153]. The
structural units CLR and RAMP1 have been found in middle meningeal, middle cerebral pial and superficial
temporal arteries [140] [154].

The role of these CNS receptors in pain transmission (especially in migraine attacks) is yet not fully unders-
tood [153]. However, some antagonists of the CGRP receptor have been shown also in clinical trials to contri-
bute to pain relief in migraineurs. Moreover, functional activation of cerebellar and brainstem regions could be
observed by means of PET [140] [155]. Mismatch in the recovery of brainstem and cerebellar regions resulted in
the presumption that an imbalance between brain stem nuclei regulating antinociception and vascular control
could be the basis of the pathogenesis of migraine [153].

4.2. CGRP Receptor Ligands

CGRP receptor ligands have been already used in clinical studies with some success in relief of migraine asso-
ciated symptoms. These include the antagonists olcegepant (BIBN4096BS, [156] (11) (Figure 4 and Table 2),
MK 3207 (15) [60] (Figure 5 and Table 2) telcagepant (MK-0974) (16) (Figure 5 and Table 2), and BI
4370TA [157]. Olcegepant was one of the first CGRP antagonists shown to be effective in the suppression of
CGRP induced pain and to inhibit vasodilation without cardiovascular side effects as known for triptans which
belong commonly to the medication of migraineurs if they are free of cardiovascular diseases. However, not all
species among laboratory animals can reflect the distribution of CGRP receptors in humans. Only marmoset and
rhesus monkeys have been found to show a human-like CGRP receptor pharmacology [154] [158]. The human
CGRP receptor contains in its heteromeric RAMPL1 structure a specific a.a.r. (W74) suggested to be of key im-
portance for the characteristic binding properties of h\CGRP [156]. The difference of the amino acid in this posi-
tion has been made responsible for low homology between the RAMP-1 proteins of primates and humans and
that of rats (with Lys74; [152]. Olcegepant has been developed from a dipeptide mimetic R1-(3,5-dibromo-Tyr)-
LYS-R2. As revealed by analysis of the structure-activity-relationships, similar structures were achieved when
the N-terminal functionality was aromatic and was separated from the 3,5-dibromo-Tyr moiety, whereas for the
C-terminal region a rigid negative polarizing group linked to a pyridine was favorable [149] [152]. These devel-
opments resulted in a high affinity CGRP antagonist (ICsg, 0.014 nM) which could inhibit neurogenic vasodila-
tion in a surrogate animal model of migraine. The substance had a 100fold higher selectivity for h\CGRP com-
pared to the rat receptor [149] [152] [154]. The agonist CGRP2 (17) (Figure 5 and Table 2) differs only in few
structural features from olcegepant while SB 273779 (13) (Figure 4) [152] avoids the high species selectivity
but also the high affinity of these substances.

Some novel compounds with moderate or high affinity and good oral bioavailability have been proposed to be
potential therapeutics of migraine. These include for instance dihydrospiro-indene-pyrrolo-pyridins, e.g. MK-
8825 [160] or MK3207 [60]. MK 3207 showed in LLC-PK1 pig kidney epithelial cells a K; of 0.021 nM but is a
substrate of the P-gp transporter (P-gp = 25) [60]. MK 8825 showed a K; of 0.052 (displacement of
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Figure 4. CGRP receptor ligands:11)N-((R)-1-(((S)-6-ami-no-1-oxo-1-(4-pyridin-4-yl)piperazin-
1-yl)hexan-2-yl)amino)-3-(3,5-dibromo-4-hydroxyphenyl)1-oxopropan-2-yl)-4-(2-oxo-1,4-dihydroqui
nazolin-3-(2H)-yl-piperidine-1-carboxamide 12) (R)-N-(1-([1,4"-bipiperidin]-1'-yl)-3-(7-methyl-
1H-indazol-5-yl)-1-oxopropan-2-yl)-4-(8-fluoro-2-oxo-1,4-dihydroquinazolin-3(2H)-yl)  piperidine-
1-carboxamide 13) (S)-hydroxy (4-(methyl(o-tolyl)carbamoyl)-2-nitrophenyl) (thiazol-2-yl) sulfo-
nium.

