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Oxytocin (OT) influences various physiological functions such as uterine contractions, maternal/social behavior, and
analgesia. OT acts as a positive allosteric modulator (PAM) for k-opioid but not 8-opioid receptors and enhances k-opioid
receptor activity.
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| 1. Introduction

Opioid receptors (ORs), which belong to the class A family of G protein-coupled receptors (GPCRs), are mainly classified
into three different types: u-OR (MOR), 3-OR (DOR), and k-OR (KOR) W&l |n addition to these three major receptors,
the nociception/orphanin FR receptor was identified as the fourth member of the OR family &l Moreover, other opioid
receptors, such as (-, €-, A-, and 1-ORs, have also been characterized I8, The three classical ORs (MOR, DOR, and KOR)
are primarily expressed in the spinal cord, brain stem, thalamus, and cortex, which together constitute the ascending pain
transmission system and the descending inhibitory pain system [E. Activation of these ORs decreases presynaptic
transmitter release, hyperpolarization of postsynaptic elements, and disinhibition®. Endogenous opioid peptides, such as
B-endorphin and dynorphin A, are related to the endogenous pain modulatory system 8. Traditional opioid drugs, such as
morphine, are used for acute and chronic cancer pain. However, these drugs often cause adverse effects, including
respiratory depression, dependency, and tolerance; therefore, in-depth research has been performed on opioid cell
signaling to overcome these adverse effects [,

To overcome these adverse effects of the existing opioid drugs, research on G protein-biased agonists or positive
allosteric modulators (PAMSs) is being conducted to develop novel opioid drugs. G protein-biased agonists activate G
protein-dependent signaling, but have a lesser effect on -arrestin-dependent signaling.

PAMs bind to an allosteric site on the receptor, which is separate from the orthosteric site that binds an endogenous
agonist, and then potentiates the affinity and/or efficacy of orthosteric agonists 2. To date, many GPCRs have been found
to be PAMs LI | the case of ORs, PAMs for MOR and for both MOR and DOR were identified in the 2010s [111122],
These PAMs can only modulate the activity of ORs when the orthosteric agonists occupy the receptor, indicating that
PAMs maintain spatial and temporal control of receptor signaling in vivo. Endogenous opioid peptides are released at
locations in the brain or spinal cord where they are required, namely, where pain occurs 23, Therefore, the use of PAMs
could provide drugs with improved adverse effect profiles or lesser tolerance and dependence than orthosteric opioid
receptor agonists. Therefore, G protein-biased PAMs for ORs are also potential candidates for analgesics with fewer
adverse effects.

Oxytocin (OT), composed of nine amino acids, is synthesized in the paraventricular nucleus (PVN) and supraoptic
nucleus of the hypothalamus. OT is secreted from the posterior pituitary, which has a wide range of physiological
functions, such as uterine contractions, maternal/social behavior, and antistress effects 14156 Some studies have
shown that OT alleviates pain in several brain regions and the spinal cord, but the molecular mechanism remains unclear
(1718119 It js presumed that multiple pathways are involved in the analgesic mechanism of OT, namely, OT receptor-
dependent and OT receptor-independent pathways. The OT receptor-dependent pathway is a hypothalamospinal
oxytocinergic pathway. PVN stimulation or OT administration activates presynaptic OT receptors superficially located in
the dorsal horn (laminae | and I1) and subsequently excites inhibitory GABAergic interneurons 292122123 Activation of
GABAergic interneurons presynaptically inhibits nociceptive nerves (Ad-fiber and C-fiber). In a study involving the OT
receptor-independent pathway, OT-induced analgesia was absent in vasopressin-1A receptor null mutant mice in the
radiant heat paw-withdrawal test and von Frey test 24, OT also attenuates pain via desensitization of transient receptor
potential vanilloid 1 (TRPV1) 22, Moreover, the endogenous opioid system is involved in OT-induced analgesia. Injection
of OT into the periaqueductal gray was found to increase endogenous opioids, and the OT-induced antinociception was
antagonized by the OR antagonist naloxone 2811271,



2. OT Alone Did Not Change Impedance (AZiec) in HEK293 Cells Stably
Expressing Either Human DOR or KOR in the Cellkey™ Assay

