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KEY WORDS Abstract  Opioid addiction is driven by maladaptive reward memory, yet its molecular underpinnings
remain poorly understood. Circular RNAs (circRNAs) have emerged as key regulators of neuroplasticity,
but their roles in addiction-related memory remain unclear. Here, we identify circUnc79, a neuron-
enriched and synaptically localized circRNA, as a critical modulator of morphine reward memory in
the medial prefrontal cortex (mPFC). In the morphine-induced conditioned place preference (CPP)
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Synaptic plasticity; model, circUnc79 expression is dynamically downregulated during cue-induced memory retrieval. Gain-
Medial prefrontal cortex; and loss-of-function experiments demonstrate that circUnc79 bidirectionally regulates the acquisition and
EAAT2; persistence of morphine reward memory, without affecting locomotion, anxiety-like behavior, social
miR-149-3p interaction, or sucrose reward. Mechanistically, circUnc79 acts as a competing endogenous RNA for

miR-149-3p, thereby relieving its repression of excitatory amino acid transporter 2 (EAAT2, encoded
by Slcla2). Elevated neuronal EAAT?2 enhances presynaptic glutamate reuptake and recycling, support-
ing reward memory encoding. Manipulation of miR-149-3p produces opposite behavioral and synaptic
effects, supporting the functional relevance of this regulatory axis. These findings reveal a circUnc79/
miR-149-3p/EAAT?2 pathway that regulates synaptic plasticity underlying opioid reward memory and
highlight circUnc79 as a potential therapeutic target for opioid use disorders.
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1. Introduction

Opioid use disorder (OUD) remains a major global health chal-
lenge, characterized by compulsive drug-seeking behavior, high
relapse rates, and persistent vulnerability to drug-associated cues’.
A central obstacle in addiction treatment is the enduring nature of
drug-associated memories, which drive craving and relapse upon
re-exposure to drug-paired contexts’. These maladaptive mem-
ories are formed and maintained through neuroplastic adaptations
within corticolimbic circuits, particularly in the medial prefrontal
cortex (mPFC), a key region involved in reward processing,
decision-making, and executive control®. At the molecular level,
drug-induced neuroplasticity engages complex transcriptional and
post-transcriptional mechanisms that regulate synaptic structure
and function. While previous studies have largely focused on
protein-coding genes and epigenetic regulation, emerging evi-
dence highlights a critical role for non-coding RNAs in addiction-
related plasticity®.

Circular RNAs (circRNAs), a class of covalently closed and
exonuclease-resistant non-coding RNAs, are highly enriched in
the brain®. Their stability, evolutionary conservation, and cell-
type-specific expression suggest important roles in supporting
long-term synaptic adaptations associated with addictive behav-
iors®. One well-characterized function of circRNAs is to act as
competing endogenous RNAs (ceRNAs), sequestering microRNAs
(miRNAs) and thereby modulating downstream gene expression’.
This mechanism has been implicated in multiple neuropsychiatric
disorders, including depression, schizophrenia, and substance use
disorders®’. For example, circTmeff-1 in the nucleus accumbens
promotes morphine craving by sponging miR-541-5p and miR-
6934-3p, thereby upregulating two synapse-related proteins,
vesicle-associated membrane protein 1 (VAMP1) and neurofascin
(NFASC)’. Despite these advances, the precise role of circRNAs
in opioid addiction, particularly during the retrieval of drug-
associated memories, remains poorly understood.

Disruption of glutamatergic homeostasis is a core feature of
addiction, with altered glutamate signaling observed across mul-
tiple classes of drugs, including opioids'’. Excitatory amino acid
transporter 2 (EAAT?2), encoded by Slcla2, plays a central role in
extracellular glutamate clearance and recycling, thereby main-
taining synaptic glutamate homeostasis''. Although EAAT2 is
predominantly expressed in astrocytes, emerging evidence sug-
gests that neuronal EAAT2 may also contribute to the regulation
of presynaptic glutamate dynamics and synaptic plasticity'> ',
Astrocytic EAAT2 is essential for preventing excitotoxicity'®,
whereas neuronal EAAT? has been proposed to fine-tune synaptic
efficacy by modulating local glutamate recycling'®. However,
whether neuronal EAAT? is subject to circRNA-mediated regu-
lation in the context of opioid addiction remains unclear.

Our previous transcriptomic analyses of the mPFC following
morphine exposure revealed widespread dysregulation of circR-
NAs and genes associated with synaptic plasticity'®!”. Building
on these findings, we identified circUnc79 (circBase ID: mmu_
circ_0000411), a neuron-enriched circRNA derived from the
Unc79 gene, as a key regulator of morphine-induced reward

memory in the mPFC. Using integrated molecular, behavioral, and
morphological approaches, we demonstrate that circUnc79 mod-
ulates morphine-induced synaptic plasticity through a miR-149-
3p/EAAT2-dependent pathway. This regulatory axis promotes
neuroadaptive changes characterized by enhanced mPFC excit-
ability and presynaptic glutamate recycling, thereby supporting
the encoding and retrieval of morphine reward memory.

Collectively, our findings identify circUnc79 as a previously
unrecognized post-transcriptional regulator of synaptic remodel-
ing in opioid addiction and suggest its potential as a therapeutic
target for modulating drug-associated memories and reducing
relapse risk in OUD.

2. Materials and methods
2.1.  Animals and drugs

Male C57BL/6J mice (8 weeks old, 20—25 g) were obtained from
the Medical Experimental Animal Center of Xi’an Jiaotong Uni-
versity (Xi’an, China). Mice were housed under standard condi-
tions (22 £ 2 °C, 12-h light/dark cycle) with ad libitum access to
food and water. All procedures were approved by the Institutional
Animal Care and Use Committee of Xi’an Jiaotong University
(No. 2022-1174). Morphine was purchased from the National
Institutes for Food and Drug Control of China and was dissolved
in sterile 0.9% saline. Mice received morphine (10 mg/kg, i.p.),
while control mice received an equal volume of saline.

2.2.  Cell lines and authentication

CATH.a (ATCC CRL-11179) and Neuro-2a (ATCC CCL-131)
cells were obtained from Cobioer (Nanjing, China) and Pricella
(Wuhan, China), respectively. All cell lines were authenticated by
the suppliers and confirmed to be mycoplasma-free before use.

2.3.  Conditioned place preference (CPP) paradigm

The CPP paradigm was conducted as previously described, with
minor modifications'®. The apparatus consisted of three chambers
with distinct cues. Briefly, on Day 0, mice were allowed to explore
freely for 15 min. During conditioning (Days 1—5), mice were
conditioned with either saline or morphine (10 mg/kg, i.p.). Post-
test was conducted on Day 6, followed by a retrieval test on Day
13 after a 7-day interval. Behavior was recorded using SMART
3.0 (Panlab SL, Barcelona, Spain). CPP score was calculated as
the difference in time spent in the morphine-paired chamber
versus the saline-paired chamber. Additional behavioral tests,
including elevated plus maze, open field test, Y-maze, novel object
recognition, three-chamber social interaction, and sucrose pref-
erence tests, were described in the Supporting Information
Methods. After testing, mice were sacrificed, and mPFC tissues
were dissected according to the Paxinos and Franklin atlas
coordinates and snap-frozen in liquid nitrogen.
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Figure1 Identification and characterization of circUnc79 as a morphine reward memory-associated circRNA in the mPFC. (A) Timeline of the
CPP paradigm. Mice underwent baseline preference assessment (Day 0), conditioning with morphine (10 mg/kg, i.p.) or saline (Days 1-5), post-
test (Day 6), 7-day home-cage withdrawal, and retrieval test (Day 13). (B, C) Representative locomotor trajectories and heat maps (B) and
quantitative CPP scores and locomotor parameters (C) (n = 8) (two-way ANOVA followed by Bonferroni post hoc test). (D) RNA-seq workflow
for circUnc79 identification. (E—G) circUnc79 biogenesis schematic (E), Sanger sequencing of the back-splice junction (F), and divergent PCR
validation (G). (H) Characterization of circUnc79 stability. Left: time—course analysis of RNase R digestion. Total RNA was treated with RNase
R (3 U/ng) for the indicated time points (0, 15, 30, 45, and 60 min). Right: transcription inhibition assay using Actinomycin D (10 pg/mL). The
time-dependent changes in RNA levels revealed a longer half-life of circUnc79 compared to linear Unc79 (n = 3) (Student’s r-test). (I)
Downregulation of circUnc79, but not linear Unc79, in the mPFC after CPP (n = 6) (Student’s #-test). (J—K) BaseScope probe design (J) and in
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2.4.  RNA extraction and quantitative reverse transcription PCR
(RT-gPCR)

Total RNA was extracted from the mouse mPFC using SteadyPure
Universal RNA Extraction Kit (Accurate Biotechnology, Changsha,
China) according to the manufacturer’s instructions, and quantified by
NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham, MA,
USA). For mRNA and circRNA, 1 pg of RNA was reverse-transcribed
using the Hifair III 1st Strand cDNA Synthesis SuperMix (Yeasen
Biotechnology, Shanghai, China). For miRNA, 500 ng of RNA was
reverse-transcribed using either poly(A)-tailing (Accurate Biotech-
nology, Changsha, China) or stem-loop (Vazyme Biotech, Nanjing,
China) methods. Quantitative PCR was performed using Hieff gPCR
SYBR Green Master Mix (Yeasen Biotechnology, Shanghai, China) on
a CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA).
Primers were synthesized by Tsingke Biotechnology (Beijing, China).
Relative RNA expression was calculated using the 272" method.
GAPDH was used as the internal control for mRNAs and circRNAs,
while U6 served as the reference for miRNA quantification. Sequences
of all primers are listed in Supporting information Table S1.

