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The p-opioid receptor (MOR) is a class of opioid receptors characterized by a high affinity for f-endorphin and morphine. MOR is a G protein-
coupled receptor (GPCR) that plays a role in reward and analgesic effects. While expression of MOR has been well established in neurons and
microglia, astrocytic MOR expression has been less clear. Recently, we have reported that MOR is expressed in hippocampal astrocytes, and its
activation has a critical role in the establishment of conditioned place preference. Despite this critical role, the expression and function of astro-
cytic MOR from other brain regions are still unknown. Here, we report that MOR is significantly expressed in astrocytes and GABAergic neurons
from various brain regions including the hippocampus, nucleus accumbens, periaqueductal gray, amygdala, and arcuate nucleus. Using the MOR-
mCherry reporter mice and Imaris analysis, we demonstrate that astrocytic MOR expression exceeded 60% in all tested regions. Also, we observed
similar MOR expression of GABAergic neurons as shown in the previous distribution studies and it is noteworthy that MOR expression is particu-
larly in parvalbumin (PV)-positive neurons. Furthermore, consistent with the normal MOR function observed in the MOR-mCherry mouse, our
study also demonstrates intact MOR functionality in astrocytes through iGluSnFr-mediated glutamate imaging. Finally, we show the sex-difference

in the expression pattern of MOR in PV-positive neurons, but not in the GABAergic neurons and astrocytes. Taken together, our findings highlight

a substantial astrocytic MOR presence across various brain regions.
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INTRODUCTION

p-opioid receptor (MOR) is one of the opioid receptors that is
an inhibitory Gay- protein-coupled receptor (Gi-GPCR) [1, 2].
MOR is widely distributed in the central nervous system, such as
the nucleus accumbens, hippocampus, amygdala, periaqueductal
gray, and spinal cord, where it plays a major role in pain, addiction,
reward, and motivation [2]. MOR has a high affinity for substances
including morphine, p-endorphin, and enkephalin, and is thought

Submitted December 9,2023, Revised December 23,2023,
Accepted December 27,2023

*To whom correspondence should be addressed.
TEL: 82-42-878-9150, FAX: 82-42-878-9151
e-mail: ¢jl@ibs.re.kr

"These authors contributed equally to this article.

Copyright © Experimental Neurobiology 2023.

www.enjournal.org

to be expressed primarily on GABAergic inhibitory neurons to
disinhibit neighboring principal neurons [3].

While most research on MOR has focused on its expression and
function in GABAergic inhibitory neurons, recent studies have
highlighted the expression and role of MOR in astrocytes [3-
5]. It has been demonstrated through experiments using MOR
knockout mice and shRNA-mediated MOR knockdown that as-
trocytic MOR in the hippocampus induces glutamate release [4-6].
Notably, activation of astrocytic MOR leads to glutamate release
through TREK-1-containing K2P channels, enhancing synaptic
transmission and plasticity in the hippocampus [5, 7]. Despite this
novel signaling pathway of MOR in astrocytes, there is a lack of
comprehensive mapping and quantification of astrocytic MOR in
the brain.

In addition, recent studies highlighted that opioid receptors ex-
hibit sex and age differences in various brain regions, including the
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hippocampus, arcuate nucleus, and amygdala [8-10]. Stress and
gonadal hormones affect the protein expression and trafficking
of MOR in parvalbumin (PV) neurons in the hippocampus [8,9].
Also, MOR binding density is higher in juveniles than in adults,
with potential implications for reward and drug-seeking behaviors
[11]. In the amygdala, males have greater delta opioid receptor
immunoreactivity than females [12]. Similarly, estrogen treatment
has been found to increase MOR mRNA levels in the arcuate
nucleus in female rats [13]. These findings collectively suggest that
sex-differences in MOR expression may play a role in modulat-
ing reproductive behaviors, social behaviors, and stress responses.
However, these studies on sexual dimorphism in MOR have only
focused on GABAergic neurons, but not on astrocytes.