[**1]-CGRP) at the native human CGRP receptor in human neuroblastoma SK-N-MC cells and a K; of 0.047
nM at the recombinant human receptor [160]. Furthermore, the K; at the rhesus monkey receptor was 0.059 nM
[160] but lower values were found at the dog receptor (39 nM) and at the mouse receptor (19 nM) [160].

MK 8825 has been shown to exhibit a high selectivity for CGRP receptors among a multitude of other recep-
tors as well as many enzymes and ion channels. The further modification of the substance resulted in the PET
tracer ["'C]MK 4232 (14) (Figure 5) which fulfilled the requirements for neuropeptide ligands not only by its
high affinity to the receptor but also because of its moderate lipophilicity (LogD 3.38), good passive cell per-
meability of 25 x 10°° cm/s and a low susceptibility for permeability-glycoprotein (P-gp) with a transport ratio
of 1.7 which is lower than that of MK 8852 and MK 3207 [60]. Hostetler and colleagues [153] used MK 3207,
MK 4232, telcagepant as well as the *'C-labelled CGRPA2 which is known to be a non-brain penetrant CGRP
receptor antagonist (K; 0.018 nM) in an innovative PET study. *'C-labelled MK4232 was applied in polyethy-
lene glycol-solution with specific activities of <37 GBg/umol to humans and to rhesus monkeys. The authors
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Figure 5. CGRP receptor ligands:14) 2-(R)-8-(3,5-difluoro phenyl)-6,8 dimethyl-10-0x0-6,9-
diazaspiro[4.5] de-can-9-yl)-N-(R)-2’-hydroxy-1,3-dihydrospiro[indene-2,3’-pyrrolo[2,3-b]pyri-
dine]-5yl) acetamide] 15) 2-(R)-8-(3,5-difluoro- phenyl)-10-0x0-6,9-diazaspiro[4.5]decan-9-yl)-
N-(R)-2’-hydroxy-1,3-dihydrospiro[indene-2,3’-pyrrolo [2,3-b] pyridine]-5yl) acetamide] 16)
N-((3R,6S)-6-(2,3-difluorophenyl)-2-oxo-1-(trifluoromethyl)azepan-3-yl)-4-(2-oxo-2,3-dihydro-
1H-imidazo-[4,5-b]pyridin-1-yl)piperidine-1-carboxamide 17) N-((S)-1-(3,5-difluoro-phenyl)
ethyl)-N-(2-(((R)-2’-hydroxy-1,3-dihydrospiro[indene-2,3’-pyrrolo[2,3-b]pyridine]-5-yl) amino)-
2-oxoethyl)-1,4-dimethylpiperidine-4-carboxamide.

reported the following rank orders of magnitude for the three brain penetrant CGRP antagonists for receptor oc-
cupancy (Occsg): MK4232 < MK3207 < telcagepant; for in vitro affinity (K;): MK 4232~MK3207 << telcage-
pant and P-gp-efflux ratio: MK4232 << MK 3207~telcagepant. Hostetler et al. [153] showed that the receptor
occupancy in cerebellum and brain stem commonly binding CGRP ligands achieved 43% - 58% if telcagepant
was applied in doses tenfold larger than those used in clinical trials with efficient relief of migraine pain. Doses
similar to those in a clinical phase 111 study resulted, however, only in a receptor occupancy between 4 and 10%
suggesting that the action on central CGRP receptors was not the key component or not the only component in
the action of telgacepant as an analgesic in migraine [153]. The question remained still unanswered, whether an
enhancement of the occupancy of the central CGRP receptors can improve the efficacy of their antagonists. The
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contribution of vascular receptors to the imaging signal was low in the investigations of Hostetler et al. [153] as
was demonstrated by imaging scans of the non-brain penetrant P-gp substrate CGRPA2. This suggests that
CGRP receptors labelled with MK 4232 are localized predominantly in the gray matter.

