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Abstract

Neuropeptide and chemokine receptors of the G protein-coupled receptor
(GPCR) family belong to different classes and subgroups providing different
docking sites and special binding behavior at extracellular and also trans-
membrane domains for small molecules potentially suitable for positron
emission tomography (PET). The contribution gives an overview updating
developments of small-molecule, nonpeptide ligands at a selection of peptide
and chemokine receptors, expressed in neurons and microglia of the brain,
regarding the last five years. Orexin 1 and orexin 2 receptors (OX1R; OX2R)
and neuropeptide Y1 and Y2 receptors (NPYIR, NPY2R) were chosen as
representatives of Class A neuropeptide receptors, chemokine receptor CX3C
(CX3CR1) as Class A, protein-activated receptor, highly expressed in acti-
vated microglia, and corticotropin releasing factor receptor 1 (CRFRI1) as
representative Class Bl receptor. Structural differences between binding do-
mains and their endogenous ligands as well as parallel expression in different
types of cells and generally low density of these receptors in brain tissue are
factors making the search for selective and sensitive ligands more difficult
than for classical GPCR receptors. Main progress in ligand development is
observed for NPY receptor antagonists and orexin receptor antagonists. For
orexin receptors, search for suitable ligands can be supported with modelling
approaches, as recently the complete molecular structure of these receptors is
available. Small molecules, binding at CRFR1, as for other Class Bl receptor
ligands, in PET and investigations of pharmacodynamics revealed rather al-
losteric binding modes, although, the complete crystal structure of CRFRI as
prototype of Class Bl provides, hitherto, improved possibilities for under-
standing binding mechanisms. Highly specific as a marker of microglia among
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the GPCRs, CX3CRI is focused as target of PET during inflammation of
brain and spinal cord.
Keywords
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1. Introduction

Targeting 7TM receptors or G protein-coupled receptors (GPCR) belongs to the
most successful pharmacological concepts in development of therapeutics with
non-antibiotic clinical applications [1] [2] [3]. Although approximately 30% of
clinically employed drugs target GPCR or GPCR-mediated pathways [4], to date,
therapeutically effective small-molecule pharmaceuticals have been introduced
for only 5% - 10% of all GPCR known [3] [5]. The plurality of all GPCRs is ol-
factory or sensory receptors. Among the 398 non-olfactory receptors, however,
224 are not in scope of clinical trials or efforts of drug development [3] [6].

Correspondingly, targets of PET tracers are in many of the cases 7TM recep-
tors. Beside the classical receptors of the amine cluster also neuropeptide recep-
tors move more and more in the focus of ligand development for therapy and
diagnostics [3]. Differences in the structure of the N terminal ectodomains in the
general binding behavior at receptors of various GPCR classes and possibilities
for allosteric ligands gain rising attention [3] [4] [7] [8]. For PET, also the po-
tential contribution of important cell populations like microglia and the search
for cell specific radio-biomarkers became challenging questions. In primary cor-
tical rat cell cultures mixed cellular population with 50% neurons, 20% astro-
cytes and 30% CD11-labelled microglia have been described [9] (Table 1). Mi-
croglia include 0.5% - 16% of the human brain cells depending on the respective
region of the brain [10], and in rodents 5% - 12%.

Microglias, as resident immune cells of the brain, are the pendant of peripher-
al macrophages and can be classified with current methods using a signature of
histological markers as surveilling, pro-inflammatory (M1) and anti-inflammatory
(M2) phenotypes [24] [25]. However, the variability of subgroups of microglia
reflected by different fingerprints or sensoms/transcriptomes [26] [27] is even
broader [28] [29].

Sellgren et al [30], currently, demonstrated reduced density of synapses of
schizophrenic patients due to a potentially higher pruning activity of microglial
cells in such patient, with postmortem data.

Furthermore, the recent rescaling of contributions of the different cell types of
the brain [13] [14] [15] [31] [32] might have also an impact on the role of mi-
croglia between the region-specific cell populations with more (cerebellum) or

less (cortex) neuronal cells [15]. Other interesting fields are the presence of mi-
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croglia in neurogenic niches, the possibilities of transformation of brain cells and
opportunities of support of tissue repair by transplantation of microglia in se-
lected brain regions or spinal cord [33] [34] [35]. Moreover, it is not finally clear
if the dogma is true that microglia population of the brain recruits new cells only
from itself. For instance, Ozen et al postulated 2014 related to experiments in
mice that also pericytes can be progenitor cells of cerebral microglia [36]. Fur-
thermore, exit of microglia from and return to spinal cord had been reported in
an experimental mouse model resulting in changed, “peripherally experienced”
microglia cells in the spinal cord tissue [34].

Among the GPCR receptors mentioned as markers of microglia are the purine
receptor P2Y12 [37] [38] and the chemokine receptor CX3CR1 (fractalkine re-
ceptor) [16] [39], both Class A GPCR [40] [41]. Only for CX3CR1, a first ligand
labelled with the positron emitter fluorine-18 was tested [42] [43]. Also other
peptide receptors expressed in neurons as well as in microglia [26] are poorly
accessible with PET tools in vivo. PET identification of microglia has been per-
formed, predominantly, with ligands of the mitochondrial 18kDa translocator
protein 1 (TSPO1) [35] [44].

Different histological fingerprints have been shown also for cerebral and ce-
rebellar microglia [45] and it is presumed that potential tracers can better
achieve cellular populations of the spinal cord than of the brain due to differ-
ences between blood brain barrier (BBB) and blood spinal cord barrier (BSCB)
[46].

Table 1. Selected reports on cellular rescaling of the brain and on microglial neuropeptide receptors.

Selected Reports on Cellular Distribution and Expression of Microglial Neuropeptide Receptors in the Brain

Model Species
Mixed primary rat neuronal
. Rat
cortical culture
Whole brain Human
Whole brain Rodent
Cellular nuclei
Cortex (82% of brain mass)
Human
Cerebellum
(10% of brain mass)
Enriched glia and 1
nriched glia and neuronal Rat

culture

Normal brain and spinal cord Rat
Traumatic brain injury Mice

Retinal Microglia , N9 Rat

Spinal cord injury, microglia  Rat

Cellular or Receptor Distribution Method References

50% neurons
20% astrocytes Immuno-histochemichal [9]
Remaining part: microglia (CD11)

0.5% - 16% microglia

i , Immuno-histochemical [10] [11]
In white matter > in gray matter
15% - 12% mi li
0 0 mlcro.g 1 . Immuno-histochemical [10] [12]
In gray matter > in white matter
50% neuronal
50% nonneuronal
19% of total brain cells: neurons Isotropic fractionation [13] [14] [15]
Ca. 80% of total brain cells: nonneuronal cells
80% of total brain cells: neurons
10 fold in microglia vs. neurons or astrocytes CX3CR mRNA (16] [17]
and macrophages
OX1R antibod
OXIR antocy [18]
OXI1R mRNA
OX1R . (19]
OXIR antibody
NPY1R, NPY2R NPY1R mRNA, protein [20] [21] [22]

CRFR1 antibody

CRFR1, CRFR2
CRFR2 antibody

(23]
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Neuropeptides, binding to Class A or Class Bl/Secretin GPCR family, are
comprised of <50 a.a.r. [8] [47], whereas chemokines, relevant also for the CX3CRI1,
are proteins between 60 to 110 a.a.r. [48]. While there is a relatively large num-
ber of orthosteric/competitive antagonist or ligands of Class A receptor, small-
molecule, nonpeptide/nonprotein candidate compounds targeting Class B1 re-
ceptors or chemokine receptors are rather allosteric ligands [42] [44] [47] [49]
[50].