2.5.  RNA stability and degradation assays

RNase R digestion was performed to assess circUnc79 stability. Briefly,
total RNA (2.5 pg) was incubated with or without RNase R (3 U/ug,
Geneseed Biotech, Guangzhou, China) at 37 °C for the indicated time
points (0, 15, 30, 45, and 60 min), followed by heat inactivation (70 °C,
10 min) and RT-gPCR analysis. For transcription inhibition assays,
Neuro-2a cells were treated with Actinomycin D (ActD, 10 pg/mL)
and collected at the indicated time points (0, 2, 4, 6, 8, and 10 h). Total
RNA was extracted using TRIzol and analyzed by RT-qPCR.

2.6.  circRNA validation by PCR and sanger sequencing

Divergent and convergent primers were designed to validate the cir-
cular structure of candidate circRNAs. PCR amplification was per-
formed using 2 x Phusion High-Fidelity PCR Master Mix (New
England Biolabs, Ipswich, MA, USA) with cDNA or genomic DNA as
templates under standard conditions. PCR products were resolved on
2% agarose gels containing Ultra GelRed (Vazyme Biotech, Nanjing,
China) in 1 x TAE buffer, mixed with 6 x DNA loading buffer
(Thermo Fisher Scientific, Waltham, MA, USA), and separated
alongside a DNA marker. Electrophoresis was conducted at 100 V for
30 min, and gel images were captured using a ChemiDoc
XRS + imaging system (Bio-Rad, Hercules, CA, USA) and
analyzed with Image Lab software. PCR products of the expected size
were purified and sequenced by Sanger sequencing. Sequence traces
were analyzed with SnapGene software, and back-splice junctions
were confirmed by detection of head-to-tail junction sequences char-
acteristic of circRNAs.

2.7.  Cell culture, transfection, and lentiviral transduction

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibco, Grand Island, NY, USA) supplemented with 10%

fetal bovine serum and 1% penicillin/streptomycin at 37 °C in a
humidified incubator with 5% CO,. For transient transfection,
miR-149-3p mimics or inhibitors (Tsingke Biotechnology, Bei-
jing, China) were introduced using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) in Opti-MEM according to the
manufacturer’s instructions. Cells were harvested 48 h after
transfection for subsequent analyses. For stable modulation of
circUnc79, lentiviral vectors for overexpression (OE) or knock-
down (KD) were obtained from GeneChem (Shanghai, China; see
Supporting information Table S2). Cells were infected at a mul-
tiplicity of infection (MOI) of 10 with transduction enhancer
(HiTransG P, GeneChem, Shanghai, China), and the medium was
replaced after 12 h. Stable cells were selected with puromycin
(2 pg/mL for Neuro-2a and 4 pg/mL for CATH.a) for 1 week, and
transduction efficiency was verified by RT-qPCR.

2.8.  BaseScope in situ hybridization and co-localization
analysis

BaseScope assays (Advanced Cell Diagnostics, ACD, Newark, CA,
USA) were performed to detect circUnc79 expression in mouse mPFC
sections and Neuro-2a cells according to the manufacturer’s in-
structions. Briefly, fresh-frozen brain tissues were embedded in O.C.T.
compound (Sakura Finetek, Torrance, CA, USA), sectioned at 10 pm
using a cryostat CM1950 (Leica, Wetzlar, Germany), and mounted
onto slides. Sections were fixed with 4% paraformaldehyde, dehy-
drated, and pretreated with RNAscope reagents, including hydrogen
peroxide, target retrieval reagent, and Protease IV (ACD). A specific
probe targeting the back-splice junction of circUnc79 (Probe-BA-Mm-
Unc79-circRNA-E7E2-Junc-C1, ACD) was hybridized at 40 °C, fol-
lowed by signal amplification and detection using Fast Red substrate
(ACD). Nuclei were counterstained with DAPIL. Images were acquired
using an AxioScope five microscope (ZEISS, Oberkochen, Germany)
and analyzed with ImageJ. Negative and positive controls were per-
formed using a scrambled probe (BaseScope Probe-BA-DapB-1zz,
ACD) and a housekeeping probe (BaseScope Probe-BA-Mm-Ppib-
1zz, ACD), respectively.

For co-localization analysis, BaseScope was combined with
immunofluorescence using the Integrated Co-Detection Workflow
(ACD). Sections were incubated with primary antibodies against
NeuN (1:100, Proteintech, Wuhan, China), S100B, Ibal, and
Olig2 (1:100, Abways, Shanghai, China), as well as MAP2,
SYNI, and PSD95 (1:100, Proteintech, Wuhan, China), followed
by Alexa Fluor 488- or 594-conjugated secondary antibodies
(1:300, Proteintech, Wuhan, China). Neuro-2a cells cultured on
chamber slides (LABSELECT, Beijing, China) were processed
similarly. Images were acquired and analyzed as described above.

2.9.  Stereotactic injection of adeno-associated virus (AAV) into
the mPFC

AAV vectors (Supporting information Table S3) were stereotaxi-
cally injected into the mPFC using a 7100 automated stereotactic
system (RWD Life Science, Shenzhen, China). Mice were anes-
thetized with isoflurane (4% for induction and 1.5%—2% for

situ hybridization (ISH) confirmation of decreased circUnc79 (red) in the mPFC (K). Scale bar = 20 um (n = 3) (Student’s r-test). (L—O) Cell-
type specificity and subcellular localization of circUnc79. Representative images showing co-localization of circUnc79 (red) with (L) NeuN, (M)
MAP2, (N) S100B, or (O) SYNI (green). Nuclei were stained with DAPI (blue). Scale bars = 20 pm. Data are presented as mean + SEM.
#P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.0001; ns, not significant.
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Figure 2  Bidirectional modulation of morphine-induced reward memory by mPFC circUnc79. (A) Experimental timeline: LV-circ-OE or
control lentivirus was injected bilaterally into the mPFC two weeks before pre-test (Day 0), followed by morphine/saline conditioning (Days
1-5), post-test (Day 6), and retrieval tests (Days 7—13). (B) Schematic coronal section showing injection coordinates and fluorescence verifi-
cation of mPFC-specific transduction. Scale bars = 500 pum (top), 100 um (bottom). (C) RT-qPCR validation of circUnc79 overexpression
efficiency (n = 6) (Student’s r-test). (D—F) Effect of circUnc79 overexpression on morphine-induced CPP scores and locomotor parameters
(n = 8) (two-way ANOVA followed by Bonferroni post-hoc test). (G) Experimental timeline: AAV-circ-KD was delivered into mPFC neurons
three weeks before pre-test (Day 0), followed by morphine/saline conditioning (Days 1—5) and behavioral tests (Days 6 and 13). (H) RT-qPCR
validation of AAV-mediated circUnc79 knockdown; linear Unc79 transcripts remained unchanged (n = 6) (Student’s #-test). (I—K) Morphine-
induced CPP scores (I), representative trajectory and heat maps (J), and locomotor parameters (K) following circUnc79 knockdown (n = 8)
(two-way ANOVA followed by Bonferroni post hoc test). (L) CPP scores during post-test and retrieval phases across knockdown and control
groups (n = 18) (two-way ANOVA followed by Bonferroni post hoc test). (M, N) Expression levels of synapse-associated proteins following
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maintenance, RWD Life Science, Shenzhen, China) and placed in
a stereotaxic frame. A burr hole was drilled at the target
coordinates (AP +1.98 mm, ML £0.30 mm, DV —2.3 mm from
bregma), and virus was delivered at 0.1 pL/min using a micro-
syringe (Hamilton Company, Reno, NV, USA). The needle was
left in place for 10 min before slow withdrawal. Mice were sutured
and allowed to recover under standard postoperative care. Injec-
tion accuracy was confirmed histologically, and mice recovered
for 3 weeks before further experiments.