To clarify the effects of OT on DORs and KORs, researchers performed the Cellkey™ assay to examine whether OT
exerts an agonistic effect on DORs and KORs using DOR- and KOR-expressing HEK293 cells, respectively. The selective
DOR agonist SNC80 and the selective KOR agonist U50488 increased AZiec in DOR- and KOR-expressing cells,
respectively, in a dose-dependent manner; OT (1071°-10"% M) when used alone did not affect AZiec in both DOR- and
KOR-expressing cells (Figure 1A,B).
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Figure 1. Oxytocin (OT) did not exert an agonistic effect on the human &-opioid receptor (DOR) and k-OR (KOR).
HEK293 cells stably expressing DOR were treated with OT (1072~107° M) or the selective DOR agonist SNC80 (10711
1075 M) (A). HEK293 cells stably expressing KOR were treated with OT (10710—-1075 M) or the selective KOR agonist (-)-
U50488H (U50488, 10711-10"° M) (B). The data were normalized by the Enax value of each selective agonist SNC80
(1075 M; (A)) or U50488 (10~° M; (B)) and are presented in terms of mean + standard error of mean (SEM) values ((A); n
=34, (B); n=3).

3. OT Enhanced AZiec Induced by KOR Agonists but Not DOR Agonists in
HEK293 Cells Stably Expressing Human KOR or DOR, Respectively

OT (107 M) did not affect DOR activity induced by the DOR agonists SNC80 (1071'-10"® M) and Leu- and Met-
enkephalin (10711-107% M) (Figure 2A—C). In contrast, OT (107® M) enhanced the Ziec induced by the KOR agonists
U50488 (1077-107% M) and dynorphin A (1076-107% M) (Figure 2D,E).
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Figure 2. Effect of OT on the impedance (AZiec) induced by each KOR or DOR agonist in HEK293 cells stably expressing
human KOR or DOR, respectively. Dose-response curves for SNC80- (A), Met-enkephalin- (B), and Leu-enkephalin- (C)
induced AZiec in DOR-expressing cells, which were treated with or were not treated with 10® M OT. KOR-expressing
cells were treated with U50488 (D) or dynorphin A (E) in the absence and presence of 107 M OT. The data were



normalized by the Enay value of a selective DOR agonist (10~ M SNC80) or a selective KOR agonist (10> M U50488)
and are presented in terms of mean + SEM values ((A); n =5, (B); n = 3, (C); n = 3, (D); n = 4, (E); n = 3). Two-way
ANOVA was performed, followed by Bonferroni’'s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to each agonist
treatment alone.

It has been investigated the effect of OT on AZiec induced by opioid analgesics that selectively activate MORs over DORs
or KORs. Morphine and fentanyl partially increased AZiec in both DOR- and KOR-expressing cells, indicating that these
drugs were partial agonists for both DOR and KOR (Figure 3A-D). In DOR-expressing cells, OT (1076 M) did not enhance
AZiec induced by morphine (10™11-107° M) and fentanyl (10712-10"% M) (Figure 3A,B). In contrast, in KOR-expressing
cells, the AZiec induced by morphine (107 M) but not fentanyl (10712-10"® M) was slightly enhanced by OT (Figure
3C,D). OT increased the E 5 values of U50488 and dynorphin A (Table 1) and also increased the maximum morphine
response (Figure 3C) without affecting the LogECsq values in KOR-expressing cells (Table 1).
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Figure 3. Effect of OT on AZiec induced by opioid analgesics in HEK293 cells stably expressing human DOR or KOR.
Dose-response curves for morphine- (A) and fentanyl- (B) induced AZiec in the absence and presence of 107 M OT in
DOR-expressing cells. KOR-expressing cells were treated with morphine (C) or fentanyl (D) in the absence and presence
of 108 M OT. The data were normalized by the Enax Value of a selective DOR agonist (10™> M SNC80) or a selective
KOR agonist (107 M U50488) and are presented in terms of mean = SEM values (A); n =4, (B); n=3, (C);n =4, (D); n =
4). Two-way ANOVA was performed, followed by Bonferroni’s test. * p < 0.05 compared to each agonist treatment alone.

Table 1. LogECs and Epax Of each opioid in the CellKey assay, in the absence and presence of 1078 M OT in HEK293
cells stably expressing human DOR or KOR.