Efforts in the development of novel small-molecule ligands are directed also to
some neuropeptide receptors of both classes of GPCRs identified either ex-
pressed in neurons and in microglia, simultaneously, or predominantly in acti-
vated microglia, during the last decade. The chemokine receptor accepted as one
of the biomarkers of activated microglia is CX3CR1 [17] [51] [52] [53]. It can be
enhanced by the tenfold in diverse inflammatory processes in comparison to
macrophages, neurons or astrocytes [16]. The extent of expression of CX3CR1
has been determined, predominantly, with mRNA measurements [20]. Further
representatives of Class A receptors, however, with neuropeptides as endogen-
ous ligands and small-molecule candidates for positron emission tomography
(PET) imaging are the neuropeptide Y1 (NPY1) and neuropeptide Y2 (NPY2)
receptors for which quantitative data on receptor density (receptor protein) in
the brain are available [54] [55]. Expression in microglia has been reported [21]
even if the percentage of contributions to PET images or in specific brain regions
and the quantitative data on the degree of expression of the receptor proteins in
comparison to neurons are yet not available. Orexin receptors, also Class A
GPCRs, belong to the more than 40 receptors, in which the 3D crystal structure
has been ascertained [48], meanwhile. Whereas the orexin 1 receptor (OX1R)
seems to be expressed relatively specific in the brain and spinal cord [18], the
main attention in research on orexin receptors is directed to orexin 2 receptors
with view to its role in wake-sleep cycle and the therapeutic application of re-
ceptor antagonists in insomnia which get increasing attention, especially, be-
cause of strong adverse effects of the so called Z-drugs (like zolpidem) [56] [57].
Applications, especially for potential OX1R PET tracers, could be identified in
traumatically injured brain tissue due to increased migration of microglia [19].

One of the Class B GPCRs investigated, already, for their potency in brainPET
are the corticotropin releasing factor receptors (CRFR), where the first small-
molecule compound tested in vivo was a CRFR1 ligand [58]. CRF1R is regarded
as the prototype for molecular modelling studies in Class B1 neuropeptide re-
ceptors with a crystal structure completely known, today [59] [60] [61]. This
contribution compares small-molecule lead structures disclosed during the last
decade as potential receptor ligands and possible approaches for development of
pharmacophores with focus on NPY1 and 2 receptors, orexin 1 and 2 receptors,
CRFR1 and the chemokine receptor CX3CR1 as well as the possibilities sug-
gested by new recognitions and challenges on cellular subtypes and their distri-

butions in brain and spinal cord [62].
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2. NPY-Receptors

NPY receptor subtypes with relatively high density in some brain regions as well
as in spleen, liver, gastrointestinal tract, blood vessels and fat cells [63] are also a
target for brainPET ligands demonstrated, already, for NPY1, NPY2 and NPY5
receptors. However, most studies drew conclusions for receptors localized in
neurons and the access to quantitative data on microglia had been, usually,
complicated because of problems in comparability of reference parameters
[20] [21] [22] and report of data as changes in percentage or without tissue or
membrane protein reference, normally used for quantification of receptor oc-
cupancy.

The NPY1 receptor is one of the most abundant peptide receptors in the
brain. Involvement of NPY1 receptors into inflammatory reactions of microglial
cells has been confirmed e.g. by cellular and mouse models (like EAE encephali-
tis model) using lipopolysaccharides, well known as stimulatory compounds
corresponding to components of the wall of gram-negative bacteria. A cascade of
co-operative actions with ATP and activated interleukin-14 (IL-15) is presumed
to stimulate p38 and mitogen-activated kinase in promotion of microglia motil-
ity [22] [64]. This reaction can be stopped by NPY1 antagonists [22]. Such ap-
proaches can be of interest also in the context of spinal cord injury and involve-
ment of microglia in occurrence of neuropathic pain or inflammatory phase of
diseases [22] [64].

Trials by Hostetler et al (Merck) resulted in first PET distribution maps in
brain monkey using the small molecule Y-973 (IC;: 0.13 nM (permeability gly-
coprotein) ratio: 1.4 at 0.3 uM) [50]. It was paralleled by concepts with argini-
namide as central lead structure [65] [66]. Weiss et al 2010 [65] and Keller 2015
[66] started from high affinity NPY1 receptor ligands—the guanidino com-
pounds BIBO3304 [Figure 1, {1}] and BIBP 3226 [Figure 1 {2}) (Table 2), re-
spectively, which already show sub-nanomolar affinity and appropriate log P
and molecular weight.

Series of substitutions at the guanidino moieties supplied several further high
affinity compounds.

However, already, the parent compounds had molecular weights of 500 kDa.
Finally, the high affinity compounds, like 1m (Figure 1 {3}) (Table 2) [65], com-
pound 5 (Figure 1, {4}) instead of compound 5 (Figure 1, {5}) and Compound 23
[67] (Figure 1 {5}) instead of (Figure 1, {4}) (Table 2), suitable for labelling with
C-11 or F-18 were in a range which no longer meets the requirements to molecular
size proposed by Lipinski et al [68] for a drug diffusible at the BBB.

A potential application for investigations of the spinal cord where the brain
spinal cord barrier (BSCB) provides higher permeability in comparison to BBB
[46] remains to be elucidated, especially, for conditions connected with inflam-
matory processes.

Recently, Kawamura et al. [69] presented ureido phenyl dihydroxypyridine
dicarboxylates, which are available as [''C] BMS 193858, C-11-labelled in the
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ureido moiety (desmethylated compound) or at the methoxy cyclohexane moie-
ty (methylated compound; Table 2) (Figure 1 [6]).

¢} o
b HN
NH Q

NH HN\‘( 3

NH, NH
NH HN 2
NH,
NH
o7 ~NH; OH
1 2

Ycn,

Figure 1. Small-molecule ligands at neuropeptide Y1 receptors:

1 (R)-2-(2,2-diphenylacetamido)-5-guanidino-N-(4-(ureidomethyl)benzyl)pentanamide;
2 (R)-5-((diaminomethyl)amino)-2-(2,2-diphenylacetamido)-N-(4-hydroxybenzyl)pentanamide;
3 (2R)-5-((amino(3-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)propanamido)methyl)amino)-
2-(2,2-diphenylacetamido)-N-(4-hydroxybenzyl)pentanamide; 4 (R)-2-(2,2-diphenylacetamido)-
5-guanidino-N-(4-((3-(4-(propionamidomethyl)benzyl)ureido)methyl)benzyl)pentanamide; 5
(2R)-2-(2,2-diphenylacetamido)-5-((E)-2-((4-(2-(fluoro-"*F)propanamido)butyl)carbamoyl)gu
anidino)-N-(4-hydroxybenzyl)pentanamide; 6 dimethyl 4-(3-(3-(3-(4-(methoxy-"'C)-pi-
peridin-1-yl)propyl)ureido)phenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate.
ChemDraw (http://www.cambridgesoft.com/) was used for verification of [IUPAC names.
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Table 2. Representative nonpeptide, small-molecule compounds of the four groups of Class A and Class B1 G-protein coupled

receptor, as well as general mutual features in pharmacodynamics, pharmacokinetics and current progress in modelling (numbers

in brackets behind the compound are related to the numbers of small-molecules in the respective figures).