2.10.  Dual-luciferase reporter assay

Wild-type (WT) or mutant (MUT) pmirGLO reporter constructs
containing predicted miR-149-3p binding sites in circUnc79 or the
Slcla2 (EAAT2) 3’ UTR were generated based on TargetScan and
miRanda predictions and verified by Sanger sequencing. HEK-
293T cells were cultured in DMEM supplemented with 10%
fetal bovine serum and co-transfected with reporter plasmids and
miR-149-3p mimics or negative control using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA). After 48 h,
luciferase activity was measured using a Dual-Luciferase Reporter
Assay System (Yeasen Biotechnology, Shanghai, China). Firefly
luciferase activity was normalized to Renilla luciferase activity.

2.11.  RNA-binding protein immunoprecipitation (RIP) assay

RIP assays were performed using an RNA Immunoprecipitation Kit
(Bersinbio, Guangzhou, China) to examine interactions among cir-
cUnc79, miR-149-3p, and EAAT2. Neuro-2a cells were lysed, and ly-
sates were incubated with magnetic beads conjugated to an anti-
Argonaute-2 (AGO?2) antibody (4 ng/IP, Abcam, Cambridge, UK), with
IgG as a negative control. RNA—protein complexes were immunopre-
cipitated, and the associated RNA was extracted for RT-qPCR analysis.

2.12. Western blotting

Western blotting was performed as described previously'®. Proteins
from mouse brain tissues or cultured cells were extracted using RIPA
lysis buffer containing protease and phosphatase inhibitors and
centrifuged to remove debris. Protein concentrations were determined
using a BCA assay. Equal amounts of protein were separated by SDS-
PAGE and transferred onto PVDF membranes (Merck Millipore,
Burlington, MA, USA). Membranes were blocked with 5% skim milk
and incubated with primary antibodies overnight at 4 °C, followed by
HRP-conjugated secondary antibodies (Proteintech, Wuhan, China) for
1 h at room temperature. Bands were visualized using ECL substrate
(DiNing, Beijing, China) and imaged with a ChemiDoc XRS + system
(Bio-Rad, Hercules, CA, USA). Primary antibody details were listed in
Supporting information Table S4.

2.13.  Synaptosome isolation

Synaptosomes were isolated from mouse mPFC using the Minute
Synaptosome Isolation Kit (Invent Biotechnologies, Plymouth,
MN, USA) according to the manufacturer’s protocol. Tissues were
homogenized in buffer A using the supplied filter cartridge and

centrifuged to remove debris. The resulting suspension was
sequentially processed with buffer B and buffer C, followed by
differential centrifugation to enrich the synaptosome fraction. The
final synaptosome pellet was collected, resuspended, and stored at
—80 °C until further use. Protein concentration was determined
using a BCA assay. Synaptosome purity was verified by Western
blotting using synaptic markers, including NMDARI,
NMDAR2A, NMDAR2B, GluR2, PSD-95, and VGLUT]1.

2.14.  Golgi-Cox staining and morphometric analysis

Neuronal morphology and dendritic spine density were assessed using
Golgi-Cox staining. Brain tissues were immersed in staining solution
for 14 days, then transferred to protective solution for 7 days. Coronal
sections (150 um) were prepared using a vibratome VT1200S (Leica,
Wetzlar, Germany) and processed according to standard protocols.
Images were acquired under a light microscope (Teksqray, Shenzhen,
China) at 40x magnification and analyzed using ImageJ (NIH,
Bethesda, MD, USA). For each group (n = 4), 15 intact pyramidal
neurons in the mPFC were analyzed. Dendritic complexity was assessed
by Sholl analysis (5 pm intervals, 10—120 pm from soma). Spine
density was calculated as spines per 10 pm dendrite, and classified into
thin, stubby, mushroom, and filopodium types. Analyses were per-
formed in a blinded manner with >20 dendritic branches per group.

2.15.  Transmission electron microscopy (TEM)

Mice were perfused with 0.25% glutaraldehyde and 4% para-
formaldehyde in phosphate buffer (0.1 mol/L, pH 7.4). The mPFC was
dissected into small tissue blocks (1 mm?®), fixed in 2.5% glutaralde-
hyde at 4 °C, and post-fixed in 1% osmium tetroxide. Samples were
dehydrated, embedded in epoxy resin, and polymerized at 60 °C. Ul-
trathin sections (70 nm) were stained with uranyl acetate and lead
citrate, and imaged using a transmission electron microscope (H-7650,
Hitachi, Tokyo, Japan) at 80 kV. Synaptic ultrastructure was analyzed
using Image-Pro Plus software.

2.16.  Fiber photometry for calcium dynamics and glutamate
Sfluctuations

Fiber photometry was performed to monitor in vivo calcium and
glutamate signals using a system R820 (RWD Life Science,
Shenzhen, China). Sensors (GCaMPTf, jRGECOl1a,
iGluSnFR3.v857) were delivered into the mPFC, followed by
implantation of an optical fiber cannula (400 pm core, 0.39 NA,
L = 3 mm, RWD Life Science, Shenzhen, China). After 3 weeks,
recordings were conducted during CPP testing. Excitation at
470 nm (GCaMP7f and iGluSnFR3.v857) or 560 nm (jJRGECO1a)
was applied, with 410 nm as an isosbestic control. Signals were
recorded and analyzed using multichannel fiber photometry soft-
ware (RWD Life Science). Data are expressed as AF/F.

2.17.  Statistical analysis

Statistical analyses were performed using GraphPad Prism (GraphPad,
USA). Data are presented as mean = standard error of the mean (SEM).

circUnc79 knockdown in morphine-conditioned mice (n = 4) (one-way ANOVA followed by Bonferroni post hoc test). Data are presented as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; *P < 0.05, *P < 0.01, P < 0.001, **P < 0.0001; P < 0.001,

P < 0.0001; ns, not significant.
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Figure 3  CircUnc79-dependent synaptic remodeling during morphine reward memory. (A) Coronal section of mPFC showing Golgi-
impregnated neuronal architecture. Scale bar = 1 mm. (B) Representative pyramidal neurons in mPFC layer II/II. Scale bar = 100 pm. (C)
Total dendritic branch length quantification. Morphine significantly increased branch length, which was attenuated by circUnc79 knockdown. (D)
Sholl analysis using concentric circles (5 um intervals, 10—120 pm radius) to quantify dendritic arborization complexity. (E) Sholl intersection
profile showing morphine-enhanced dendritic complexity and its normalization by circUnc79 knockdown. Radial distance from the soma (x-axis)
vs. intersections per shell (y-axis) (n = 15). (F) Representative images of secondary dendritic branches. Scale bar = 25 pm (overview), 10 pm
(spine detail). (G) Dendritic spine density quantification (spines/10 um). (H) Morphological classification of dendritic spines: mushroom, thin,
stubby, and filopodium subtypes. Scale bar = 5 pm. (I) Morphine-induced shift in dendritic spine subtypes was rescued by circUnc79 knockdown
(n = 20). (J) Representative TEM images of asymmetric Gray’s type I synapse highlighting ultrastructural regions Presynaptic terminals (red),
PSD (purple), and synaptic clefts (yellow). Scale bars = 400 nm (left), 200 nm (right). (K) Morphine conditioning increased presynaptic vesicle
density and PSD thickness while reducing synaptic cleft width. These effects were reversed by circUnc79 knockdown. (L) TEM images of
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Two-group comparisons used unpaired two-tailed Student’s #-tests.
Multiple comparisons were analyzed by one- or two-way ANOVA with
Bonferroni post hoc tests. Exact tests and P values are provided in the
Source Data. P < 0.05 was considered statistically significant.

3. Results

3.1.  CircUnc79 in the mPFC mediated cue-associated morphine
reward memory

Morphine-induced conditioned place preference (CPP) was
established in mice, as indicated by a significant increase in
dwell time and CPP scores in the morphine group compared to
saline controls during the post-test (P < 0.001), without changes
in locomotor activity (Fig. 1A—C). This reward memory
remained stable during the retrieval test on Day 13 (Supporting
information Fig. S1), providing a suitable time point for tran-
scriptomic analysis. RNA sequencing of mPFC tissue harvested
after the retrieval test (GSE221797)'° identified circUnc79
(circBase ID: mmu_circ_0000411) as a differentially expressed
circRNA candidate (Fig. 1D). Derived from the parental gene
Unc79 (Unc79 homolog, NALCN channel complex subunit),
circUnc79 is formed via back-splicing of exon two to exon 7
(Fig. 1E). Its circular structure was validated by divergent primer
PCR and Sanger sequencing, which confirmed the specific
back-splicing junction (Fig. 1F and G) and demonstrated its
evolutionary conservation across mammalian species (Support-
ing information Fig. S2). Furthermore, circUnc79 exhibited
greater stability compared to its linear counterpart, demon-
strating resistance to RNase R digestion and actinomycin
D-induced transcription inhibition (Fig. 1H).