LOgECSO (M) Emax (%)
OR Compounds
Agonist Agonist + OT Agonist Agonist + OT
SNC-80 -8.20 £0.11 -8.15 £ 0.06 100 +3.23 99.13 +1.77
Met-enkephalin -9.38 £ 0.08 -9.34+0.11 107.8 + 2.33 112.65 * 3.43
DOR Leu-enkephalin -9.23 £ 0.09 -9.04 £ 0.12 108.4 + 2.71 103.1 + 3.59
Morphine n.d. n.d. n.d. n.d.
Fentanyl n.d. n.d. n.d. n.d.
u50488 -8.20 £ 0.12 -8.09 £ 0.07 100.0 + 3.47 121.7 + 2.75 **
Dynorphin A -8.51+0.11 -8.28 + 0.09 90.3+2.71 114.1 £2.97 **
KOR
Morphine n.d. n.d. n.d. n.d.

Fentanyl n.d. n.d. n.d. n.d.




The effects of OT concentration dependency on KOR activity in KOR-expressing cells have been examined. OT enhanced
the increase in AZiec induced by U50488 (107 M), dynorphin A (1078 M), and morphine (107> M) in a concentration-
dependent manner (Figure 4A-C).
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Figure 4. OT enhanced AZiec induced by KOR agonists in a concentration-dependent manner in HEK293 cells stably
expressing human KOR. The cells were treated with 1078 M U50488 (A), 107 M dynorphin A (B), or 10™> M morphine (C).
The data are presented in terms of mean + SEM values ((A); n = 4, (B); n = 5, (C); n = 3-4). One-way ANOVA was
performed, followed by Bonferroni’s test, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to each agonist alone.

4. OT Enhanced Inhibition of Intracellular cAMP Induced by KOR Agonists
in HEK293 Cells Stably Coexpressing Both Human KOR and Glosensor
22F Protein in the Glosensor™ cAMP Assay

The Cellkey™ assay detects the activation of GPCRs as whole-cell responses on the basis of changes in electrical
impedance (AZ) 2. Two of the most important GPCR signaling pathways are the G protein-dependent signaling and the
B-arrestin-dependent signaling pathway. DOR and KOR are Gi/o protein-coupled GPCRSs; therefore, their activation leads
to the inhibition of adenylyl cyclase and decreased intracellular cAMP. Thus, researchers analyzed the effects of OT on
KOR-mediated downstream signaling using the Glosensor™ cAMP assay. U50488 (10~ M), dynorphin A (1076 M), and
morphine (10~ M) considerably suppressed intracellular cAMP production induced by forskolin (vehicle), adenylyl cyclase
activator B9, and the inhibition was enhanced by treatment with 10 M OT (Figure 5A-C).
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Figure 5. Effects of OT on inhibition of intracellular cAMP production induced by each KOR agonist in HEK293 cells stably
coexpressing human KOR and Glosensor 22F protein. The cells were pretreated with 107 M U50488 (A), 1076 dynorphin
A (B), or 107> M of morphine (C) in the absence and presence of 107 M OT for 10 min and treated with forskolin (3 uM).
The data are presented in terms of mean + SEM values ((A); n = 3, (B); n = 3, (C); n = 3). Two-way ANOVA was
performed, followed by Bonferroni's test, *** p < 0.001 compared to vehicle. # p < 0.05 and * p < 0.01 compared to each
agonist alone.

5. OT Did Not Potentiate the KOR Internalization Induced by KOR Agonists
in HEK293 Cells Stably Expressing the Human KOR Fused Halotag™ in the
Internalization Assay

To assess the effects of OT on B-arrestin-dependent signaling mediated by KOR, we performed an internalization assay
with the Halotag® pH Sensor Ligand to quantify KOR internalization, as previously reported by Manabe et al. for MOR®.
In this internalization assay, Halotag®-fused KOR bound to Halotag® pH Sensor Ligand in an acidic environment (e.g.,
endosomes), fluoresced as red spots. Treatment with OT alone for 120 min did not increase the quantity of red spots
(Figure 6A). U50488 (107 M) and dynorphin A (1078 M) caused KOR internalization; however, very few red spots were
noted on treatment with morphine (107> M), until 120 min after drug injection (Figure 6B-D). In contrast to the cCAMP
assay findings, OT did not significantly affect these phenomena in this assay (Figure 6B-D).