Summary of General PD and PK Features in Groups of Ligands of the Different GPCR Classes and State of Modelling Approaches

Receptors GPCR Class Compounds References General features Modelling References
Y-973 [50]
Class A, BIBO3304 [1] [66] . Complete crystal
. . BIP3226 [2] [66] Selective structures of NPY
Neuropeptide Y1 (peptide Cmpd. 5 [4] [66] antagonists with .  not
. r r n
receptor) PK drawbacks like ece.p ors yetno
Cmpd. 23 [5] [67] ) available, but  [48]
BMS 193858 [6] [69] high molecular @ ctionat  [65] [67]
welght, high Pgp binding pocket of
Class A BlI246 [65) ratio or inding p
N ide Y2 'd’ JNJ31020028 [7] [70] inappropriate lo PNPYZR
europeptide (peptide CYM9691 [8] (63] 8 investigated
receptor)  vMog24 [9)] (63]
SB334867 [13] [89] [90]
Class A ?C_lg [Z;] 51151 [16 [zi] Selective
Orexin-1 (peptide mpds. 47-51 [15] [16] [o1] antagonists with
receptor) Cmpd. 54 [17] [79] PK drawbacks like
Cmps. 24 [18] [92] high molecular ~ Complete crystal
SB674042 [21] [94] weight, high Pgp ~ structure available 48]
2-SORA-DMP [22] [94] ratio or for both receptor
Class A TCSOX229 [23] [95] inappropriate log subtypes
Orexin. (peptide Cmpd [24] [96] [97] P; low density of
rexin- i :
rzcg tor) Cmpd. 4f [25] [97] the receptors in
P Diazaspiro-cmpds. [26] [27] [28]  [98] brain tissue
CW4 [30] [99]
Modelling with
Class A Functional US28; Fractalkine
CX3CR1 (chemokine AZD8797 [37] [42] antagonist with  characterized; 48]
i
(Fractalkine receptor) eceptor) FBTTP [41] [49] high log P and crystal structure
r r
P good p.o. efficacy of the receptor
incomplete
CP316311 [119]
CP376395 [42] [59] Rather allosteric Complete CRFR1
. . . Class Bl BMS6650553 [52] [122] [123] o crystal structure  [48]
Corticotropin releasing X . . binding and .
facto (peptide Phenylaminopyrazinones [44] [45] harmacokinetic available; first [59]
actor ar ineti
receptor) [46] [120] gra backs studies with [60]
\Y
Dihydropyridinpyrazonones [47] [121] CP376395

(48] [49] [50] [51]

The authors investigated in first in vivo experiments the distribution of the
compounds in mice with Elacridar—an inhibitor of permeability glycoprotein
(Pgp) and of breast cancer resistance protein (BCRP). The methylated BMS
193858 showed better uptake into the brain. Elacridar increased the uptake of
the test substance in lung, heart, muscle and brain although the total accumula-
tion in the brain stood below 1% of the injected dose during the observation pe-
riod. Uptake of the desmethylated compound was increased only in the liver and
the heart [69].

Regarding binding-site structure and density-related PET, NPY2 receptors are

found in the brain with high incidence. However, functional approach has to
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take in account that NPY2 binding sites are also presynaptic receptors providing
by this way a more complex response on potential therapeutics. Simultaneously,
this requires more differentiated approaches to interpretation of changes in den-
sity.

A first real breakthrough with relevance for availability of a NPY2 receptor
PET tool was the study by Winterdahl et al in 2014 [70] concerning radiosyn-
thesis of N-["'C]methyl-JNJ31020028 (Figure 2, {7}) (Table 2). The tracer had
been proposed 2010 by Shoblock et al [71] (Johnson & Johnson Pharmaceutics)
and submitted to first tests in Sprague daily rats. Later, Mitapalli & Roberts
(2014) [72], modified lead structures proposed, originally, by GlaxoSmithKline
group around Lunniss et al. 2009 [73].

N, /
Hs''C
pes
o)
iy \ 7
__N_ 0 S HO N
\S// N
SN O 4
) NH
7 8
o)
O NH (o) (\Njg/ @]

9 10

N

/

11 12

Figure 2. Small-molecule ligands at neuropeptide Y2 receptors:

7 N-(4-(4-(2-(diethylamino)-2-oxo-1-phenylethyl)piperazin-1-yl)-3-fluoro-phenyl)-N-(me-
thyl-11C)-2-(pyridin-3-yl)benzamide; 8 N-(4-(N,N-dimethylsulfamoyl)phenyl)-4-(hydr-
oxy(phenyl)(pyridin-2-yl)methyl)piperidine-1-carbothioamide; 9 N-(4-(N,N-dimethylsu-
Ifamoyl)phenyl)-4-(6-o0xo0-6,11-dihydro-5H-dibenzo[b,e]aze-pin-11-yl)piperazine-1-car-
bothioamide; 10 N-(4-(4-(2-(diethylamino)-2-oxo-1-phenylethyl)piperazin-1-yl)-3-(flu-
oro-"*F)phenyl)-3,5-dimethylisoxazole-4-carboxamide; 11 N-(4-(4-(2-(diethylamino)-2-
oxo-1-phenylethyl)piperazin-1-yl)-3-fluorophenyl)-1-phenylcyclopentane-1-carboxamide;
12 N-(4-(4-(2-(diethyl-amino)-2-oxo-1-phenylethyl)piperidin-1-yl)-3-fluorophenyl)-2-
(pyridine-3-yl)benzamide.
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Winterdahl and colleagues [70] tested the ''C-labelled methylated analogue
(Figure 2, {7}) first time in pigs. Earlier developed NPY2 ligands, e.g. BIIE246,
could not be transferred in brain PET clinical imaging also due to a too high
molecular weight resulting in pseudo-peptidic properties and, finally, in ab-
olishment of the diffusion through the BBB. The IC,, of 3.3 nM in competitive
binding assays with ['*I] NPY corresponded at least to a moderate affinity
beyond the sub-nanomolar scope [72]. Finally, the description by Dautzenberg
et al. [74] (Johnson &Johnson Research and Development, Hofmann la Roche.)
as an irreversibly binding, unsurmountable ligand prevented BIE246 as a poten-
tial brainPET tracer.