Notably, quantitative expression analysis revealed that cir-
cUnc79 was significantly downregulated in the mPFC following
morphine-induced CPP (P < 0.01), whereas linear Unc79 mRNA
levels remained unaltered (Fig. 11). This downregulation was
consistent across different morphine doses (5, 10, and 20 mg/kg;
Supporting information Fig. S3) and exhibited regional specificity,
with no changes observed in the NAc, Hipp, VTA, or BLA (Sup-
porting information Fig. S4). Crucially, circUnc79 levels remained
stable in home-cage mice receiving chronic morphine in the
absence of contextual pairing (Supporting information Fig. S5).
These findings suggested that circUnc79 was a spatially restricted,
memory-associated molecular signature, distinct from a general-
ized pharmacological response to morphine.

At the cellular level, BaseScope in situ hybridization demonstrated
a broad distribution of circUnc79 across mPFC laminae, confirming its
downregulation in CPP mice (Fig. 1J and K, Supporting information
Fig. S6). Co-localization assays revealed that circUnc79 was pre-
dominantly enriched in neurons, displaying clear overlap with MAP2
and SYN1 (Fig. 1L—O, Supporting information Fig. S7—S9). Quan-
titative analysis revealed that neurons showed the highest expression
level (55.46 £ 3.32%), significantly exceeding that observed in as-
trocytes (21.28 4 3.87%), microglia (17.70 £ 2.28%), and oligoden-
drocytes (12.27 £ 1.69%). Consequently, neurons constituted the
majority (78.45%) of the total circUnc79-positive population (Sup-
porting information Figs. S10 and S11). Further characterization

indicated that circUnc79 was preferentially enriched in excitatory
glutamatergic neurons (with minimal overlap with GAD67; Supporting
information Fig. S12) and localized to presynaptic compartments, with
7126 £ 4.23% of circUnc79 puncta co-localizing with SYNI1
compared to only 24.09 £ 1.72% with the postsynaptic marker PSD-95
(Supporting information Fig. S13).

3.2.  Bidirectional modulation of morphine reward memory by
circUnc79 in the mPFC

To investigate the functional role of circUnc79 in morphine-
induced reward memory, lentiviral vectors (LV-circ-OE) were
bilaterally injected into the mPFC to overexpress circUnc79
(Fig. 2A). Fluorescence microscopy confirmed robust expression
confined to the mPFC (Fig. 2B). Consistently, RT-qPCR analysis
showed that circUnc79 levels were markedly elevated in the LV-
circ-OE group compared with controls (P < 0.001), validating
the efficiency of the overexpression strategy (Fig. 2C).

Behaviorally, circUnc79 overexpression significantly potentiated
morphine reward memory. Two-way ANOVA revealed a significant
Drug x Virus interaction (F = 22.08, P = 0.0003), indicating that the
effects of viral manipulation were dependent on drug treatment. While
viral intervention did not alter behavior in saline-treated mice
(P > 0.05), post hoc analysis demonstrated that LV-circ-OE + MOR
mice exhibited significantly elevated CPP scores compared to
morphine-treated controls (+ = 4.193, P = 0.0005; Fig. 2D—F),
suggesting enhanced morphine-induced CPP. Moreover, circUnc79
overexpression significantly impaired extinction learning, as evidenced
by persistently elevated CPP scores across multiple extinction sessions
(Supporting information Fig. S14).

Based on its neuronal localization, we performed neuron-
specific  knockdown wusing an hSyn-driven AAV-shRNA
(Fig. 2G), which selectively reduced circUnc79 (P < 0.05)
without affecting linear Unc79 mRNA (Fig. 2H). Two-way
ANOVA revealed significant main effects for Drug (F = 44.74,
P < 0.0001) and Virus (F = 15.33, P = 0.0016), as well as a
critical Drug x Virus interaction (F = 9.721, P = 0.0076). Post
hoc comparisons confirmed that knockdown of circUnc79 signifi-
cantly reduced morphine-induced preference (t = 4.894,
P < 0.0001) while not affecting saline baseline behavior
(P > 0.05; Fig. 2I—K). Temporal analysis showed that circUnc79
knockdown attenuated CPP scores during both the acquisition
phase (P < 0.0001) and the retrieval phase (P < 0.001; Fig. 2L and
Supporting information Fig. S15), suggesting that circUnc79
contributed to both the formation and expression of morphine
reward memory. Moreover, knockdown facilitated extinction
learning and prevented morphine priming-induced reinstatement of
drug-seeking behavior (Supporting information Fig. S16). This
intervention did not affect locomotor activity (Supporting infor-
mation Fig. S17), anxiety, spatial memory, social cognition, and
natural reward processing (Supporting information Fig. S18),
indicating behavioral specificity.

To explore molecular correlates, we assessed synapse-
associated proteins in the mPFC following the retrieval test.
Western blot analysis revealed that morphine conditioning
induced robust upregulation of key synaptic markers, including

synaptic ultrastructure. Yellow arrows indicated analyzed regions: synaptic vesicles (top), PSD (middle), synaptic cleft (bottom). Scale
bar = 400 nm (n = 25). Data are presented as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < (0.0001; #p < 0.01,
###p < 0.0001; ns, not significant (one-way ANOVA followed by Bonferroni post hoc test).
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PSD95, VGLUTI, and synaptophysin (SYP). Importantly, cir-
cUnc79 knockdown normalized these morphine-induced changes,
restoring synaptic protein levels toward baseline (Fig. 2M and N).
Together, these results suggested circUnc79 as a critical and
specific regulator of morphine reward memory, likely through the
modulation of synaptic plasticity-related pathways.

3.3.  CircUnc79 knockdown reversed morphine-induced synaptic
remodeling

Building on the established role of circUnc79 in modulating
synapse-associated proteins during morphine memory retrieval,
we conducted neuromorphological analysis to investigate its ef-
fects on synaptic plasticity in the mPFC. Golgi staining was
performed to assess dendritic architecture in morphine-
conditioned mice (Fig. 3A and B). Morphine exposure signifi-
cantly enhanced dendritic arborization, characterized by increased
total dendritic branch length (P < 0.0001 vs. saline; Fig. 3C) and
increased dendritic complexity in Sholl analysis, as indicated by a
greater number of dendritic intersections at distances of
10—120 pm from the soma (Fig. 3D and E). Notably, circUnc79
knockdown reversed these morphine-induced morphological
changes, restoring dendritic complexity and length toward base-
line levels (Fig. 3C—E). Dendritic spine analysis further identified
synapse-specific plasticity modulated by circUnc79. Morphine
conditioning increased overall spine density (P < 0.0001 vs. sa-
line), preferentially expanding mature mushroom-type spines
(P < 0.001) while reducing immature thin spines (P < 0.05)
(Fig. 3F—I). Knockdown of circUnc79 attenuated this subtype-
specific redistribution, restoring total spine density toward con-
trol levels.

Transmission electron microscopy (TEM) revealed ultrastruc-
tural synaptic changes following morphine-associated memory
retrieval (Fig. 3J—L). Presynaptic terminals exhibited a 1.42-fold
increase in synaptic vesicle density (P < 0.0001 vs. saline), sug-
gesting increased neurotransmitter release capacity. This effect
was attenuated by circUnc79 knockdown (P < 0.0001 vs.
morphine) (Fig. 3K). Concurrently, morphine induced a 1.24-fold
thickening of postsynaptic densities (PSDs) (P < 0.0001), which
was partially reversed by circUnc79 knockdown (P < 0.0001 vs.
morphine). Additionally, morphine-associated memory retrieval
reduced synaptic cleft width (P < 0.0001), whereas circUnc79
knockdown restored cleft width (P < 0.01 vs. morphine).
Collectively, these findings demonstrated that circUnc79 contrib-
uted to the consolidation of morphine-associated memory by
coordinately modulating presynaptic vesicle pools and post-
synaptic structural integrity.

3.4.  CircUnc79 knockdown reversed morphine-induced
neuronal hyperexcitability

Since circUnc79 knockdown reversed both presynaptic and post-
synaptic remodeling, we next assessed whether it affected
neuronal excitability in the mPFC during reward memory
retrieval. In vivo fiber photometry was used to monitor calcium
transients in mPFC neurons during morphine-induced CPP
(Fig. 4A and B). Fluorescence imaging confirmed the co-
expression of jJRGECOla and circUnc79-targeting AAVs, vali-
dating signal specificity (Fig. 4C).

Time-locked fiber photometry recordings during CPP were
performed using dual-wavelength illumination (560 nm signal;
410 nm reference) to calculate normalized AF/F (Fig. 4D).

Morphine-conditioned mice exhibited neuronal hyperactivity upon
drug-paired chamber entry (Fig. 4E), characterized by a 12.87-
fold increase in calcium transient amplitude (AF/F ) compared
with saline (P < 0.0001) (Fig. 4F and G). Analysis of calcium
event kinetics showed that memory retrieval significantly
increased calcium event frequency (P < 0.0001) while decreasing
individual event duration (P < 0.001) compared to saline controls
(Supporting information Fig. S19). Remarkably, circUnc79
knockdown significantly reversed these morphine-induced alter-
ations across all parameters, restoring neuronal activity toward
baseline levels and suggesting its role in sustaining context-
dependent excitability.