The Oprm1 Akt reporter mouse line (MOR-mCherry) [14-16],
in which mCherry is tagged to the C-terminus of MOR, has been
widely utilized to investigate MOR expression in neurons, due to
the advantages of the unique transgenic property. Furthermore,
this mouse line has confirmed the remaining functional MOR
characteristics in MOR-mCherry mice, including normal Oprm1
gene transcription, proper distribution and trafficking of MOR-
mCherry, comparable MOR agonist binding and potency, and
conditioned place preference and pain-related behavioral respons-
es as similar as observed in the wild-type mouse (Oprm1™") [14].
Although we have previously demonstrated the co-expression
of MOR with TREK-1 in the hippocampal astrocytes in MOR-
mCherry mice, the comprehensive mapping, quantification, and
functionality of astrocytic MOR in MOR-mCherry mice has not
been investigated.

In this study, we aimed to map MOR-mCherry signal expression
in astrocytes across the various brain regions including the hippo-
campus, nucleus accumbens, periaqueductal gray, amygdala, and
arcuate nucleus, and compare it with MOR-mCherry expression
in GABAergic neurons and PV-positive neurons. We also con-
tirmed that MOR is fully functional in hippocampal astrocytes in
MOR-mCherry mice. Finally, we investigated the sex-dependent
expression of MOR-mCherry that might be relevant to the sexual
dimorphism of MOR expression in the various brain regions.

MATERIALS AND METHODS

Animals

All MOR-mCherry reporter mice (Oprm1™*"; Jackson Labo-
ratories; Stock No. 029013) [14] were group-housed in a humidity
and temperature-controlled environment with a 12 h light/dark
cycle (8:00 AM~8:00 PM) and had free access to food and water.
All animal care and handling were followed by the Institutional
Animal Care and Use Committee of the Institute for Basic Science
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(Approval no.1BS-2023-03-13).

Immunohistochemistry

Animals were deeply anesthetized using isoflurane and perfused
with 0.9% saline, followed by 4% paraformaldehyde. Brains were
post-fixed in 4% paraformaldehyde at 4°C for 24 h and dehydrated
in 30% sucrose at 4°C for 24 h. Brains were then cut in a coronal
section of 30 pm on a cryosection. Sections were blocked in 0.1
M PBS containing 0.3% Triton X-100 (Sigma) and 2% donkey
serum (Genetex) and 2% goat serum (abcam) for 1.5 h at room
temperature. The primary antibodies used were as follows: rabbit
anti-S100 (1:200, ab52642, abcam), guineapig anti-GABA (1:500,
ab175, abcam), and guineapig anti-PV (1:200, 195 004, Synaptic
systems). Samples with primary antibodies were incubated over-
night at 4°C. The samples were then washed three times in 0.1 M
PBS and incubated with appropriate secondary antibodies (1:500)
from Jackson Laboratory for 1.5 h. After three rinses in 0.1 M PBS,
the samples were mounted on a Polysine microscopic slide glass
(Thermo Scientific). Images were acquired using a Zeiss LSM 900
Microscope.

The super-resolution images were obtained using the Elyra 7
super-resolution microscope and processed using ZEISS Zen 3.0
software. The laser intensities are as follows: 405 nm, 17%; 488 nm,
7%; 561 nm, 7%; 642 nm, 5%.

Image quantification

Raw image files were used for further analysis using Imaris soft-
ware (Version 9.0.1, Oxford Instruments). For each region of the
hippocampus, nucleus accumbens, periaqueductal gray, amygdala,
and arcuate nucleus, manual surface reconstruction was per-
formed based on MOR-mCherry, S100p, GABA, and PV-positive
signals. The parameters were: surface details: 0.39615 um (smooth);
diameter of the largest sphere: 1.4856 pm; color: base, diffusion
transparency: 60% (0% for MOR surface). Then, we used the fil-
ter function on S100P, GABA, and PV surfaces to remove non-
specific background signals and incomplete cells; filter: volume
above 10.000 um’. After Imaris surface reconstruction, we counted
MOR-positive and MOR-negative cell numbers based on S100p,
GABA, or PV surface, using a cell counter plugin from the Image]
program (NIH).

Virus injection

Mice were deeply anesthetized with vaporized isoflurane and
immobilized in a stereotaxic (RWD Life Science). We targeted the
CAL region of the dorsal hippocampus (coordinates: AP -2 mm,
ML+1.6 mm, DV -1.5 mm) for precise delivery of AAV-GFAP104-
iGluSnfr virus (IBS Virus Facility). We administered 1 pl of the
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virus at a rate of 0.2 pl/min and allowed 2~3 weeks for the AAV
virus. AAV-GFAP104-iGluSnfr virus was bilaterally microinjected
into the hippocampus CA1 of 7 to 9-week-old MOR-mCherry
reporter mice.