BIIE246 and further derivatives (CYM9691 and CYM9624) (Figure 2, {8} {9})
(Table 2), however, were useful in testing structural interactions with a compar-
ative molecular model of the NPY2 receptor [63] [75]. In difference to orexin
receptors or CRFRI1 there is yet not complete crystal structure of NPY receptors.
Site-directed mutagenesis, especially with alanine, allowed identification of func-
tionally important amino acids of NPY receptors in a comparative structure
model. Gl135, Leu 284 and, particularly, Leu227 in the TMDS5 of the NPY2 re-
ceptor were recognized as crucially important for the interaction with the endo-
genous ligands.

For NPY1, four amino acids in ECD1 and ECD2 as well as in TMD7 were
identified as potentially important for binding of endogenous ligands [63].

Mitapalli & Roberts from Scripps laboratories modellized in several series and
different core structures anilide derivatives with moderate affinities (compound
57; Figure 2, {10}) and 63 (Figure 2 {11}) and, finally, was disclosed compound
83, with appropriate affinity of 7 nM (Figure 2 {12}).

For NPY1 receptors the problem of selectivity, especially versus NPY4 recep-
tors, belongs to the questions to be asked also in molecular modelling models.
Resolving this will define and complete not only preliminary pharmacophore
models but also important differences in the action of endogenous ligands and

differences between diverse GPCR classes [76].

3. Orexin Receptors

Orexin receptors have been suggested to play special roles in neuroprotection
(OX1R), wake sleep-cycle, pro-arousal effects and feeding behavior (OX2R) [77]
[78]. A well-known role of OX2R had been demonstrated already early for the
pathogenesis of narcolepsy [79] [80]. This finding triggered the idea to develop
not only drugs promoting wakefulness against narcolepsy but also drugs for
treatment of insomnia. The prevalence of insomnia has been estimated in Euro-
pean countries with 6% (5% - 11%), recently [57], independently of a deeper
analysis including co-morbidities or drug addiction. The spectrum of hypnotics
available for clinical use is broad but also hampered by diverse side effects [56]
[57] [81] [82] [83]. Recently, also circadian periodicity of appetite and feeding

behavior as well as hypothalamically mediated autonomic reactions linked with
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prodroma of migraine attacks move into the focus of migraine research. Orexins
have been shown to influence hypothalamic reactions and activation of the tri-
geminal cervical complex (TCC) [84]. Orexin A is reported to inhibit activation
of the TCC, while Orexin B, 10 fold more active at the OX2R than at OXIR, is
supposed to activate the TCC as well as premonitory autonomic symptoms of
the migraine attack. Dysregulations of the orexin system resulting in higher
orexin concentration in the cerebrovascular liquor of patients are suggested to be
involved in occurrence of depressive periods in humans [85].

Signal transmission has been described for OXIR, predominantly, mediated
by G, protein and OX2R via G, and G, or G;. /n vitro OX1R and OX2R are able
to formation of dimeres and able of induction of G,, G, or G; protein signaling
[85]. Potentially, this can induce also diverse functional interferences between
these and other receptors in vivo.

First approved orexin receptor antagonist with dual affinity to OX1R and
OX2R (DORA: dual orexin receptor antagonists) was disclosed 2014 with suvo-
rexant. Its analogue almorexant had been confirmed to remain without im-
provement of wakefulness in OX2R knock-out mice [86] [87], although some
effect on REM (rapid eye movement) sleep was observed [87]. Compared to the
hypnotics commonly used clinically, the approach via ligands of orexin receptors
is relatively new in the field of hypnotics and the idea of involvement in therapy
of migraine even newer. While potential therapeutics, hitherto, predominantly
are dual orexin receptor ligands like suvorexant, also more and more scaffolds of
selective OXR antagonists (SORA) are published. The OX1R is the receptor type
described to be expressed by a larger extent in pathological conditions especially,
following traumatic injury also due to its presence in microglia cells and migra-
tion of microglia into foci of injured tissue [19].

First OX1R antagonist was SB 334867 [88] [89] [90] (Figure 3, {13}) (Table
2). However, the selectivity was at least rather limited because the compound
showed interactions also with some receptors of the amine cluster as well as with
purine receptors [88].

Roecker et al. reviewed in 2016 (Merck) [79] fifty patents submitted alone in
the time between 1999 and 2007 based on the orexin receptor approach. Recent-
ly, the Merck-working group of Stump et al [91] modified a lead structure with
ether-linked aromatic ring and piperidine core scaffold revealing diverse cha-
racteristic influences of substitutions. Finally, high affinity compounds were
recommended by Stump et al [91] as potential lead structures for the develop-
ment of therapeutics. The start was the OX1R compound rac-10 (Figure 3, {14})
(Table 2) and, finally, obtaining related compounds 47 and 51 (Figure 3, {15}
{16}) (Table 2) with appropriate affinities at hOX1R (5.2 and 1.8 nM K|, re-
spectively). A difluoropiperidine core linked with 2 hydroxyquinoline was
identified as key structure with influence on the selectivity for OX1R or OX2R
[91]. Easy transformations of OX1R into OX2R preferring ligands were dem-

onstrated.
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Figure 3. Small-molecule ligands at orexin-1-receptors:

13 1-(2-methyl-2,3-dihydrobenzo[d]oxazol-6-yl)-3-(1,5-naphthyridin-4-yl)urea; 14 (2-(2H-
1,2,3-triazol-2-yl) phenyl)(4,4-difluoro-3-(quinolin-3-yloxy)piperidin-1-yl)methanone; 15
(4,4-difluoro-3-(quinolin-2-yloxy)piperidin-1-yl)(1H-imidazo[4,5-c]pyridin-4-yl)methanone;
16 (4,4-difluoro-3-(quinolin-2-yloxy)piperidin-1-yl)(imidazo[1,2-a]pyridin-8-yl)methanone;
17 (S)-(2-(2H-1,2,3-triazol-2-yl)phenyl)(4,4-difluoro-3-(quinolin-2-yloxy)piperidin-1-yl)-
methanone; 18 (S)-N-ethyl-5-fluoro-N-(1-(5-(4-(fluoro-'*F)phenyl)-2H-tetrazol-2-yl)pro-
pan-2-yl)-2-(pyrimidin-2-yl)benzamide; 19 (E)-N-((4R,7R,7aR,12bS)-3-((2-(dimethylami-
no)phenyl)sulfonyl)-4a-hydroxy-9-methoxy-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanob
enzofuro[3,2-e]isoquinolin-7-yl)-N-methyl-3-(pyridin-2-yl)acrylamide; 20 5((2S,5S)-2-(((5-
bromopyridin-2-yl)amino)methyl)-5-methylpiperidin-1-y1)(3-(fluoro-'*F)-2-methoxyphe-
nyl)methanone; 21 (S)-(5-(2-(fluoro-'*F)phenyl)-2-methylthiazol-4-yl)(2-((5-phenyl-1,3,4-
oxadiazol-2-yl)methyl)pyrrolidin-1-yl)methanone.
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Also Roecker et al [79] described easy transitions from dual orexin antagon-
ists to OX1R inhibitors and OX2R inhibitors presenting cmpd 54 as OXIR inhi-
bitor [Figure 3, {17}) (Table 2). The authors proposed a pharmacophore model
of physicochemical properties together with investigations of pharmacokinetic
behavior of selective OX1R and OX2R antagonists and DORA as well as possi-
bilities of cyclization and adduct formation of metabolized compounds.