Event-triggered heatmaps further revealed that morphine eli-
cited sustained high-amplitude activation specifically in the drug-
paired context. This chamber-specific excitability was normalized
following circUnc79 silencing, with activation patterns resembling
those of saline controls (Fig. 4H). These findings demonstrated
that circUnc79 contributed to morphine-associated reward mem-
ory by sustaining synaptic and neuronal excitability changes in
response to contextual drug cues.

3.5.  Multimodal validation of the circUnc79/miR-149-3p/
EAAT2 ceRNA regulatory axis

To elucidate the molecular mechanism underlying circUnc79’s
regulation of drug-seeking behavior, we systematically validated
the ceRNA network through multimodal approaches. We
employed a dual-transcriptomic strategy integrating morphine-
induced mPFC RNA-seq (GSE221797) with ONT-seq validation
(GSE276730), which identified EAAT2 as a high-confidence
target (Supporting information Fig. S20). The construction pro-
cess and key bioinformatic predictions were provided in the
Supporting information Table S5—S12. Integration of multiple
prediction algorithms identified miR-149-3p as a candidate
interacting with both circUnc79 and the glutamate transporter
EAAT?2 (Fig. 5A). In vivo qPCR in morphine-conditioned mice
revealed decreased EAAT?2 expression (P < 0.05) and increased
levels of miR-149-3p (P < 0.01), consistent with canonical
ceRNA interactions (Fig. 5B). Parallel experiments in female mice
replicated these expression patterns, confirming sex-independent
regulation (Supporting information Fig. S21). After a 28-day
withdrawal period, circUnc79 and miR-149-3p returned to base-
line levels, while EAAT2 remained elevated compared to controls
(Supporting information Fig. S22).

In CATH.a and Neuro-2a cell lines, circUnc79 overexpression
reduced miR-149-3p (P < 0.001) and elevated EAAT2 mRNA
(Slcla2) and protein expression, while circUnc79 knockdown
reversed these effects (Fig. SC—E). Transfection with miR-149-3p
mimics suppressed Slc/a2 level, whereas miR-149-3p inhibitors
increased Slcla2 level (P < 0.05 in CATH.a; P < 0.01 in Neuro-
2a; Fig. 5F and G). Cross-species sequence analysis demonstrated
the evolutionarily conserved miR-149-3p seed complementarity to
both circUnc79 and the Slcla2-201 3’ UTR (Fig. 5H).

BaseScope combined with immunofluorescence demonstrated
that circUnc79 and AGO?2 signals were highly overlapping, sup-
porting its role as a miRNA sponge (Fig. 5I). RNA immunopre-
cipitation (RIP) assays using an anti-AGO2 antibody enriched
circUnc79, miR-149-3p, and Sicl/a2 mRNA relative to IgG con-
trols (Fig. 5J). Dual-luciferase reporter vectors containing wild-
type (WT) or mutated (MUT) miR-149-3p binding sites were
constructed in the pmirGLO vector (Supporting information
Fig. S23) and validated by Sanger sequencing (Fig. 5K and
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Figure4 Calcium dynamics revealed circUnc79 effects on neuronal excitability in the mPFC. (A) Procedure for stereotaxic implantation of the
optical fiber ferrule. (B) Fiber photometry system and schematic of Ca>"-dependent fluorescence detection. (C) Fluorescence validation of co-
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morphine- or saline-paired compartments. (F, G) Quantification of neuronal calcium transient amplitude during chamber entries (n = 6). (H)
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mice). Color intensity reflected normalized AF/F. Data are presented as mean 4 SEM. **#P < 0.0001; ***P < 0.0001; ns, not significant (one-
way ANOVA followed by Bonferroni post hoc test).
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Figure 5  Identification and validation of the circUnc79-mediated ceRNA network. (A) Cytoscape visualization of the circUnc79/miRNA/
mRNA network. (B) RT-qPCR validation of reciprocal regulation of the miR-149-3p/EAAT?2 axis (n = 5—6) (Student’s r-test). (C) Lentiviral
manipulation in CATH.a cells: fluorescence validation of circUnc79 overexpression (top) and corresponding regulation of miR-149-3p and
EAAT?2 (bottom) (n = 3) (Student’s #-test or one-way ANOVA followed by Bonferroni post hoc test). (D, E) Gain- and loss-of-function assays in
Neuro-2a cells showing miR-149-3p/EAAT?2 regulation (D) and EAAT?2 protein levels (E) (n = 3) (Student’s #-test or one-way ANOVA followed
by Bonferroni post hoc test). (F, G) Functional modulation of miR-149-3p in CATH.a and Neuro-2a cells and its effects on EAAT?2 expression
(n = 3) (Student’s #-test). (H—J) Predicted binding sites (H), cytoplasmic co-localization of circUnc79 with AGO2 (I), and AGO2-RIP followed
by RT-qPCR showing co-enrichment of circUnc79, miR-149-3p, and EAAT2 (J) (n = 3) (Student’s t-test). (K, L) Dual-luciferase reporter assay



CircUnc79/miR-149-3p/EAAT?2 axis regulates morphine reward memory 5159

Supporting information Fig. S24). Luciferase assays confirmed
direct interaction, with miR-149-3p mimics suppressing wild-type
reporter activity (P < 0.0001), but showing no effect on mutated
constructs (P = 0.87 vs. controls) (Fig. 5L and Supporting in-
formation Fig. S25). These findings established circUnc79 as a
functional miRNA sponge that sequestered miR-149-3p, thereby
relieving translational repression of EAAT?2 and linking circUnc79
to glutamatergic signaling regulation.

3.6.  miR-149-3p as a functional mediator of circUnc79-
dependent morphine reward memory

To clarify the role of miR-149-3p in the circUnc79/miR-149-3p/
EAAT?2 axis, we manipulated its expression in the mPFC during
morphine-induced CPP (Fig. 6A). Microinjection of AgomiR-149-
3p resulted in a 1.7-fold increase in mature miR-149-3p levels
(P < 0.001; Fig. 6B) and impaired both the acquisition and
retrieval of reward memory (Fig. 6C), as evidenced by reduced
CPP scores (P < 0.0001) and decreased preference for the
morphine-paired chamber (Fig. 6D). Locomotor activity remained
unaffected, confirming behavioral specificity (Fig. 6E).

Conversely, neuron-specific miR-149-3p knockdown via
adeno-associated virus (Fig. 6F) reduced its expression by
54.28% in the mPFC (P < 0.01; Fig. 6G) and enhanced CPP
scores during retrieval (P < 0.05 vs. AAV-miR-NC + MOR;
Fig. 6H), without affecting locomotor activity (Fig. 6I). Trajec-
tory heatmaps and 3D reconstructions showed that miR-149-3p-
deficient mice increased preference for the drug-paired chamber
(Fig. 6J), while general cognitive and exploratory behaviors
remained unchanged (Supporting information Fig. S26).

To further examine the circUnc79/miR-149-3p interplay, dual AAV
vectors targeting both molecules were co-injected into the mPFC
(Fig. 6K). Remarkably, miR-149-3p knockdown reversed the sup-
pressive effect of circUnc79 knockdown on CPP scores (P < 0.05;
Fig. 6L), restoring chamber preference to morphine control levels
(Fig. 6M). Locomotor parameters remained unchanged (Fig. 6N).
These bidirectional manipulations demonstrated that miR-149-3p
acted as a functional mediator regulated by circUnc79 in opioid
reward memory. The rescue of circUnc79 knockdown effects by miR-
149-3p deficiency supported a model in which circUnc79 maintained
drug-context associations by antagonizing miR-149-3p, linking
ceRNA network dynamics to synaptic plasticity.

3.7. The circUnc79/miR-149-3p/EAAT?2 axis regulates morphine
reward memory via neuronal excitability and glutamatergic
homeostasis

To link miR-149-3p’s behavioral effects to synaptic and circuit adap-
tations, we employed fiber photometry with neuron-specific expression
of the calcium indicator JGCaMP7f and miR-149-3p-targeting shRNA
(Fig. 7A—C). Representative calcium signals recorded upon entry into
saline- or morphine-paired chambers are shown in Fig. 7D. Morphine-
treated mice displayed significantly higher mean AF/F upon entering
the drug-paired chamber compared to saline controls (P < 0.0001;
Fig. 7E). Notably, miR-149-3p knockdown further increased mean

AF/F (P < 0.0001 vs. morphine controls). Heatmap analysis confirmed
that calcium transients were selectively increased during exploration of
the morphine-paired context (Fig. 7F). Event-parameter analysis
revealed that memory retrieval significantly increased calcium event
frequency (P < 0.0001) while decreasing event duration (P < 0.0001).
Moreover, miR-149-3p knockdown further enhanced event frequency
(P < 0.01) without altering duration (Supporting information Fig. S27).