Preparation of hippocampus and glutamate imaging

Glutamate sensor expressing MOR-mCherry reporter mice were
deeply anesthetized with isoflurane, followed by decapitation.
The brains were excised from the skull and placed in an ice-cold
oxygenated cutting solution (250 sucrose; 26 NaHCOj; 10 D(+)-
glucose; 4 MgCl,; 3 myo-inositol; 2.5 KCl; 2 sodium pyruvate; 1.25
NaH,PO,; 0.5 ascorbic acid; 0.1 CaCl,; and 1 kynurenic acid (in
mM), pH 7.4). After trimming the brain, coronal slices were cut
300-pum-thick in thickness with a vibrating microtome (PRO7N;
DSK, Japan) and transferred in a chamber filled with oxygenated
extracellular artificial cerebrospinal fluid (ACSE; 130 NaCl, 24
NaHCO,, 3.5 KCl, 1.25 NaH,PO,, I CaCl,, 3 MgCl, and 10 glucose
(inmM),pH 7.4).

For glutamate imaging, brain slices were transferred to a record-
ing chamber with a bath application of ACSF solution. The record-
ing chamber was mounted on the stage of an upright microscope
(Zeiss, Germany) and visualized with a CMOS camera (Hama-
matsu, Japan). Image workbench (Indec biosystems) was utilized
with a 60X water-immersion objective lens (numerical aperture:
0.9) and a 488-nm fluorescent imaging filter. Astrocytes were
scanned at a rate of 0.5 frames per second during imaging sessions.
DAMGO (1 uM), TTX (0.5 uM), and glutamic acid (1 mM) were
bath applied.

RESULTS

Functional MOR expression in astrocytes of MOR-mCherry
mice

To investigate the expression and proportion of astrocytic and
neuronal MOR (Oprm1) in various brain regions, we utilized
MOR-mCherry reporter mice [14]. In these mice, a reporter
mCherry is tagged to the C-terminus of MOR (Fig. 1A) [14]. This
reporter model offers the advantage of expressing MOR-mCherry
under the native MOR promoter, ensuring endogenous levels of
MOR with its native distribution pattern. Utilizing the advantages
of the MOR-mCherry mouse model, which shows a high con-
centration of MOR-mCherry signals in key regions such as the
temporal lobe (hippocampus, amygdala), basal forebrain (nucleus
accumbens), hypothalamus (arcuate nucleus), and midbrain (peri-
aqueductal gray region), we performed immunohistochemistry
with cell-type-specific markers in these areas (Fig. 1B). We identi-
tied astrocytes using antibodies against S100p, and GABAergic

https://doi.org/10.5607/en23039

inhibitory neurons using antibodies against GABA and parvalbu-
min (PV).

We have previously demonstrated through electron microscopy
and immunogold labeling that MOR is highly expressed in the
soma and processes of hippocampal astrocytes [17]. Similarly, we
employed super-resolution lattice SIM imaging with the Zeiss
Elyra 7 system in MOR-mCherry mice to confirm the expression
of MOR-positive signals in the soma and processes of hippocam-
pal astrocytes (Fig. 1C). Moreover, we observed a MOR-mCherry
signal in the soma of GABAergic neurons, especially those positive
for parvalbumin, a major subtype known to express MOR. These
findings further corroborate the widespread and distinct expres-
sion of MOR in key neuronal and glial cell types within the brain.

Next, we asked whether the astrocytic MOR of MOR-mCherry
mice functioned normally as previously demonstrated that astro-
cytic MOR releases glutamate [4, 5]. To examine this idea, we used
virus-mediated expression of the glutamate sensor, iGluSnFr [18],
selectively in the hippocampal astrocytes of MOR-mCherry mice
using the GFAP promoter (Fig. 1D). We found that bath applica-
tion of MOR agonist (1 M), DAMGO, induced a glutamate signal
in the astrocytes and the glutamate signal was not TTX-dependent
(Fig. 1E), which was consistent with our previous findings in wild-
type mice [4, 5]. At the same time, the glutamate sensor was con-
firmed by the application of glutamic acid (1 mM) (Fig. 1E). Taken
together, these results indicate that MOR-mCherry mice can be
effectively used to study MOR expression in astrocytes and other
known regions like the hippocampus for comprehensive under-
standing of MOR distribution.