Futamura et al. [92] proposed a further OXI1R ligand together with first mo-
lecular modelling results of related derivatives. Compound 24, a pyrazoylethyl-
benzamide (Figure 3, {18}) (Table 2), showed an appropriate K; value of 2.1 nM
and 265 fold selectivity over OX2R. The authors [92] suggested the development
of OXIR antagonist as therapeutics influencing behavior in stress and anxiety
without inducing somnolence. Finally, such drugs, if they are effective, would
require very differentiated decisions on their application. Apart from that, for a
potential use in the diagnostics of such processes, remains the question of suffi-
ciently high B, values in the brain areas of interest which have to be targeted by
such a tracer.

Nagase et al [93] synthesized a compound (cmpd. 71, K 1.36 nM) (Figure 3,
{19}) with a morphinan structure and a molecular weight somewhat about the
500 Da-border proposed by Lipinski et al. for free diffusible drugs entering the
brain. The authors compared compound 71 in modelling experiments with su-
vorexant and other small molecules.

The ligands, in the focus of the study by Yin ef al [94], were the selective
OXI1R antagonist SB674042 (Figure 3, {21}), the selective OX2R antagonist
2-SORA-DMP (Figure 4, {22}) (Table 2) [94] as well as a dual-selective analog
of suvorexant, DORA-12. In general also for OX2R diverse antagonists of ap-
propriate affinity have been found, which, however, did not achieve sub-nanomolar
range of affinity. First of these compounds, TCSOX229, was published by Hirose
et al [95] 2003 (Figure 4, {23}).

Starting from a lead structure developed by the group of Mensch et al. [96]
(Merck) (Figure 4, {24}) (Table 2). Fujimoto et al (Takeda) [97] provided in
2011 a series of spiro compounds with a first antagonist selective to OX2R, de-
veloped originally for oral application. However, the sulfonyl fluoro diazaspiro
carboxamide 4f [Figure 4, {25}) (Table 2) characterized with an IC;, of 3.3 nM,
a log P of 3.9 (ACD/ChemSketch) and a log D of 1.35 could be also a lead struc-
ture of ligands for PET analysis.

Further successful efforts were presented by Betschart et al [98] (Novartis)
which reported a series of diazaspiro-compounds with SORA OX2R (Figure 4,
{26} {27} {28}) (Table 2) and DORA antagonistic properties and tested these in
mouse models.

EEG investigations revealed that selective OX2R antagonists could improve
only non-REM-sleep but dual OXR antagonist improved also REM sleep. For a
potential application in PET imaging, some of the OX2R selective antagonists

with appropriate log P, K; values and MW appeared better suitable than the
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recommended, orally effective, compound 26 (Figure 4, {26}) with pK; of 7.85
and log P of 4.9, even if there are yet no in vivo data available. This remains to
confirm at least for the compounds 30 (Figure 4, {27}) with pK; 9.78 but log P of
5.0 and compound 35 (Figure 4, {28}) with pK; of 8.73 and log P of 3 [98]
showing higher affinity.
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Figure 4. Small-molecule ligands at orexin-2-receptor:

22 (R)-(2-(2H-1,2,3-triazol-2-yl)phenyl)(4-(2,6-dimethylpyrimidin-4-yl)-7-methyl-1,4-
diazepan-1-yl)methanone; 23 (2S)-1-(3,4-Dihydro-6,7-dimethoxy-2(1H)-isoquinolinyl)-
3,3-dimethyl-2-[(4-pyridinylmethyl)amino]-1-butanone; 24 1-(phenylsulfonyl)-8-(quin-
oxalin-2-yl)-1,8-diazaspiro[4.5]decane; 25 (5S,6S)-4-(3,4-dimethoxyphenyl)sulfonyl)-6-
fluoro-N-phenyl-1-oxa-4,8-diazaspiro[4.5]decane-8-carboxamide; 26 2-((1H-indol-3-yl)-
methyl)-9-(4-methoxypyrimidin-2-yl)-2,9-diazaspiro[5.5]Jundecan-1-one; 27 9-(4,6-Di-
methylpyrimidine-2-yl)-2-((5-methoxy-1H-indol-3-yl)methyl)-2,9-diazaspiro[5.5]undec-
an-1-one; 28 9-(4,6-Dimethylpyrimidin-2-yl)-2-((5-phenyl-2H-1,2,3-triazol-4-yl)methyl)-
2,9-diazaspiro [5.5]undecan-1-one.
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Wang et al [99] described a diazepane analogue of suvorexant with high se-
lectivity for OX2R (Figure 5, {30}).

With experimental data obtained 2009 by Malherbe et al [100] for the SORA-2
antagonist EMPA, the authors required the binding potential (BP) as the prod-
uct of B, and affinity (1/ky or 1/K,) has to provide minimal the value 10. With
B« of 40 - 140 fmol/mg protein determined using EMPA (K; 1.1 nM) in auto-
radiography of coronal rat brain sections and with the prerequisite that fmol/mg
protein was corresponding to nM concentrations, the authors concluded that a
BP between 3 and 30 could be achieved. This would be so far possible also in vi-
vo if there is no pharmacokinetic obstacle and the complete dose penetrates the
BBB or BSCB even if the water content of brain tissue with 70 and 85% would be
taken into account [101] [102] [103] [104] [105].
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Figure 5. Small-molecule ligands at orexin 2 receptors:

29 (1R, 2-(3 N-(5 fluoropyridin 2 2-(((4-(2 methylpyrimidin-5-yl)oxy)methyl)cycloprop-
ane 1 carboxamide; 30 (4-(6-chlorobenzo[d]thiazol 2 1,4 diazepan-1 yl)(2-(methoxy
""C)phenyl)methanone; 31 2-(((1-(2-(2H 1,2,3 triazol-2yl)-6-methylpiperidin-3-yl)oxy)is-
onicotinonitrile; 32 4-(((3R, 1-(2-(2H 1,2,3 triazol 2 yl)-6-methylpiperidin 3 yl) 1,1 dime-
thylfuro[3,4c]pyridine-3-(one; 33 (2-(2H 1,2,3 triazol-2 yl)phenyl)((2R, 5-((8 fluoroquino-
lin 4 yl) 2 methylpiperidin-1-yl) methanone; 34 (5-(4,6 dimethylpyrimidin-2 yl)hexahy-
dropyrrolo[3,4 c]pyrrol-2(yl)(2-(fluoro-6-(2H-1,2,3triazol-2-yl)phenyl)methanone; 35 N-
((5,6 dimethoxypyridin 2 yl)methyl)-[2,2":5',-3-terpyridine] 3'-carboxamide.
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At least, however, an affinity of the tracers in sub-nanomolar range would be
preferable even if physicochemical properties can be optimal. Indeed, Wang et al.
[99] showed binding to different brain areas with the [''C] labelled compound
CW4 (Figure 5, {30}) (Table 2) in the brain of baboons [99]. Contributions of
microglia and neurons had not been discriminated during these experiments.