To investigate presynaptic adaptations, we employed the
glutamate sensor iGluSnFR3.v857 co-expressed with miR-149-
3p-targeting shRNA in mPFC neurons (Fig. 7G). The experi-
mental timeline and representative iGluSnFR3.v857 signals were
shown in Fig. 7H and I, with representative traces recorded during
chamber entry shown in Fig. 7J. Morphine conditioning signifi-
cantly increased mean glutamate release (AF/F ) in the mPFC
during memory retrieval compared to saline controls (P < 0.001).
Importantly, miR-149-3p knockdown further potentiated this
glutamate release selectively in the morphine-paired chamber
(Fig. 7K—M). Kinetic analysis showed that morphine exposure
increased release frequency (P < 0.01) and shortened the duration
(P < 0.01), while miR-149-3p knockdown elevated release
amplitude without further altering frequency or duration (Sup-
porting information Fig. S28).

To explore how the circUnc79/miR-149-3p/EAAT2 axis
regulated synaptic glutamate homeostasis, we isolated synapto-
somes from the mPFC following behavioral testing (Fig. 8A and
B). Enrichment was validated by increased levels of VGLUTI,
PSD95, NMDAR, AMPAR (GluR2), and EAAT2 (Fig. 8C).
Western blot analysis revealed that morphine reduced synaptic
EAAT2 levels (P < 0.01 vs. saline), an effect exacerbated by
circUnc79 knockdown (P < 0.05 vs. morphine; Fig. 8D).
Concurrently, morphine upregulated synaptic proteins including
PSD95 (P < 0.01), VGLUTI (P < 0.01) and SYP (P < 0.001),
which returned to baseline following circUnc79 knockdown
(P < 0.05 vs. morphine; Fig. 8D). Notably, EAAT2 down-
regulation in the non-synaptosomal fraction induced by morphine
was not reversed by circUnc79 knockdown (Supporting informa-
tion Fig. S29), indicating synapse-specific regulation. Functional
epistasis experiments showed that miR-149-3p knockdown
restored EAAT2 expression (P < 0.05 vs. morphine) and further
increased VGLUT1 (P < 0.05; Fig. 8E). Combined knockdown of
circUnc79 and miR-149-3p rescued EAAT2 and VGLUTI to
morphine-treated control levels (P < 0.05 vs. AAV-circ-
KD + MOR; Fig. 8F), establishing miR-149-3p as the key effector
of circUnc79 in glutamate homeostasis.

Integrating these molecular and functional data, we proposed that
during morphine reward memory retrieval, mPFC neurons exhibited
increased excitability supported by enhanced presynaptic glutamate
loading and postsynaptic structural potentiation (Fig. 8G). Knockdown
of circUnc79 engaged a miR-149-3p-mediated pathway that sup-
pressed synaptic EAAT2 expression, reducing presynaptic glutamate
reuptake and potentially affecting VGLUTI1-mediated vesicular
repackaging and glutamate release. These findings established cir-
cUnc79 as a critical regulator coordinating miR-149-3p-dependent
neuronal excitability and glutamatergic homeostasis involved in
persistent opioid-associated memory.

showing WT and MUT miR-149-3p binding sites and suppression of WT reporter activity by miR-149-3p mimics (n = 4) (Student’s #-test). Scale
bars = 100 pum (C), 10 pm (I). Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; #P < 0.05,

#H#Hp < 0.0001; ns, not significant.



5160 Xixi Yang et al.

A B . igomjs-wc C « AgoNC+SAL + AgoNC+MOR D Time spent .53- Moré]
. * Agomi + AgomiR+SAL * AgomiR+MOR
W AgomiR 3days Condition Homecage - miR-149-3p Vi - 3
2 - e |
V MOR \VAVAVAVAY, T agy BEE o WO [ : P
—0—> ? 0
Vea T PO ZXARAR OO0y ¢ . 2 g
3 0 6 13 o 20 e S
n i " A o g o ] g <
Injection Pre-test Post- Retrieval g3 . ¥ S M
test AR T = x
AgomiR miR-149-3p _5 . (5] &
T JH -2001— : . £
Sagittal s O Pre-test Post-test Retrieval g
E . AgoNcesaL « AgoNcemOR =
« AgomiR+SAL *+ AgomiR+MOR * o E
* g o
E 80007 kg ns 190 R s
o ns NS £ % — o
60004 ™1 ns! 2 gqe . o ® 1204 . ns <
g 23! s |ag.. £ B =
S 4000 H v = o 4 EE = 80 .M o
2 ' o E T |gs. %
T =
5 2000 52 40 i 8 i %
s
Coronal |E o/ZNEN EU Jasn oJ2HEE E’

F G H J

«  AAV-MIR-NC Time spent [Eess Mor&]
o AAV-mRKD © AAV-mIR-NC+SAL * AAV-mR-NC+MOR s ¥
« AAV-mIR-KD+SAL * AAV-miR-KD+MOR i i
AAV-hSyn-miR-149-3p-KD g miR-149-3p TRy T ol . L
1 (g |
g 2.0 % __ 500+ AAAA AAAN SAL SAL SAL SAL
n§ . 2 3004 1. - I
29 10{ 2 S 2004 - ; - -
e~ . ® 1004 * » g b B af) & 4
e o5{Mis & oyt - 4 T :?“5&“
K H O 009 ¢ O, g5 @
s 00— = -2004—= T T
® Pre-test Post-test Retrieval & w
|+ AAV-MIRNC+SAL: AAV-mIR-NC+MOR
. M\.r.wp;:ms::_ *  AAV-miR-KD+MOR MOR SAL MOR SAL
E 80000 — — w10 IEI IEI 1509 ns ns
c & A - =¥ E g * w m '_‘
oronal @ 60004 - 8 . . o . g
g Shdvy ©oglezi_ Et00d,: | .
3 1 2 - - * 8. £ ¢
- § 40001 I HENT T b g ﬁ@'ﬂ_u
= 2000 . | S
AAV-hSyn-circUnc79-KD £ g ? 11 "
AAV-hSyn-miR-149-3p-KD F JEEEE = ,INEENR (RE8 5§ & &»
L. asveencimon N
+  AAV-GIre-KD+MOR * - AAV-circ-NCHMOR
© AAV-GROmIRKDWMOR T 1 4 * AAV-circ-KD+MOR
400- * 2  —rm *  AAV-circ+miR-KD+MOR
_— — ns —
L M ns
o . . e 5 10000 E107 & ' 1507 ——
& 200 N - , bz - ns n o oo ns ns
g . . i & & B 2 Qg IR aReB S G 2 /e
: o a - - =8 H E 6000 . ¥ '§ 64 1: -: = 100 s N
o - W - ﬁ - 1 e
S 2 F y 2 4000 o 4 Es{BlB
2001 — ¢ : = 2000 g 2 &
M Pre-test Post-test Retrieval 2 0 . 2 9 0
= == - = =
& Timespent MGSSINN MR % g
= MOR SAL = MOR  sAL 3
% =T e + 222 =
I f
£ £ 5
5
: "

1

Bidirectional modulation of morphine reward memory by miR-149-3p and rescue of circUnc79 knockdown-induced CPP suppres-
sion. (A—E) miR-149-3p AgomiR attenuated morphine reward memory: experimental timeline and fluorescence validation (A), RT-qPCR
confirming miR-149-3p upregulation (B), reduced CPP scores during post-test and retrieval (C), representative trajectories and heat maps
showing decreased chamber preference (D), and unchanged locomotor activity (E) (n = 7—8) (two-way ANOVA followed by Bonferroni post-
hoc test). (F—J) Neuron-specific miR-149-3p knockdown enhanced morphine reward memory: infection validation (F), reduced miR-149-3p
levels (G), increased CPP scores without affecting locomotor activity (H, I), and representative trajectories showing enhanced chamber prefer-
ence (J) (n = 6—10) (two-way ANOVA followed by Bonferroni post hoc test). (K—N) miR-149-3p knockdown rescued circUnc79 knockdown-
induced CPP suppression: dual-virus co-injection strategy (K), restoration of CPP scores (L), representative trajectories showing recovered
chamber preference (M), and unchanged locomotor activity (N) (n = 8) (one-way ANOVA followed by Bonferroni post hoc test). Scale

Figure 6
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4. Discussion

4.1.  CircUnc79 served as a neuron-enriched regulator in
morphine-induced reward memory

CircRNAs have recently emerged as important regulators of
neuroplasticity and substance use disorders'®. In this study, we
identified circUnc79 as a novel, neuron-enriched circRNA that
modulated morphine-induced reward memory in the mPFC.
CircUnc79 exhibited canonical circRNA properties, including
high stability and resistance to exonuclease-mediated degradation,
as validated by RNase R and Actinomycin D treatments. Its
parental gene, Unc79, encoded a regulatory subunit of the
NALCN channel complex that modulated neuronal excitability by
controlling sodium leak currents and resting membrane poten-
tial*®. Importantly, morphine conditioning selectively down-
regulated circUnc79 in the mPFC without affecting Unc79 mRNA
levels across examined brain regions, indicating post-
transcriptional regulation rather than host gene transcription.
Subcellularly, circUnc79 localized predominantly in the neuronal
cytoplasm and presynaptic terminals. This presynaptic enrichment
resembled that of circHomerl1, which accumulated at synapses to
regulate transmission and experience-dependent plasticity>?!%2,
suggesting circUnc79 participated in synaptic remodeling under-
lying reward memory.