Hippocampus

Next, we investigate the population of MOR in the astrocytes and
GABAergic neurons of the hippocampus. Using Imaris, we ob-
served that astrocytic MOR is located in the membrane, forming
puncta, while it covers almost the whole cell body of GABAergic
neurons in the hippocampus CA1 (Fig. 2A). We found that 70.0%
of S100B-positive astrocytes expressed MOR-mCherry positive
signal (Fig. 2A, B), which was similar to the previous finding [17].
Moreover, we found that 93.0% of GABA-positive GABAergic
neurons expressed MOR-mCherry in the hippocampus CA1 (Fig,
2A, B) as previously reported [19]. When only comparing the pro-
portions of MOR-positive cells, we observed a higher percentage
of MOR-positive cells among S100p-positive astrocytes (72.6%)
compared to GABAergic neurons (27.4%), as indicated by the av-
erage cell number of S100B-positive cells (n=15.2) and GABAergic
neurons (n=5.7) per image (Fig.2C, D).

We then compared the expression of MOR in PV-positive cells,
which are a primary source of somatic inhibition and GABAergic
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Fig. 1. Expression of functional MOR in the hippocampus of MOR-mCherry mice. (A) Schematic images of the construction of the MOR-mCherry
reporter gene. (B) Expression pattern of MOR-associated mCherry in the various brain regions. (C) Representative SIM images of MOR-mCherry ex-

pressed in astrocytes, GABAergic neurons, and PV neurons of the hippocampus. (D) Representative images of iGluSnFr (glutamate sensor) and MOR-

mCherry expression in the lnppocampus of MOR-mCherry mice. (E) Summary traces of glutamate signal from iGluSnFr expressing astrocytes with an
application of DAMGO (1 uM), TTX (0.5 pM), and glutamic acid (1 mM). Data are presented as the meanzs.e.m. ***p<0.001.

neurons [20]. We found that 88.9% of GABAergic neurons were
PV-positive cells (Fig. 2E) and 90.8% of these cells were MOR-
mCherry-positive (Fig. 2E G). Also, we observed a higher portion
of MOR-positive cells among S100B-positive astrocytes (77.6%,
n=12.9) compared to PV-positive (22.4%, n=3.7) cells per image
(Fig. 2H, I). Taken together, these results show that most astro-
cytes express MOR on their membrane as puncta, and almost all
GABAergic and PV-positive neurons express MOR in the soma.
In addition, these suggest that functional astrocytic MOR is pre-
dominant and outnumbers that in GABAergic neurons within the
hippocampus.

Nucleus accumbens

We next investigated the proportion of astrocytic MOR in
the nucleus accumbens, a brain region involved in the MOR-
associated mesolimbic dopamine reward system [21, 22]. Our
previous research suggested the presence of astrocytic MOR in the

nucleus accumbens [17], but the proportion was not estimated.
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Therefore, we performed immunohistochemistry using antibodies
against S1008, GABA, and PV in MOR-mCherry tissue samples
and conducted a validation analysis using Imaris software. We
confirmed the presence of astrocytic MOR as we suggested previ-
ously [17]. Furthermore, we observed that 62.4% of S100B-positive
astrocytes expressed MOR-mCherry positive signals and 81.4%
of GABAergic neurons exhibited MOR-cherry positive signals,
indicating a high prevalence of MOR expression in both cell types
within the nucleus accumbens (Fig. 3A, B). A closer examination
of the cellular distribution showed a relatively balanced presence
of MOR between S100B-positive astrocytes (55.5%, n=10.9) and
GABAergic neurons (44.5%, n=8.7), indicating a similar distribu-
tion of MOR among these cells (Fig. 3C, D). Given the critical role
of PV-positive neurons in the nucleus accumbens, particularly in
feedforward inhibition, we delved further into the MOR-mCherry
expression specifically within this neuronal subtype [22, 23]. We
found that around half of GABAergic neurons were PV-positive
cells (45.8%) and those PV-positive cells majorly displayed MOR-
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Fig. 2. MOR expression in the hippocampus. (A) Expression of MOR-mCherry, S1003, and GABA in the hippocampus of MOR-mCherry mice (yellow
arrowheads indicate astrocytes; white arrowheads indicate GABAergic neurons). 3D rendering image was constructed with Imaris software. (B~D) Bar
graph of S100p and GABA (B), number of cells and percentage of MOR positive cells (C), and summary table (D) in the hippocampus. (E) Bar graph
of the percentage of PV positive cells in GABAergic neurons. (F) Expression of MOR-mCherry, S100p, and PV in the hippocampus of MOR-mCherry
mice (yellow arrowheads indicate astrocytes; white arrowheads indicate PV neurons). 3D rendering image was constructed with Imaris software. (G~1)
Bar graph of MOR population in S100p and PV (G), number of cells and percentage of MOR positive cells (H), and summary table (T) in the hippocam-
pus. Data are presented as the mean+s.e.m. ***p<0.001, ****p<0.0001.
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mCherry positivity (91.2%) (Fig. 3E G). These findings not only
affirm the previously noted expression patterns but also highlight
a significant representation of MOR in the PV-positive neuron
population. The expression ratio of MOR in S100B-positive astro-
cytes and PV-positive neurons was similar as we observed in the
hippocampus.