Recently, Skudlarek et al [106] described several series of potential drug can-
didates with more or less suitable pharmacokinetic properties and receptor af-
finities (Figure 5, {31} {32} {33}). Although the general content and motivation
remains the treatment of insomnia with antagonists of OX2R, the group pro-
vides many suggestions to pharmacophore development of ligands not only for
OX2R but also for OXIR. A comparison of ligand binding mechanisms was
performed at an engineered receptor construct using the third intracellular loop
of the hOX1R [94].

A series of cyclo propane carboxamide structures published 2013 by Oi et al
[107] showed with inverse frequency rather a role as Pgp substrate and increased
lipophilic features. One compound (9a) (Figure 5, {29}) with log P of 3.29 and
log D 2.97 was shown with appropriate binding in the brain of a Pgp knock-out
rat.

A Pgp flux ratio of 3.11, in the border range of appropriate values, avoids a use
without support of Pgp inhibitors.

Related structures were proposed by Gao et al [108] as OX2R antagonists.
Roecker et al. [79] developed the isoquinoline compound 53 as a candidate for
labelling with a positron emitter (Figure 5, {34}). With a suitable log P and high
affinity binding it could acquire also sufficient properties as a PET tracer.

4. CX3CR1 (Fractalkine Receptor)

During the last five years more and more attention has been paid to a special
role of microglia and its CX3C (chemokine CX3C) receptor 1 subtype (fraktal-
kine receptor) in induction of obesity and the immunological response mediated
by this receptor under conditions of high fat diet [109] as well as sex differences
in the CX3CL-CX3CR signaling of CX3CR1 knock-in mice [110]. The receptor
is suggested to be responsible for the enhanced sensitivity of male animals asso-
ciated with high fat diet. Although quantitative data on the expression of recep-
tor protein in microglia membranes are not available, approaches have been
done earlier, in 1998 by Nishiyori ef al [17], with mRNA in situ hybridization
studies in rat brain (Table 1). The results showed high levels of receptor mRNA
in microglia cells compared to neurons and astrocytes while fractalkine mRNA
was very high in neurons in comparison to astrocytes and microglia [17]. The
receptor has been reported, meanwhile, with tenfold increased density in micro-
glia compared to macrophages, neurons or astrocytes [16] [17]. In the periphery,
CX3CR1-expressing monocytes have been demonstrated as immune surveillant
of blood vessels. Such cells were able to invade into the tissue if irritants were
present [111]. Determination of small RNAs for specific signature proteins al-

lows the differentiation between glia subtypes of different stages of development
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or diseases, at subcellular level [6].

CX3CRI1 plays not a critical role for short-term survival, but was demonstrat-
ed to show enhanced expression on microglia associated with injuries of CNS
and spinal cord [53] [54]. Microglia and monocyte-derived macrophages pro-
mote in spinal cord lesions inflammatory responses. Freria et al [53] demon-
strated in CX3CR1-/-mice that the deficiency of CX3CRI interrupts pro-in-
flammatory signal chains of these cells and support repair and sprouting
processes in neuronal synapses. Earlier, the soluble and the membrane-anchored
forms of CX3CL—the endogenous ligand of the receptor, had been described.
The knock-out of CX3CRI1 resulted in decrease of atherogenesis but also en-
hancement of inflammation in the brain and development of pain as well as age
related macular degeneration [112] [113].

The membrane-anchored CX3CL1 (fractalkine) contributes to binding of
leukocytes expressing CX3CR1 without involvement of adhesion proteins or in-
tegrines in the periphery. This suggests therapeutic potential of CX3CR1 inhibi-
tion after spinal injury. Whether in vivo imaging would can supply information
on healing processes using PET remains to be elucidated.

First trials for the development of CX3CR1 antagonists were focused on che-
mokine analogues usually characterized by molecular weights between 8 and 10
kDa [112] [113].

To date, the number of potentially effective small molecules available for labe-
ling of CX3CR1 is very limited [42] [43] [51].

Karlstrom et al [42] and Cederblad et al [43] described AZD8797 (Figure 6,
{37}) (Table 2) as a first orally applicable drug. Starting from previously used
small molecules known to interact with chemokine receptors Karlstrom et al
choose two 7-[amino-5-thio-thiazolo-[4,5-d]pyrimidine core structures and
modified substituents of the two side chains (Figure 6 {36} {37} {38} {39} {40})
(Table 2). Two series of compounds were developed including neutral amino
thiazolopyrimidines (series A) and acidic thiazolopyrimidinones (series B)
which were further tested also for their selectivity for CX3CR1. Generally,
membrane permeability was higher for series B compounds. However, for com-
pound 18a (AZD8797; series A) was found appropriate selectivity for CX3CR1 in
comparison to some other chemokine receptors, but also a more intensive inte-
raction with adenosine A1l receptors (K; of 132 nM) and a 33 fold selectivity. Se-
lectivity versus receptors of the amine cluster was 200 fold for CX3CR1 [42].
AZD8797 revealed in comparative experiments with fractalkine its binding site
separate from that of the endogenous ligand. It is an allosteric ligand with non-
competitive binding at the receptor [42] [43].

Its analogue ['*F] FBTTP [Figure 6 {41}) (Table 2) was 2015 disclosed by
Mease et al. [49] as potential PET tracer of the CX3CR1. Further information on
results of PET investigations is, however, yet not available.

In difference to the Class A orexin receptor and also to Class B1 CRF1 recep-
tor, the crystal structure of CX3CRI is yet not available, completely. To date, a

structural model of CX3CR1 for molecular dynamics studies is employed based
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on the US28 structure (cytomegalovirus-encoded chemokine receptor homolo-
gue), however currently, with limited power of the deduced conclusions.

Also the crystal structure of adenosine Al receptors is in progress [114], but
not yet complete, what hampers the discrimination of structural features of the
receptors responsible for the deficit in selectivity small-molecule ligands of
CX3CRLI.

Some investigations with AZD8797 as drug in animal disease models are
promising. Ridderstad-Wollberg ef al. [115] observed in a first therapeutic expe-
riment in Agouti mice suffering from EAE (experimental autoimmune encepha-
litis) a common model of multiple sclerosis, effective action of the drug if ap-
plied before start of the disease [115].

>\/ OH
H HN
S

N OH
S = ZN
N /\© /\©

36 37

j\/OH OH
HN

S XN

O%Sll o 1
A@ NNSA©

38 39

CH3 CH3

H3C HsC

18F

OH OH
HN HN
3 HoN
H2N~<\ J\ 2 —<\ - |
T 0
40 41

Figure 6. Small-molecule ligands at CX3CRI:

36 2-((2-amino-5-(benzylthio)thiazolo[4,5-d]pyrimidin-7-yl)amino)butan-1-ol; 37 2-(2-
amino-5-(benzylthio)thiazolo[4,5-d]pyrimidin-7-yl)amino)pentan-1-ol; 38 5-(benzyl-
thio)-7-((1-hydroxybutan-2-yl)amino)thiazolo[4,5-d]pyrimidin-2(3H)-one; 39 5-(benzy-
Ithio)-7-((1-hydroxypentan-2-yl)amino)thiazolo[4,5-d]pyrimidin-2(3H)-one; 40 2-((2-
amino-5-((1-phenylethyl)thio)thiazolo[4,5-d] pyrimidin-7-yl)amino)-4-methylpentan-1-ol;
41  2-((2-amino-5-((2-(fluoro-'*F)benzyl)thio)thiazolo[4,5-d] pyrimidin-7-yl)amino)-4-
methylpentan-1-ol.