5. Bradykinin Receptors
5.1. BradyKkinin and Its Receptors

Bradykinin is a nonapeptide (RPPGFSPFR) with a half-life of 15 - 30 s [56] [161] [162] belonging to the va-
soactive family of kinins together with kallidin and methionyl-lysyl-bradykinin which can be converted into
bradykinin catalysed by aminopeptidases and furthermore by endogenous metalloproteases like angiotensin-
converting enzyme (ACE) and neutral endopeptidase. The level of the autacoid in the blood is in the range be-
tween 0.2 and 7.1 pM [56] [162] [163]. Bradykinin is obtained via cleavage of pro-kininogen by the protease
kallikrein. Formation of kallikrein is initiated by the autoactivated (or plasmin activated) surface-bound factor
XI1 in the blood vessels which converts the proenzyme prekallikrein into plasma kallikrein [56]. Bradykinin is
part of inflammatory mechanisms contributing to hyper-responsiveness and allergic reactions like rhinitis, asth-
ma as well as anaphylaxia [164]. Hereditary or acquired deficit of C1 esterase inhibitors, a compound of the
complement system, can contribute to a bradykinin dependent angioedema. Similar effects can be supported by
the use of angiotensin converting enzyme inhibitors in the treatment of hypertension, heart failure, diabetes and
scleroderma [56]. The actions of bradykinin are manifold. In cardiovascular system it can induce release of
prostacyclins, NO and endothelial derived hyperpolarizing factor (EDHF). In the respiratory tract it can cause
bronchospasm and bronchoconstriction [55].

In the CNS bradykinin is suggested to be involved in excitation of primary sensory neurons, release of sub-
stance P and neurokinin A, development of acute algesic states as well as chronic inflammatory pain.

Bradykinin B1 receptors which are not expressed in a constitutive manner (with exception of the vascular
system [116]) are upregulated under conditions of inflammation, infections or traumatic injuries [165].

The main target of bradykinin is the kinin B2 receptor which is expressed constitutively on mammalian cells
including endothelial cells as well as neurons [161] [166], astrocytes, and microglia [167] [168]. Bradykinin B2
receptors have been identified at highest densities in the pleoglial periaqueductal gray, oculomotor and trochlear
nuclei as well as in the circumventricular organs as Murone et al. reported 1997 from autoradiographic mea-
surements in sheep brain and spinal cord [169]. Moderate densities have been found in diencephalon, hindbrain
and spinal cord. Deleterious effects of bradykinin via the kinin B2 receptor are vasodilation and increase in vas-
cular permeability [170] [171] especially under conditions of traumatic injury of the brain which can delay re-
covery from brain injury [161].

The degradation product of bradykinin, des-Arg®-bradykinin is acting via the B1 receptor [161]. B2 receptor,
bradykinin and other components of the kallikrein-kinin system have been found in brain stem, cortex, cerebel-
lum, hypothalamus and pituitary gland.

Both bradykinin receptor subtypes mediate their actions via Gy proteins [172].

5.2. Bradykinin Receptor Ligands

The hereditary angioedema (HAE) belongs to the rare diseases providing potential indication for the treatment
with drugs interfering with actions of bradykinin and its binding sites. Nevertheless, it attracts much of the at-
tention dedicated to bradykinin actions in vivo. Several therapeutic proposals focus on different steps of the ki-
nin-kallikrein-bradykinin cascade. Compounds developed for treatment of HAE include C1 esterase inhibitors,
inhibitors of the conversion of kininogen to bradykinin via inhibition of plasma kallikrein, antagonists of brady-
kinin B2 receptors and inhibitors of plasminogen activation [173]. Icatibant is one of the B2 antagonists suc-
cessfully tested with a subcutaneous route of application [174].

Most bradykinin receptor ligands tested experimentally and clinically are peptide compounds and agonists at
their receptor. E.g. the peptide ligand HPP-HOE140 showed K; values of 0.32, 1.37 and 157 nM in displacement
studies with bradykinin, HOE-140 and D-arg[Hyp® and D-Phe’, Leu®Jbradykinin, respectively, in sheep brain
autoradiography [169]. However, also some non-peptide ligands have been presented e.g. by Aramori et al.
(FR167344, S1567 (18, Figure 6) and FR173657 (19, Figure 6) [164] [175] as well as by Pruneau et al. 1999
[176] (the B2 antagonist LF 16-0687/Anatibant) (20, Figure 6).
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Figure 6. Bradykinin receptor ligands:18) (E)-N-(2-((2,4-dichloro-3-(((2-methylquinolin-8-yl)oxy)methyl) phe-nyl)methyl)
amino)-2-oxoethyl)-3-((4-trifluoromethyl)phenyl) acrylamide 19) (E)-3(6-acetamido-3-pyridyl)-N-[N-2-4-dichloro-3-[(2-
methyl-8-quinolinyl)oxymethyl] phe-nyl-N-methylamino carbonyl-methyl]acrylamide) 20)(S)-N-(3-(4-carbamimidoylben-
zamido)propyl)-1-((2,4-dichloro-3-(((2,4-dimethylquinolin-8-yl)oxy)methyl)phenyl)sulfonyl)pyrrolidine-2-carboxamide.