CircUnc79 showed regional specificity. Downregulation
occurred exclusively in the mPFC, with no changes in the NAc,
hippocampus, BLA, or VTA. Importantly, this regulation occurred
only in behaviorally conditioned mice, not in home-cage
morphine-treated controls, indicating memory-dependent rather
than purely pharmacological effects®. While self-administration
models mimic active drug-seeking via operant conditioning, the
CPP paradigm relies on Pavlovian conditioning to specifically
isolate the associative learning process between environmental
cues and drug reward***>. Given that the mPFC processes
contextual associations>®, CPP enabled precise dissection of drug-
context memory traces. All effective morphine doses triggered
similar circUnc79 downregulation?’, suggesting a saturable
response linked to memory formation rather than a graded dose-
response effect.

Bidirectional manipulation supported a causal role for cir-
cUnc79. Overexpression of circUnc79 enhanced morphine-
induced CPP and impaired extinction, whereas knockdown
attenuated memory retrieval, facilitated extinction, and prevented
morphine-primed reinstatement. Notably, our initial functional
screening employed lentiviral vectors with a ubiquitous CMV
promoter (LV-circUnc79-OE), which potentially transduced both
neurons and glial cells. However, given the demonstrated neuronal
enrichment of endogenous circUnc79, we conducted all subse-
quent loss-of-function experiments, neuronal morphological ana-
lyses, and fiber photometry recordings using AAV vectors driven
by the neuron-specific hSyn promoter. This neuron-targeted
strategy supported the conclusion that the behavioral and mech-
anistic phenotypes were primarily neuron-driven. We proposed
that the endogenous downregulation of circUnc79 represented a
compensatory homeostatic response that limits excessive synaptic
excitation. Such a mechanism is analogous to negative-feedback

adaptations in addiction neurobiology. For example, in the NAc,
chronic drug exposure activates cAMP response element-binding
protein (CREB), which in turn upregulates dynorphin expression.
This CREB—dynorphin pathway has been shown to attenuate
cocaine reward, representing a form of negative-feedback
adaptation?®,

The upstream mechanisms governing circUnc79 down-
regulation remained to be fully elucidated. Since circUnc79
changed independently of Unc79 mRNA, post-transcriptional
mechanisms were likely involved. Existing evidence suggested
that opioid exposure remodeled the landscape of RNA-binding
proteins (RBPs) downstream of p-opioid receptor (MOR)
signaling®. Morphine has been shown to modulate the activity of
hnRNPK and other splicing factors®®, which may disrupt circRNA
biogenesis or stability. Candidate regulators include RBPs that
control circRNA stability*'? and splicing factors (e.g., DHX9)
that modulate back-splicing®. Additionally, epigenetic modifica-
tions at the Unc79 locus could also alter back-splicing®.

Collectively, these findings suggested that circUnc79 was a
stable, evolutionarily conserved, and neuron-enriched circRNA
that functioned as a spatially and temporally regulated epigenetic
modulator of morphine-induced neuroadaptations. Its indepen-
dence from linear transcript regulation, strategic presynaptic
localization, and selective behavioral effects position circUnc79 as
a potential therapeutic target for OUD.

4.2.  CircUnc79 modulated morphine-induced reward memory
via ceRNA network

The circRNA/miRNA/mRNA regulatory axis has emerged as a
central mechanism of synaptic plasticity and addiction-related
neuroadaptations’. CircRNAs can function as ceRNAs that sponge
specific miRNAs, thereby influencing downstream mRNA targets
essential for synaptic remodeling and drug-seeking behaviors®.
Here, we identified the circUnc79/miR-149-3p/EAAT?2 axis as a
previously unrecognized pathway in morphine-induced reward
memory.

Our findings demonstrated that circUnc79 functions as a mo-
lecular sponge for miR-149-3p, relieving its inhibitory effect on
EAAT2 (also known as GLT-1), a transporter essential for
maintaining synaptic glutamate homeostasis''**. This ceRNA-
mediated regulation was validated through miRNA mimics/in-
hibitors, dual-luciferase reporter assays, and RIP, confirming that
circUnc79 indirectly promoted EAAT2 expression by sequestering
miR-149-3p. Bioinformatic analysis revealed that the back-
splicing junction of circUnc79 was highly conserved across
mammals. Furthermore, the miR-149-3p seed match within the
EAAT2 3’ UTR exhibited high conservation between mice and
humans, supporting evolutionary preservation of this regulatory
module. Although miR-149-3p has been primarily studied in
cancer®, its role in addiction neurobiology has remained largely
unexplored. We observed that miR-149-3p specifically modulated
the retrieval of morphine-induced CPP. Overexpression impaired
retrieval, while knockdown enhanced it. Importantly, both
behavioral and molecular responses were conserved across sexes,
as female mice displayed similar patterns of the circUnc79/miR-

bars = 300 pum (top), 100 um (bottom) (A); 200 pm (up), 50 pm (bottom) (F); 500 um (up), 100 pm (middle), 20 um (bottom) (K). Data are
presented as mean 4+ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; *P < 0.05, **P < 0.001, **P < 0.0001; P < 0.0001; ns,

not significant.
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Figure 7  Knockdown of miR-149-3p exacerbated morphine-induced neuronal hyperactivation and glutamate release in the mPFC. (A—F) miR-

149-3p deficiency amplified morphine-evoked calcium signaling: co-expression of AAV-hSyn-jGCaMP7f and AAV-hSyn-miR-149-3p-KD in the
mPFC (A), fiber photometry recording timeline during CPP (B), representative calcium traces (C), event-locked calcium dynamics during
chamber entries (D), increased mean AF/F and increased neuronal activity during entry into the morphine-paired chamber (E), and corresponding
heat maps aligned to chamber entry (=2 to +6 s) (F), (n = 6) (one-way ANOVA followed by Bonferroni post hoc test). (G—M) miR-149-3p
knockdown potentiated morphine-associated glutamate release: co-expression of AAV-hSyn-iGluSnFR3.v857 and AAV-miR-149-3p-KD in the
mPFC (G), recording timeline synchronized with CPP phases (H), representative glutamate signal traces (I), event-aligned glutamate dynamics
during chamber entries (J), increased AF/F during entry into the morphine-paired chamber (K), real-time glutamate dynamics during saline- and
morphine-paired chamber entries (L), and corresponding heat maps aligned to morphine-paired chamber entry (—2 to 46 s) (M) (n = 6) (one-way
ANOVA followed by Bonferroni post hoc test). Scale bars = 500 um (left), 200 pm (top), 50 um (bottom) in panels A and G. Data are presented
as mean + SEM. *#*P < 0.001, ****P < 0.0001; **P < 0.001, #*P < 0.0001; ns, not significant.
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Synaptosome profiling revealed the function of the circUnc79/miR-149-3p/EAAT?2 axis in morphine-induced memory retrieval.

(A—C) Synaptosome isolation and validation from the mPFC: schematic of synaptic structures in mPFC tissue (A), synaptosome enrichment
workflow (B), and Western blotting validation showing enrichment of synapse-associated proteins in isolated synaptosomes (C). (D—F) Regu-
lation of synaptosomal proteins by the circUnc79/miR-149-3p axis. (D) Knockdown of circUnc79 altered synapse-associated protein levels in

synaptosomes during morphine reward memory retrieval (n

= 4). (E) Synaptosome Western blotting analysis revealed that miR-149-3p

knockdown increased EAAT2 and VGLUTI expression (n = 4). (F) Knockdown of miR-149-3p reversed circUnc79 knockdown-induced al-
terations in synaptosomal EAAT2 and VGLUT1 during morphine reward memory retrieval (n = 4). (G) Proposed model illustrating the role of
circUnc79 in regulating morphine reward memory through the miR-149-3p/EAAT?2 axis. During memory retrieval, circUnc79 knockdown
activated a miR-149-3p-dependent pathway, resulting in reduced neuronal EAAT2 expression and altered VGLUT-associated glutamatergic
transmission and synaptic plasticity, thereby modulating morphine reward memory retrieval. Data are presented as mean £+ SEM. *P < 0.05,
#P < (0.01, *¥**P < 0.001, ****P < 0.0001; p < 0.05; ns, not significant.
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149-3p/EAAT?2 axis, supporting the therapeutic relevance of this
axis.