DOI: 10.4236/wjns.2019.94022

310 World Journal of Neuroscience



M. Pissarek

5. CRF-Receptor-1

CRFR and its endogenous ligands play a central role in the hypothalam-
ic-pituitary-axis but are located and acting also widespread in the body. The
CRF1 subtype of the corticotropin releasing factor receptor is most frequently tar-
get of drugs for therapeutic purposes and expressed by larger extent than CRF2
subtype. Diverse concepts had been developed for the involvement of the CRF1
receptor in the treatment of anxiety, depression, stress and posttraumatic dis-
turbances. Some of the drugs proposed for such purposes had been labelled also
with positron emitting isotopes, i.s. [''C]JR121919, [''C]SN003, [*Br]MJL-1-109-2,
["*Br]CP 154,526, too, but tested in primates with limited success [58]. In differ-
ence to NPY and orexin receptors, CRFR1, VIP and PTH receptors, belong to
the Class Bl receptors of GPCR which are equipped with larger N-terminal do-
main than Class A receptors in, the range of 120 - 160 a.a.r., and binding sites for
the C-terminus of the endogenous 40 and 41 mer peptide ligands. Simulta-
neously, the N-terminus of the endogenous ligands finds binding sites at the
transmembrane domains [116].

The general expectations to the role of corticotropin releasing factor receptor
ligands in future therapies of mental diseases returned to reality of structural
constraints for these receptors, during the last years [117]. Simultaneously, a
crucial role of CRF receptors in stress response and contributions to protection
against stress remained beyond doubt. Spierling and Zorilla resumed 2017 [118]
on the general behavioral approach to treat affective and anxiety diseases rather
a lack of success and account that outcome, especially, to problems in physico-
chemical properties, use of different preclinical screening models and respective
restriction of positive results only to certain animal models. Several therapeutic
studies were stopped because of absence of efficacy of the treatment, e.g. was
stopped already 2008 because of absence of efficacy in treatment of depression
with pexacerfont and recently, a study with CP316311 [119] [120].

Not only clinical expectations but also trials to create orthosteric, reversible
inhibitors of CRF1 receptors disappointed and rose questions on structural be-
havior of small molecules at that special class of receptors. The crystal structure
of CFRI receptor has been established as one of the first in the Class B1 of
GPCRs [48] [59] [60] [61]. CRF1 receptor is regarded, hitherto, as the prototype
of Class B GPCR used in molecular modelling studies for structure-activity in-
vestigations. While for fundamental understanding of the role of the receptor the
interaction of the endogenous peptide ligands is of pivotal interest, for develop-
ment of probes able to visualize pathologies of the brain with PET methods, in-
teraction with small molecules is of high relevance.

There are only few studies using molecular dynamics for the proof of me-
chanism in this field. Bai et al. [60] and Hollenstein et al [59] described 2013
and 2014 a first simulation of CRFR1 binding at the TMDs of the receptor with
the allosteric antagonist CP376395 (Figure 7 {42}). Doré et al. [61] and Seidel et

al. [116] published first studies with attention to the complete receptor structure
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[116]. While Seidel et al were concerned with the interaction of CRFR1 receptor
with peptide agonists and antagonists, Doré et al focussed on small-molecule-
binding sites. An interesting observation published by Seidel et al was the func-
tional transformation of peptide ligands applied as truncated derivatives of the
endogenous ligands. The removal of the first 8 to 10 a.a.r. resulted in the transfor-
mation of agonists to partial antagonist and finally to full antagonists. Moreover,
Seidel et al identified binding sites for endogenous peptides at ECD (extracellular

domains) and TMP (transmembrane domains) [116].
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Figure 7. Small-molecule ligands at CRFR1.

42 2-(mesityloxy)-3,6-dimethyl-N-(pentan-3-yl)pyridin-4-amine; 43 5-bromo-1-(1,3-di-
methoxypropan-2-yl)-3-((4-(ethoxy-'"'C)-2,5-dimethylphenyl)amino)pyrazin-2(1H)-one;
44 (R)-5-chloro-1-(1-cyclopropyl-2-methoxyethyl)-3-((4-methoxy-2,5-dimethylphenyl)
amino)pyrazin-2(1H)-one; 45 5-bromo-1-(1,3-dimethoxypropan-2-yl)-3-((4-((fluoro-
'®F)methoxy)-2,6-dimethylphenyl)amino) pyrazin-2(1H)-one; 46 5-chloro-3-((2,6-di-
chloro-4-((fluoro- 18F)methoxy)phenyl)amino) -1-(1,3-dimethoxy-propan-2-yl)pyrazin-2-
(1H)-one.
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Doré et al. [61] identified the binding mode of CP376395 in a mutagenesis
approach as an allosteric interaction at the transmembrane domain.

Although the most drug developments focus on the role of the receptor in
neuronal cells, some investigations asked also for potential roles and hy-
per-expression of the CRFR1 in microglia [23] [33] [34] [64]. Such approaches
are concerned, currently, rather with spinal cord diseases or pathophysiological
reactions than with brain diseases [23] [33] [64].

First in vivo trials by Sullivan et a/ with the CRFRI ligand R121919 (2007)
[58] could not confirm, finally, the suitability of the tracer also in brain PET im-
aging of primates and monkey.

During the last years several groups proposed further lead structures and
modified physicochemical properties for better uptake across the BBB. Density
of CRF1 receptors is the highest in pituitary gland (302 fmol/mg protein) [120].
However, localizations with B, interesting for PET in vivo imaging have been
found also in cerebral cortex and cerebellum [120]. Lodge ef al [120] (Bris-
tol-Myers-Squibb) developed a series of phenylamino pyrazinons with binding
potentials (B,,,/Ky) up to 15 in in vitro tests with brain sections of rat and mon-
key (Figure 7, {44} {45} {46}). Several compounds showed appropriate log D and
IC,, values. Two F-18-labelled compounds (Figure 7 {45} {46}) (Table 2) were
tested in vitro and in vivo in rat and monkey. But the promising binding poten-
tials of in vitro investigations could not be confirmed in vivo [120]. The authors
presume three possible reasons for this mismatch, which are: potential concur-
rence of endogenous peptides at the binding site of the receptor in vivo with
slow binding related to relatively fast elimination of the exogenous ligand; allos-
teric modulation of the receptor in vivo and potentially stressful conditions
during the in vivo measurements influencing the binding behavior [120].