FR 173657 is an antagonist at the B2 receptor and has been shown to suppress responses to bradykinin in vivo
[175]-[177]. LF 16-0687 constitutes another lead structure and has been demonstrated to bind with high affinity
to the B2 receptor in different species and tissues. For instance human, rat and guinea pig recombinant B2 re-
ceptors revealed K; values of 0.67, 1.74 and 1.37 nM.

6. Neurokinin Receptors
6.1. Mammalian Neurokinins and Their Receptors

The family of tachykinins includes in humans ten compounds of which eight share the carboxy terminal se-
quence F-X-G-L-M (X stands either for an aromatic amino acid or a R-aliphatic amino acid) [178]-[180]: sub-
stance P (SP), neurokinin A (NK-A also called substance K), neurokinin B (NK-B also called neuromedin K)
[181], neuropeptide K (NP-K), neuropeptide y (NPG) [181]-[183] and human hemokinin-1 [184] belonging like
EKA, B, C and EKD to the group of endokinins [179] [185]. The number of a. a.rs of these tachykinins has been
found to be between 10 - 36. Substance P (RPKPQQFFGLM) contains 11 a.a.r [181] [186]. The amino acid se-
quences of the further petides are for NKA:HKTDSFVGLM; NKB:DMHDFFVGLM and NKG, which is the
most abundant in the body: DAGHGQISHKRHKTDSFVGLM, NP K: DADSSIEKQVALLKALYGHGQISH-
KRHKTDSFVGLM; EKA/B: GKASQFFGLM [185]; EKC, EKD: KKAYQLEHTFQGLL, and VGAYQLEHT-
FQGLL [187] and hHK1: TGKASQFFGLM [188]. The first five of these tachykinins occur by cleaving of 4
precursor pro-peptides. These precursor pro-tachykinins, o, B, y and & are encoded by two genes. PPT-B gene
(alternatively PPT-II or TAC3) encodes the NK-B and PPT-A gene (alternatively PPT-I or TAC1) the other four
mammalian tachykinins [185] [189]. Hemokinins as well as endokinins (A-D) are encoded by the TAC4 gene
(alternatively PPT-C gene). Proteolytic processing of a 128 a.a.r. precursor pro-tachykinins C results in the for-
mation of hemokinin which has been shown to interact with the neurokinin 1 receptor with a 200- to 250-fold
higher selectivity than substance P [184] [189]. Hemokinin 1 is presumed to be more resistant to proteolysis
than Substance P [184]. Endokinins and hemokinins are not regarded to be conserved throughout mammalian
species in contrast to the other tachikinins mentioned above [54] [185].

Tachikinins are identified in neuronal but also in non-neuronal cells like endothelium and inflammatory cells
[190]-[192]. However, NKB has been detected only in the brain and in the placenta [179] [193] [194].

Three types of tachikinin receptors have been identified up to now: TACR1 (NK1), TACR2 (NK2) and
TaCR3 (NK3) [8] which may influence a myriad of cell biological effects including diverse actions on cell pro-
liferation, smooth muscle contraction, vasodilation, plasma extravasation, neurogenic inflammation and hema-
topoiesis [185] [195]. Neurokinin receptors influence via Gquq-protein phospholipase C and ca®* levels [17].
However, also the R-arrestin-mediated actions on apoptosis are objective of recent investigations [196].

NKZ1 receptors have been identified in the brains of gerbils and humans with a content up to 607 and 432
fmoles/mg, respectively [44], whereas NK2 and NK3 receptors achieve only 7.3 (rat) [117] and 31.2 fmoles/mg
[59] [118], respectively. For the NK1 receptor the sequence of affinities of the preferred neurokinins is SP =
HK-1 > NPG > NKA = NPK > NKB [184] [197]. For the NK2 receptor the binding of tachikinins has been de-
scribed in the following rank order: NPK = NPG > NKA > NKB > SP [17] [192]. At the NK3 receptor the rank
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order of potency has been described with NKB > NKA > SP. A distinct haemokinin-1 receptor has been pro-
posed but not characterized up to now [8].