However, when we compared S100B-positive astrocytes with
PV-positive neurons, we noted that both the number and percent-
age in PV-positive cells (28.4%, n=3.6) were smaller than those
in S100B-positive cells (71.6%, n=9.0) (Fig. 3H, I). Altogether, our
findings suggest that the substantial expression of MOR in S100B-
positive astrocytes in the nucleus accumbens and astrocytic MOR
could be important as in GABAergic and PV-positive neurons.

Periaqueductal gray

We then examined whether MOR is present in the astrocytes
of periaqueductal gray, which is reported to be involved in no-
ciception modulation by MOR-meditated dopamine neuron
synaptic transmission [24]. Similar to the hippocampus and
nucleus accumbens, we analyzed MOR-mCherry positive signals
in astrocytes. We found that S1003-positive astrocytes expressed
a prominent MOR-mCherry signal in the periaqueductal gray, as
well as GABAergic neurons (Fig. 4A, B). We observed that 68.7%
of astrocytes exhibited expression of MOR-mCherry and 82.8% of
GABAergic neurons expressed the MOR-mCherry signal (Fig. 4A,
B). When only comparing the numbers and proportions of MOR-
positive cells, we found a higher number and percentage of MOR-
positive cells among S100B-positive astrocytes (59.9%) compared
to GABAergic neurons (40.1%), based on the average cell numbers
of S100B-positive cells (n=17.7) and GABAergic neurons (n=11.9)
per image (Fig. 4C, D).

We next examined the MOR-mCherry signal in PV-positive
neurons. Only 35.2% of the GABAergic neurons were identi-
tied as PV-positive (Fig. 4E). When investigating percentages of
MOR-mCherry in PV-positive neurons, 64.3% of these cells were
MOR-mCherry positive, but there was statistically no difference
compared to the MOR-mCherry negative (Fig. 4F, G). Further-
more, upon comparing the ratios and numbers, we observed that
S100pB-positive astrocytes (71.0%, n=12.6) demonstrated a higher
proportion compared to PV-positive cells (29.0%, n=5.1) (Fig. 4H,
I). Altogether, these results suggest that MOR is also prominently
expressed in astrocytes within the periaqueductal gray region.

Amygdala
In addition to other brain regions, MOR is also known to be
expressed in GABAergic interneurons of the amygdala, which

are associated with memory consolidation of aversive events,

https://doi.org/10.5607/en23039

reward, and hyperphagia [25-27]. Although the amygdala shows
the highest MOR binding density in the brain [27], the distribu-
tion of MOR, including astrocytes, remains unexplored. Thus, we
next asked whether MOR is expressed in astrocytes of the amyg-
dala. After analyzing the MOR-mCherry signal, we observed that
71.1% of astrocytes showed the presence of MOR-mCherry in the
amygdala, while 80.5% of GABAergic neurons in the amygdala
expressed MOR (Fig. 5A, B). Comparing cell numbers and pro-
portions, we observed a similar pattern between S100B-positive
astrocytes (46.8%, n=12.7) and GABAergic neurons (53.2%,
n=14.4) in the amygdala, akin to the nucleus accumbens (Fig. 5C,
D). Moreover, among the observed brain regions in this study, the
amygdala exhibited the highest numbers and percentage of GAB-
Aergic neurons expressing MOR-mCherry (Fig. 5C, D).