A 0 min 120 min
2500 O Vehule
& 19 "M Oneylocin

iz
=% 2000
wehicle L3
§I 1500
L
3 iy [
By s
oT §
i° pepevceoobest
o 0 40 L] o
B Tiras {ming
0 min 120 min
_ 2500 @ Vehide
g= 100 NS
25 2000+ = 100 MUSHEES10 © MOT
Us0488 gL
E';? 1500 . |
BE 1000 ¥ i3 _.
us0488 35 sl | ¢ 5 i
500
b
+0OT Ef' —;-"go°°°0
2 40 s B0 e 1
Time (min)
C 0 min 120 min
= #5600 Vehide
B = @ 10" g Dynorpin A
D}’l"ll)fp'hln A %g FO00- - VJ"LI:)?T\OIpPirLO:ﬂ'I.'U'I o
E£ ol £
: y 1144
..
_ 53 o] il
Dynorphin A 1;, o e, g4 :
+OT £ A g0 450
L. b-P—_?--’"g—'$——u—|—-\v—y—w—|—v—|
620 40 B0 B0 160 120
Time (min)
0 min 120 min —  2500-0 Vehice
gz * 10" M Morphine
_ 25 so0dm 10t MMopnnes ot MOT
Morphine EE, —
5 Tl
3 :
Morphine s
0T 3% teteesepetety
L] n 40 & 80 1 13

Tiena (mién)

Figure 6. OT did not enhance internalization of KOR induced by dynorphin A and the U50488 agonist in HEK293 cells
stably expressing HaloTag®-fused human KOR. Cells were dyed with a 0.5 mM pH sensor ligand and Hoechst 33342.
After washing, the cells were treated with vehicle (A), U50488 (107° M), (B), dynorphin A (107 M) (C), or morphine (107°
M) (D) in the absence and presence of 107 M OT. Time-response curves were calculated as the sum of total red
fluorescence intensity per cell and were normalized to those before injection (at 0 min). The data are presented in terms of
mean * SEM values ((A); n = 4, (B); n = 3, (C); n = 3, (D); n = 3). Two-way ANOVA was performed, followed by
Bonferroni's test, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to vehicle. Scale bar = 20 pm.

6. OT Did Not Affect [*H]Diprenorphine Binding to CHO Cells Stably
Expressing Human KOR in the Radioligand Competitive OR Binding
Assay

While some PAMSs potentiate the hinding affinity of agonists for the receptors BLE2 OT did not affect the binding affinity of
MOR [28, To determine whether OT binds to the KOR orthosteric binding sites or enhances the binding affinity of KOR
agonists for KOR, researchers performed a radioligand competitive OR binding assay with [*H]diprenorphine. OT, when
used alone (1071-107 M), did not inhibit [*H]diprenorphine binding to KOR (Figure 7A). Furthermore, there was no
difference in the LogICsy and LogKi values between dynorphin A and dynorphin A+OT, or U50488 and U50488+0T,
respectively (Figure 7B,C, Table 2).
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Figure 7. OT neither bound to orthosteric binding sites nor enhanced the binding affinity of KOR agonists for KOR in
membranes prepared from CHO cells stably expressing human KOR. Membranes prepared from KOR-expressing cells
were treated with OT or dynorphin A alone (A). U50488 (1071'-107% M, (B) or dynorphin A (10711-10"° M, (C) were
treated with or without 107 M OT. The data are presented in terms of the mean + SEM values ((A); n = 3, (B); n = 3, (C);
n=23).

Table 1. LogECs and Eay Of each opioid in the CellKey assay, in the absence and presence of 107 M OT in HEK293
cells stably expressing human DOR or KOR.

LogECs, (M) Emax (%)
OR Compounds
Agonist Agonist + OT Agonist Agonist + OT
SNC-80 -8.20£0.11 -8.15 £ 0.06 100 + 3.23 99.13 +1.77
Met-enkephalin -9.38 £ 0.08 -9.34+0.11 107.8 + 2.33 112.65 * 3.43
DOR Leu-enkephalin -9.23 £ 0.09 -9.04 £ 0.12 108.4 + 2.71 103.1 + 3.59
Morphine n.d. n.d. n.d. n.d.
Fentanyl n.d. n.d. n.d. n.d.
u50488 -8.20 £ 0.12 -8.09 £ 0.07 100.0 + 3.47 121.7 + 2,75 **
Dynorphin A -8.51+0.11 -8.28 £ 0.09 90.3+2.71 114.1 + 2.97 **
KOR
Morphine n.d. n.d. n.d. n.d.
Fentanyl n.d. n.d. n.d. n.d.

| 7. Conclusion

In conclusion, OT has KOR-PAM activity but does not have DOR-PAM activity. OT enhances G protein signaling without
affecting B-arrestin signaling in KOR, indicating that OT has potential as a G protein-biased PAM of KOR. Thus, OT might
act as a natural analgesic against pain via modulation of OR signaling.
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