Several B-arrestins may trigger via involvement in multi protein complexes signal transduction mechanisms
like mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinases 1 and 2 (ERK 1/2)-
dependent pathways with influence on proliferative processes. Inflammatory and immunological actions are re-
garded with rising attention as potential routes to new approaches in cancer therapy (including also cancer- and
metastatically induced pain) focussing on the influence of the microenvironment of tumour or precancer cells
[8].

A role of neurokinin receptors of the brain contributing to analgesia has been suggested in the late 90ties
[198], but such a direct involvement in brain-linked mechanisms could repeatedly not be confirmed. Species
differences in neurokinin receptor expression impede additionally conclusions about involvement in such
processes [44] [199]. An indirect involvement would be possible also via antidepressive and anxiolytic mechan-
isms, which have been intensively investigated leading to distinct results [200].

However, there is no doubt that NK1 receptors have been found in different parts of the spinal cord especially
in the dorsal horn [201] which is the first relay station for nociceptive input to the main central pathway for pain,
the lateral spinothalamic tract [202]. Autoradiographic investigations revealed expression of NK1, NK2 and
NK3 receptors in cervical, thoracic, lumbar and sacral spinal cord sections in the range between 1.6 to 13.2
fmol/ mg tissue wet weight [203] (Table 1). Processes localized in the spinal cord are brought more and more in
the focus of tomographic imaging also using positron emitting tracer compounds or single photon emitters in
humans, however, more usually with metabolic tracers [204] [205]. For instance [**C]N-methyl-4,4’-diaminos-
tilbene (MeDAS) has been employed for the visualization of alterations in demyelinization diseases in models of
lysophosphatidyl (LPC) induced focal demyelinization, experimental autoimmune encephalomyelitis (EAE) or
multiple sclerosis [206] [207].

The contribution of NK1 receptors to migraine attacks is predominantly due to leakage of plasma protein
from postcapillary venules and adhesion of leukocytes to venular endothelium [57]. NK1 receptor antagonists,
however, have not been able to suppress such relatively unspecific alterations in the homeostasis of brain tissue
and interactions with inflammatory cells.

The use of NK receptor antagonists in clinical routine applications is restricted currently to NK1 antagonists;
e.g. aprepitant has been shown to be effective in the treatment of drug-induced vomiting. NK3 receptor stimula-
tion can antagonize the excitation of dopaminergic neurons in the ventral tegmental area. The NK3 receptor in
the brain typically is found in cortical regions, nuclei of amygdala, hippocampus as well as midbrain structures
e.g. substantia nigra, ventral tegmental area and raphe nuclei [208]-[210]. However, it is present in the cerebral
regions in low density in comparison with NK1 and NK2 receptors [211].

6.2. Non-Peptide Neurokinin Receptor Ligands

A number of non-peptide antagonists at different NK receptor subtypes has been described and achieved in clin-
ical test also phase I11 [211]. The spectrum of diseases for which such compounds were created was broad and
included mental and mood diseases, alcohol craving, overacting bladder, vomiting and also pain syndroms [211].
The NK1 receptor has been found to be widely distributed in the brain particularly within the striatum and with
negligible density in the cerebellum [212] and relatively early compounds were developed, which could displace
[*H]substance P in caudate membranes. One first highly specific of these substances was CP 96345 (22, Figure 7
and Table 2). More precisely it was the (2S,3S)-enatiomer which showed the high affinity of 4 nM [152] [213].
However, the compound had a 100fold higher affinity to the NK1 receptor in rat and mouse than in humans and
other species. CP96345 was free of any agonistic action at the NK1 receptor but at higher doses not free of non-
specific binding to Ca®* channels. This disadvantage could be reduced in the compound CP 99.994, which
showed a 100fold lower affinity to the L-type Ca** channel in comparison to CP96.345. Although CP 99 994
was tested with some success in preclinical models of nociception and inflammation it could not reveal an ad-
vantage compared to ibuprofen in postoperative treatment after dental surgery in humans [214]. GR 205171 (23,
Figure 8) (K; 0.4 nM; [215], a trifluoromethyl substituted enantiomer of GR203040 (24, Figure 8) was a further
compound with even more reduced nonspecific binding in calcium channels and was in clinical investigations
effective to reduce postoperative nausea. Recently, Zamuner et al. [216] used **C-labelled GR 205171 to test the
occupancy of the NK1 receptor by the NK1 antagonist casopitant. Aprepitant (25, Figure 8) (L754030; K; = 0.1
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Figure 7. Neurokinin 1 receptor ligands:21) 5-(2-((2S,3S)-2-((3,5-bis(trifluoromethyl)benzyl)
oxy)-3-phenylmorpholino) ethyl)-2,4-dihydro-3H-1,2,4-triazol-3-one 22)(2S,3S)-2-benz-hydryl-
N-(2-methoxybenzyl)quinuclidin-3-amine.