EAAT2 is the principal glutamate transporter in the CNS,
responsible for clearing 80%—90% of extracellular glutamate'®.
Although EAAT? is predominantly localized to astrocytes, it has
also been reported in neurons and synaptic fractions, including
presynaptic  compartments'?.  Our  synaptosomal analysis
confirmed EAAT?2 presence in mPFC neuronal synapses (Fig. 8C),
suggesting a neuron-specific mechanism through which circUnc79
regulated glutamatergic signaling. Dysregulated glutamatergic
transmission is a core feature of addiction pathology, with EAAT2
acting as a critical homeostatic regulator®®. Chronic drug exposure
typically downregulates EAAT?2, impairing glutamate clearance
and promoting synaptic hyperexcitability>’%. While previous
studies focused on astrocytic EAAT2, our results demonstrated
that the retrieval of morphine reward memory was accompanied
by a significant reduction of EAAT2 specifically in mPFC
synaptosomes.

Neuronal EAAT2 knockout models supported this distinc-
tion'>"'*. Deletion of neuronal EAAT2 disrupted glutamate uptake
at synaptic terminals, triggering compensatory astrocyte-to-neuron
glutamine transfer'®. Despite such compensation, these mice
exhibited normal baseline behaviors but significantly altered re-
sponses to psychostimulants®®, implying a specialized role for
neuronal EAAT2 in modulating circuit sensitivity to drugs of
abuse. Consistent with this, circUnc79 knockdown reduced pre-
synaptic EAAT2 expression in the mPFC, likely disrupting glu-
tamatergic homeostasis during reward memory retrieval by
shifting the excitatory balance within local mPFC microcircuits*’.

Temporal analysis revealed critical stage-specific regulation. Dur-
ing early retrieval, the circUnc79/miR-149-3p/EAAT2 axis was
significantly dysregulated. However, following 28 days of protracted
withdrawal, both circUnc79 and miR-149-3p normalized to baseline,
while EAAT?2 expression rebounded above control levels. This tem-
poral dissociation suggested that the ceRNA axis specifically governed
memory retrieval, whereas persistent EAAT2 upregulation during
long-term abstinence reflected compensatory homeostatic adaptation
driven by alternative mechanisms. This distinction suggested a po-
tential therapeutic window for targeting the circUnc79 axis during early
withdrawal and retrieval, distinct from mechanisms maintaining pro-
tracted abstinence.

Our results suggested the therapeutic potential of this axis
through bidirectional interventions. CircUnc79 overexpression
impaired extinction learning, rendering reward memories resistant
to suppression. Conversely, AAV-mediated circUnc79 knockdown
facilitated extinction training and abolished morphine priming-
induced reinstatement. Since relapse prevention remains the most
challenging aspect of OUD treatment, the ability of circUnc79
downregulation to disrupt pathological reward associations and
confer lasting protection against reinstatement positions it as a
promising candidate.

While this study focused on morphine, the circUnc79/miR-
149-3p/EAAT?2 axis likely extended to other opioids. Morphine,
heroin, and fentanyl all activate u-opioid receptors and share
overlapping intracellular signaling cascades*', and EAAT2
downregulation has been documented across multiple addictive
substances*”. In summary, while the loss of neuronal EAAT2
might not compromise basal function, its dynamic regulation by
the circUnc79/miR-149-3p axis proved essential for the encoding
and persistence of pathological drug memories.

4.3.  CircUnc79 orchestrated morphine-induced synaptic
remodeling in the mPFC

Synaptic plasticity underlies memory encoding and stabilization,
particularly in addiction-related memory circuits such as the
mPFC*. In this study, we identified circUnc79 as a critical
regulator of morphine-induced synaptic remodeling, coordinating
structural and functional adaptations through the miR-149-3p/
EAAT2 axis. Morphologically, chronic morphine exposure
increased dendritic complexity and selectively enhanced mush-
room spine density in mPFC neurons, consistent with long-term
potentiation (LTP) and memory consolidation**. Concomitant
reduction in thin spine density suggested redistribution toward
more stable synaptic configurations, supporting the formation of
enduring drug-associated memories®***. Importantly, circUnc79
knockdown reversed these adaptations, underscoring its necessity
for morphine-induced structural plasticity'”*°.

At the ultrastructural level, retrieval of reward memory induced
synaptic modifications characterized by increased presynaptic vesicle
density, thickened postsynaptic density (PSD), and narrowed synaptic
clefts, collectively indicating enhanced synaptic efficacy. These
structural alterations were accompanied by upregulation of key syn-
aptic proteins: PSD95 facilitated glutamate receptor anchoring®’, while
VGLUTI and SYP supported glutamate packaging and vesicle traf-
ficking®*. CircUnc79 knockdown normalized these parameters,
revealing its dual role in presynaptic vesicle dynamics and postsynaptic
receptor organization™.

Functionally, fiber photometry recordings revealed that retrieval of
drug-associated memories triggered circuit hyperexcitability®!>2.
Knockdown of circUnc79 significantly attenuated this hyperexcit-
ability. Although AAV-mediated knockdown was initiated prior to CPP
training, retrieval-phase measurements remained critical for assessing
circuit dysfunction. Event-parameter analysis revealed that retrieval
shifted activity toward a more “burst-like” pattern. Parallel recordings
using the glutamate sensor iGluSnFR3.v857 showed exaggerated
glutamate transients upon re-exposure to drug context, consistent with
presynaptic glutamate dysregulation that drove postsynaptic calcium
hyperactivity. Mechanistically, circUnc79 knockdown normalized
these burst patterns and restored glutamate release kinetics, whereas
miR-149-3p knockdown exacerbated them, confirming a hierarchical
regulatory relationship. Collectively, morphine conditioning induced
an adaptive downregulation of neuronal EAAT2, while circUnc79
knockdown further increased miR-149-3p availability, leading to miR-
149-3p-mediated inhibition of presynaptic EAAT2 and effectively
suppressing reward memory retrieval. Notably, these manipulations
altered glutamate dynamics without inducing anxiety- or depression-
like behaviors, suggesting that the circUnc79/miR-149-3p/EAAT?2
axis selectively regulated addiction-related plasticity rather than base-
line emotional processing™.

We further elucidated the coupling between VGLUT1 and
EAAT?2. Neuronal EAAT2 localized to presynaptic terminals
where it recycled glutamate for vesicular repackaging'>~'*. Our
data suggested that circUnc79 regulated VGLUTI indirectly
through metabolic coupling with EAAT2. Functionally, presyn-
aptic EAAT2 was essential for replenishing the cytoplasmic
glutamate pool required for neurotransmitter resynthesis'®'>*%.
We proposed that the adaptive downregulation of neuronal EAAT?2
in morphine-conditioned mice triggered compensatory VGLUT1
reduction to match substrate availability. This coupling was sup-
ported by pharmacological studies showing ceftriaxone-mediated
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EAAT?2 upregulation restored VGLUTI expression”, and by our
rescue experiments demonstrating miR-149-3p inhibition
normalized both EAAT2 and VGLUT1 levels. Beyond vesicular
loading, EAAT2 modulated AMPAR trafficking and LTP-like
plasticity during cue-induced drug seeking®>°, influencing cal-
cium dynamics that governed spine morphogenesis’’ and PSD
organization®®. Thus, circUnc79 maintained presynaptic glutamate
homeostasis by stabilizing EAAT2, which supported VGLUT1-
dependent vesicular loading.

Although clinical data on circUnc79 remain limited, therapeutic
validity of the EAAT?2 pathway is well-established. Postmortem studies
documented reduced EAAT? in the prefrontal cortex of individuals with
substance use disorders®®, and N-acetylcysteine demonstrated efficacy
for reducing craving in clinical trials®*®'. Unlike systemic agents with
limited specificity®®, circUnc79-based approaches could selectively
normalize glutamate dynamics in addiction circuits via the ceRNA
mechanism. The translational potential of circUnc79 is further sup-
ported by favorable drug-like properties. Its circular structure confers
exonuclease resistance, enabling sustained therapeutic effects. Multiple
delivery platforms have been clinically validated, including AAV vec-
tors with favorable safety profiles in neurological clinical trials®* and
FDA-approved antisense oligonucleotides (ASOs) like nusinersen®.
Emerging non-viral platforms, such as extracellular vesicles®® and lipid
nanoparticles (LNPs)®’, promise efficient blood—brain barrier pene-
tration with reduced immunogenicity®®. Future efforts should optimize
CNS tropism and assess long-term safety to advance circRNA-based
precision medicine for addiction treatment.

5. Conclusions

In conclusion, we identified circUnc79 as a neuron-enriched
regulator that coordinates morphine-induced synaptic remodel-
ing through the circUnc79/miR-149-3p/EAAT?2 axis. By inte-
grating presynaptic glutamate recycling with postsynaptic
structural plasticity, circUnc79 links noncoding RNA biology to
addiction-related neuroadaptations. Collectively, our findings
demonstrate that circUnc79 is a key epigenetic mediator of
opioid reward and a potential therapeutic target for opioid use
disorder.

Data availability
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