Next, we examined the comparison of the MOR-mCherry sig-
nal between PV and S100p-positive cells. We found that 89.4%
of GABAergic neurons were PV-positive (Fig. 5E). Among them,
61.0% were MOR-mCherry positive, although this ratio was found
to be non-significant compared to the MOR-mCherry negative
(Fig. 5G). When comparing cell numbers and proportions, PV
(21.3%, n=3.6) exhibited relatively lower numbers and proportions
compared to S100p-positive astrocytes (78.7%, n=13.4) (Fig. 5H,
I). Altogether, these results suggest that in the amygdala, MOR-
mCherry is also highly expressed in astrocytes.

Arcuate nucleus

MOR is also present in the arcuate nucleus, which plays a crucial
role in energy homeostasis and neuroendocrine functions [26].
Despite the arcuate nucleus being a critical site for MOR activity,
the specific distribution of astrocytic MOR is unknown. We found
that 81.7% of MOR-mCherry was expressed in astrocytes, while
71.5% of the GABAergic neurons expressed MOR (Fig. 6A, B). In
the case of cell number and proportion comparisons, we found
that a total of 23 identified S100B-positive astrocytes comprising
72% of MOR-mCherry signals, as opposed to the 9 GABAergic
neurons making up 27.9% (Fig. 6C, D). Notably, the arcuate nucle-
us displayed the greatest percentage of S100B-positive astrocytes
for MOR-mCherry among the brain regions (Fig. 6C, D).

When focusing on the specific types of GABAergic neurons, we
found that 76.0% of them were PV-positive (Fig. 6E). Further anal-
ysis of the MOR-mCherry signals in PV-positive cells revealed that
64.6% of the cells were MOR-positive (Fig. 6F, G). When compar-
ing the number and expression of MOR between S100p-positive
astrocytes and PV-positive neurons, we found that astrocytes have
a significantly higher prevalence, with an average of 19 cells exhib-
iting MOR expression, making up 89% of the total observed. Con-
versely, PV-positive neurons with MOR expression average only 2
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cells, corresponding to 11% of the total observed (Fig. 6H, I). These
results suggest that astrocytic MOR may have a significant role in

energy homeostasis.

Sex-difference in the expression pattern of MOR

Neuronal MOR is known to exhibit sex-differences in expres-
sion and function: In the hippocampus and periaqueductal gray,
a sex-dependent difference in MOR expression was observed,
while a sex-dependent functional difference was found for MOR-
dependent nociception and addiction [8,10-12,28,29]. To investi-
gate the sex-differences in the expression of astrocytic MOR in the
various brain regions including the hippocampus, amygdala, and
arcuate nucleus we compared the expression of MOR-mCherry
signal in male and female mice (Fig. 7A~F). Among the various
brain regions, we found that the amygdala showed the greatest
sex-differences in the expression of MOR-mCherry signal in PV-
positive neurons (male 32.5% vs. female 89.4%; difference 56.9%)
(Fig. 7A, E). In the arcuate nucleus, females displayed higher levels
of MOR-mCherry positive PV neurons compared to males (male
53.1% vs. female 87.5%; difference 34.4%) (Fig. 7F). However, we
did not observe sex differences in astrocytic MOR expression
across various brain regions, identifying only a non-significant
trend in the hippocampus (Fig. 7B). These findings imply that the
observed sex-dependent differences in MOR expression in the
amygdala and arcuate nucleus are likely attributable to differences

in MOR expression among PV-positive GABAergic neurons.
DISCUSSION

In this study, we have demonstrated the expression of astrocytic
MOR in the various regions and quantified the proportion of
S100B-positive astrocytic MOR compared to the GABAergic
and PV-positive neurons via using MOR-mCherry reporter mice
line, immunohistochemistry against cell-type specific antibodies,
confocal super-resolution microscopy, and Imaris software. We
revealed that MOR expression in astrocytes is not only prominent
in the hippocampus (70.0%) as we previously shown [17], but also
in other various brain regions including the nucleus accumbens
(62.4%), periaqueductal gray (68.7%), amygdala (71.1%), and arcu-
ate nucleus (78.0%) (Fig. 8). Interestingly, expression of astrocytic
MOR in all selected MOR-related regions exceeded more than
60%. This outcome is also consistent with the results of in situ
hybridization studies that identified astrocyte-specific oprm1
expression in the hippocampus, nucleus accumbens, and VTA
[30]. As expected, in GABAergic neurons, expression of MOR was
shown in the hippocampus (93.0%), nucleus accumbens (81.4%),
periaqueductal gray (82.8%), amygdala (80.5%), and arcuate nu-