nM) was the first exogenous ligand supporting indications that NK1 might play a role in depression and anxiety
disorders by preclinical observations [217] [218]. However, in clinical therapeutics its application is restricted to
supportive therapy in patients subjected to chemotherapeutic treatment of cancer or in prevention of postopera-
tive nausea and vomiting (PONV). The compound has been launched for application in chemotherapy induced
nausea and vomiting (CINV) in 2003 and two years later for PONV [211]. Tattersall et al. reported in 2000 a Ky
of 86 pM (hNK1) for the selective and brain penetrant NK1 receptor antagonist and for its phosphorylated pro-
drug, L-758,298, a Ky of 4 nM (hNK1) [219]. [*'C]GR205171 (23, Figure 8) [44] [216] as the first PET ligand
was followed by [*®F]SPA-RQ (26, Figure 8) with similar activity. [**F]SPA-RQ shows with a K4 of 67 pM an
affinity to the NK1-receptor comparable with that of aprepitant and additionally a log P of 1.8 confirming a
moderate brain penetrance [220]-[222]. It shows the highest binding in striatum, followed by amygdala, and pa-
rietal and occipital cortex [223]. Phase I clinical study on panic and anxiety disorders have been started in 2004
(NCT00088738).

A lower affinity has been found for the selective NK1 receptor ligand ['C]JR116301 (27, Figure 8) [227]
[228] which has been subjected to a first in vivo evaluation byWolfensberger et al. [212] in humans. Following
rank order of magnitude for the affinities of important NKZ1receptor ligands has been reported: SPA-RQ >
GR205171 > aprepitant > R116301 > substance P [44] [212]. Further PET tracers which were earlier evaluated
appeared less suitable for clinical applications [229]. Ovepitant, L-759274, CP 122721 and casopitant are further
antagonists tested clinically. NK1 and NK2 receptors are found in peripheral tissue, especially the gastrointes-
tinal tract. NK2 is additionally found typically in smooth muscles of small and large bronchi and brochioli of
human airways. In lung tissues containing membranous airways a fourfold increase in NK2 expression has been
described [211] [230]. The NK2 subtype in the brain has been shown by mRNA measurements in caudate puta-
men, hippocampus, substantia nigra [231]. Also with the intention of therapeutic use in targets of the peripheral
nervous system a number of NK2 receptor antagonists has been developed and included in clinical tests e.g. sa-
redutant (SR 48968; [233]), and nepadutant [234].

However, a protective effect of NK2 receptor antagonists on allergene induced response in asthmatics could
neither be confirmed [235] for the specific NK2 receptor antagonists nor for NK1/NK2 antagonists. Saredutant
was used successfully in preclinical behavioral models of anxiety and suppression and was similar effective as
diazepam and buspirone in models of social behavior were it enhanced markedly the time of interaction [236].