Stehouwer et al [121] created a series of dihydropryridin-pyrazinones (Figure
8; {47} {48} {49} {50} {51}) (Table 2) and designed two of these as optimized
PET tracers with high affinity to CRF1R and log P 2.2. First investigation in cy-
nomouglus brain, finally, resulted in a low brain uptake. Inhibition of Pgp was
not further tested. In 2017, the group proposed the fluoalkyl pyrazinon BMS
6650553 [122] [123] (Figure 8 {52}) (Table 2) as a further development derived

from the original series.

6. Conclusions and Challenges

CX3CRI1 is widely accepted and used as an immune histological marker of mi-
croglia population of the brain, whereas distribution of neuropeptide receptors,
here with the examples of orexin, NPY and CRF receptors, is only poorly inves-
tigated for this type of cells.

Additionally to this background, a new approach to the functional role of the
different parts of the brain and of its cellular components gains space. The re-
ports by Herculano-Houzel and Azevedo [14] [15] revoking the portrayal of cel-
lular composition of the brain, generally accepted for long time, challenges also

the possibilities of PET approaches and the interpretation of their results.
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Figure 8. Small-molecule ligands at CRFR1.

47 8-(butyl(ethyl)amino)-4-(2,4-dibromophenyl)-6-methyl-3,4-dihydropyrido[2,3-b] pyrazin-
2(1H)-one; 48 4-(2-bromo-4-isopropylphenyl)-8-(butyl(ethyl)amino)-6-methyl-3,4-dih-
ydropyrido[2,3-b]pyrazin-2(1H)-one; 49 4-(4-bromo-2-ethylphenyl)-8-(butyl(ethyl)ami-
no)-6-methyl-3,4-dihydropyrido[2,3-b]pyrazin-2(1H)-one; 50 4-(2-bromo-4-isopropylp-
henyl)-8-(dimethylamino)-1-(4-(fluoro-18F)butyl)-6-methyl-3,4-dihydropyrido[2,3-b] pyrazi
n-2(1H)-one; 51 4-(2-bromo-4-isopropylphenyl)-8-(dimethylamino)-1-(3-(fluoro-'"*F)p-
ropyl)-6-methyl-3,4-dihydropyrido([2,3-b]pyrazin-2(1H)-one; 52 (S)-5-chloro-1-(1-cyclo-
propylethyl)-3-((2,6-dichloro-4-(2,2-difluoroethoxy)phenyl)amino)pyrazin-2(1H)-one.

Also questions on variations in the regional role of microglia [124], especially,
between cerebellum and cortex get first detailed answers with some scientific
dynamics [125] [126] [127]. First studies in mice demonstrated that microglias
of the cerebellum are less ramified than in cerebral cortex but are distributed
more sparsely compared to the cortex. Stowell e al [45] postulated that changed
morphology and occurrence together with some functional properties of micro-
glia could alter the efficacy of surveillance of the neuronal population in the ce-
rebellum. Ayata et al [125] postulated that microglia are responsible for a higher
degree of cell death in cerebellum compared to cortical regions of the brain.

They suggested that a decrease of cell death can trigger a change of the pheno-
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type of microglia and support fine-tuning of its clearance function for removal
of dying neurons. With several mouse models it has been confirmed now that
cerebellum shows high number of neuronal cells, comparable with that of stria-
tum or hippocampus, but a markedly faster reduction of neurons during adult-
hood [125] [127] and functional properties of microglia similar to such in neu-
rodegenerative diseases. The high phagocytotic activity typical for cerebellar mi-
croglia is suppressed in striatum and hippocampus. Finally, the “new” distribu-
tion of the cellular population in the brain reflects not only new local priorities
of neurons but also of non-neuronal cells, especially of microglia.

A functional aspect which meets one key role of this part of cell population is
the increasing inflammatory property of microglia during aging [128]. This can
result in a hypersensitive response to stress in aged patients and alters require-
ments to therapy under such conditions [126] as well as for the tolerance to im-
plants [129] and gives the item personalized therapy an even higher priority.

The density of microglial neuropeptide receptors or even of the chemokine
receptor CX3CR is described, as well as hitherto, half-quantitatively with anti-
bodies or mRNA measurements (Table 1) which hampers access to the quantit-
ative comparison of neuronal and microglia receptors. Trials to test correlations
between expression of receptor protein and formation of mRNA have been un-
dertaken rather for classical receptors like dopamine receptors by Araki et al
[130]. The authors found a good correlations between dopamine 1 receptor
mRNA and the receptor protein.

Although microglia cultures are not easy to obtain and to maintain, mean-
while, they are available in several working groups opening the possibilities to
obtain quantitative data also on receptor protein expression. Moreover, tra-
scriptoms of special subtypes of microglia are determined in regional tissue sec-
tions, allowing detailed evaluation of functional specificities in the respective
brain regions.

For orexin receptors and CRF receptor subtype 1, densities in the range of 100
fmol/mg protein have been measured. Sullivan et al. [58] suggested this range as
potentially sufficient for PET visualization with reference to a similar extent for
serotonin receptors, where PET has been performed with success.

The developed small-molecule candidates of PET tracers for CRFR1, orexin
receptors and NPY1 and 2 receptors could be helpful tools for such evaluations
even before they are introduced as PET diagnostics. However, the complex
binding behavior of endogenous agonists of CRFR1 might be a challenge for
modelling of small-molecule ligands as candidates for drugs or diagnostic tools.

The more complicate question of a specific CX3CR1 antagonist with appro-
priate physicochemical properties necessary for brain PET might need rather the
interdisciplinary approach of molecular modelling. This would be also a tribute
to the complex structure of the endogenous ligands of chemokine receptors.
Moreover, modelling in present crystal structures of CRFR1 and orexin recep-

tors could facilitate understanding and pharmacophore development of Class A
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and B1 receptor ligands as allosteric or orthosteric effectors. A special challenge

to in vivo visualization methods stays mapping of cerebellar structures [131] and

exact identification of its regional binding places with view to both, classical

GPCR s and receptors with more complicate extracellular binding domains.
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Abbreviations

BBB: Blood-brain-barrier

BSCB: Blood-spinal cord-barrier

BCRP: Breast cancer resistance protein

CRFRI1: Corticotropin releasing factor receptor 1
CX3CL: Chemokine CX3C, Fractalkine

CX3CR: Chemokine CX3C receptor, Fractalkine receptor
DORA: Dual orexin receptor antagonist

EAE: Experimental autoimmune encephalitis
ECD: Extracellular domain

GPCR: G protein-coupled receptor

IL-1p: Interleukin-1.

NPY: Neuropeptide Y

OXR: Orexin receptor

PET: Positron emission tomography

Pgp: Permeability glycoprotein

REM: Rapid eye movement

SORA: Selective orexin receptor antagonist
TCC: Trigeminal cervical complex

5TM: Containing 5 transmembrane domains
7TM: Containing 7 transmembrane domains
TMD?5: Fifth transmembrane domain

TMD7: Seventh transmembrane domain
TSPO1: Mitochondrial translocator protein (18 kDa), subtype 1

US28: Cytomegalovirus-encoded chemokine receptor homologue
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