https://doi.org/10.5607/en23039

cleus (71.5%) (Fig. 8). As for PV neurons, the order of high MOR
expression was observed in the hippocampus (94.6%), nucleus
accumbens (91.2%), arcuate nucleus (65%), periaqueductal gray
(64.31%), and amygdala (61.0%) (Fig. 8). This pattern of expres-
sion aligns with a previous density distribution in MOR-mCherry
mice [14]. Moreover, the number of cells and proportion of MOR
was relatively larger in S100B-positive astrocytes compared to PV-
positive neurons across the selected brain regions. Taken together,
these results suggest the potential role of astrocytic MOR in these
regions.

In addition, we confirmed that the astrocytic MOR in MOR-
mCherry mice functions normally, as evidenced by the DAMGO-
induced glutamate release in hippocampal astrocytes. This
functional result is consistent with the previous evidence of intact
MOR functionality in the MOR-mCherry reporter mouse which
has shown normal expression, trafficking, TREK-1 colocalization,
and MOR-mediated behavior responses [5, 14, 15].

We suggested the possibility that the expression of astrocytic
MOR exhibits sex-differences in the brain regions. Several studies
already demonstrated the sex-differences regarding the neuronal
MOR in the brain, such as the amygdala and hippocampus [3, 29,
31]. Human PET imaging studies have reported a higher MOR
signal in females, and also higher binding density of MOR has
been shown in females compared to males using autoradiogra-
phy [11, 32]. Also, considering the fluctuation of the morphine-
induced analgesic effect across the ovarian cycle [10] and MOR
trafficking in PV neurons regulated by ovarian hormones [9], sex
differences might be owing to sex hormones. In line with these
findings, we demonstrated a significantly higher expression of
PV-positive neuronal MOR in the amygdala and arcuate nucleus
of female MOR-mCherry reporter mice compared to males (Fig.
7). Contrary to initial expectations, the significant sex-differences
in astrocytic MOR expression were not found across the various
brain regions, and this trend was similarly observed in GABAergic
neurons too. These results implicate that the PV-positive GAB-
Aergic MOR may be a major contributor to sex differences, while
the astrocytic and PV-negative GABAergic MOR may be a minor
contributor. Still, further research is needed to explore whether
binding affinity or activity of astrocytic MOR varies depending on
sex, focusing beyond just expression levels.

While the amygdala is known for fear consolidation, and emo-
tion and exhibits the highest density of MOR according to re-
ceptor binding studies, the exact function of MOR is still elusive
in this region [27]. In our previous study, we demonstrated that
activation of astrocytic MOR in the hippocampus leads to the re-
lease of glutamate through the opening of TREK-1 channels [4, 5,
7]. Recent studies have shown that activating astrocytic MOR can
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rescue stress-induced anxiety [6, 33]. Moreover, TREK-1 is known — mus [34]. Based on these findings, it would be interesting to test
whether the activation of astrocytes through astrocytic MOR can

to be markedly expressed in the various brain regions including
cause glutamate release and rescue stress-induced anxiety or other

the hippocampus, amygdala, nucleus accumbens, and hypothala-
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Fig. 8. Summary of MOR expression in the various brain regions of astrocytes, GABAergic neurons, and PV neurons (red, purple, and gray circles indi-
cate the astrocytes, GABAergic neurons, and PV neurons, respectively; hippocampus, HPC; nucleus accumbens, NAc; periaqueductal gray, PAG; amyg-

dala, AMG; arcuate nucleus, ARC).

amygdala-related behavior. Additionally, we aim to examine if ac-
tivation of MOR interacts with TREK-1 and glutamate release in
future investigations.

In conclusion, our findings unveil the robust expression of astro-
cytic MOR along with GABAergic or PV-positive neurons in the
various MOR-dependent brain regions, including the hippocam-
pus, arcuate nucleus, periaqueductal gray, amygdala, and nucleus
accumbens. Also, this suggests a potential role for astrocytic MOR
in modulating neuronal signaling and neurophysiological pro-
cesses, highlighting the complex interplay between astrocytic and
neuronal MOR, especially in PV-positive neurons.
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