SR142801 (osanetant) [237], SB223412 (talnetant) [238] and TAK 637 [239] (Table 2) have been shown to
bind selectively to the NK3 receptor. While the NK2 receptor ligand shows a favorable log P for passage of bbb
or bsch, the few available non-peptide NK3 receptor ligands are too lipophilic for the use as a PET tracer [200].
The indications for the use of NK3 receptors ligands remain restricted to CNS and spinal cord because of the
specific presence of this receptor in these regions. A number of clinical studies dedicated to a therapeutic use
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Figure 8. Neurokinin 1 receptor ligands:23) (2S,3S)-N-(2-methoxy)-5-(5-trifluor-methyl)-
1H-tetra-zol-1-yl)benzyl)-2-phenylpiperidin-3-amine 24) (2S,3S)-N-(2-methoxy-5-(1H-
tetrazol-1-yl)benzyl)-2-phenylpiperidin-3-amine 25) 5-(2-((2R,3S)-2-((R)-1-(3,5-bis(tri-
fluoromethyl)phenyl) ethoxy)-3-(4-fluorophenyl)-morpholino)ethyl)-2,4-dihydro-3H-1,
2,4-triazol-3-one 26) (2S,3S)-N-(2-(fluoromethoxy)-5-(5-trifluor-methyl)-1H-tetrazol-1-
yl)benzyl)-2-phenyl-piperidin-3-amine 27) 2-(4-((2R,4S)-2-benzyl-1-(3,5-bis (trifluoro-
methyl)benzoyl)piperidin-4-yl) piperazin-1-yl-N-(2,6-dimethyl phenyl) acetamide.

of NK3 receptor antagonists in schizophrenia, depression and panic disease were discontinued [211].

7. Conclusions

The five receptor types enclosed in this study are still in the focus of many questions related to their potential in
therapeutics of pathogenic alterations of pain circuits including structures in brain and spinal cord but also in
PNS and enteric nervous system [211]. Especially for neurokinin receptors, a mismatch between preclinical and
clinical results not only related directly to nociception but also to mood disorders and other mental diseases [44]
makes it difficult to evaluate the potential clinical efficiency of novel drugs suitable for the development of PET
and SPECT imaging probes.

Regarding development of pharmacophore models, also basic structures of NT3 (sortilin) and CGRP recep-
tors with transmembrane domains distinct from the common GPCRs or with multimeric complex composition
(see RAMP and CLR as receptor associated proteins) are a new challenge to the right choice of suitable lead
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compounds [54] [130].

Hitherto, opioid receptor ligands remain the best established neuropeptide receptor ligands for PET on the
analgesic route. These, like [*'C] carfentanil and [*®F] cyclofoxy have been used extensively for modelling of
pharmacodynamics and pharmacokinetics also in mokeys and humans [90] [91] [95] [96]. On the analgesic
route of pain circuits, however, not only p opioid receptors but also k-receptors appear to be of great relevance
not only in relays of the spinothalamic tract conveying signals to higher centers but also as potential modulators
of dopamine release in cortical and subcortical brain areas [240]. Most auspicious approach for k receptor li-
gands was described in 2003 by Thomas et al. [104] with the « antagonist ["*C]MEJDTic(5). The labelling pro-
cedure of the substance was improved in 2008 by Poisnel et al. [98] and labelling of MeJDTic analogues with
fluorine-18 has been announced. However, in contrast to [**C]MeJDTic, for the more recently developed KOR
antagonist [**C]LY2795050 (8) and the more established agonist and PET tracer [**C]GR103545(3) have been
reported in vivo imaging results in primates already [103] [107] [241]. These demonstrated for [**C]GR103545 a
markedly higher brain accumulation than for its enantiomer ['*CJGR89696 and for [*'C]LY2795050 the most
convincing standard uptake values [107] [241]. Simultaneously, entrapment in cellular compartments or activa-
tion of c-jun terminal kinase 1 (inductor of autophagosome formation) discussed to prolong the action of JDTic
is not known for the shorter acting LY2795050 [242]. For [**C]MeJDTic the relatively low accumulation in the
brain is attributed to enrichment of the tracer in liver, kidney and lung tissue [98]. Efforts to improve high
throughput screening and hit refinement strategies give rise for expectations of further candidate structures for
potential k subtype specific PET tracers [240]. The most interesting non-peptide receptor ligand with a role in
vascular and inflammatory processes involved in pain circuits appears to be the CGRP antagonist MK4232 (14)
evaluated by the group of Bell and Hostetler [60] [153]. The CGRP antagonist telcagepant had to be recalled re-
cently because of adverse effects in the liver. Thus the novel PET tracer provides the basis for the start into neu-
roimaging diagnostics of CGRP receptor alterations whereas bradykinin receptor ligands and also neurotensin
receptor ligands presented in the literature showed physico-chemical limitations which prevent or hamper an
employment as tracer for neuroimaging.
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