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[bookmark: OLE_LINK23][bookmark: OLE_LINK6]Methods and Materials
Animals and ethical approval
C57BL/6J male mice (4–6 weeks old) were obtained from the Centralized Animal Facility (CAF) of The Hong Kong Polytechnic University. Animals were group-housed under standard conditions (12 h light/12 h dark cycle, ad libitum access to chow and water). All animal experiments were performed according to the Institutional Animal Care and Use Committee (IACUC) Guidelines on the Use of Laboratory Animals and were approved by the Institutional Animal Subjects Ethics Committee (approval nos. 20-21/172-12S-R and 21-22/200-RS-R), and performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Transgene mice model
[bookmark: _Hlk201338229][bookmark: _Hlk201338219]APLN-floxed mice (loxP sites flanking exons 1–3 of the single-transcript APLN gene) and muscle creatine kinase promoter-driven Cre mice (MCK-Cre) were obtained from GemPharmatech (APLNfl/fl, T009451; MCK-Cre, T036859) on a C57BL/6J background. The APLN-floxed allele was generated by CRISPR/Cas9. APLNfl/fl mice were crossed with MCK-Cre mice to produce skeletal muscle-specific APLN knockout mice (APLN-mKO, genotype APLNfl/Y; MCK-Cre+). Littermate Flox (genotype APLNfl/Y; MCK-Cre-) males served as controls. Camk2a-Cre transgenic mice (B6. Cg-Tg (Camk2a-cre) T29-1Stl/J, stock #005359, Jackson Laboratory) were used for forebrain neuron-specific manipulations. Genotypes were confirmed by PCR on DNA from ear punches, using primers flanking the loxP sites (APLN) or detecting the Cre transgene (Camk2a-Cre) provided by GemPharmatech and Jackson Laboratory, with products verified by agarose gel electrophoresis.

[bookmark: _Toc188476025]Muscle apelin overexpression by intramuscular injection of adeno-associated virus
[bookmark: _Hlk201338266]AAV vectors were used for gene overexpression and knockdown. For muscle-specific apelin overexpression, murine APLN cDNA (NM_013912.4) was cloned into an AAV1 vector under the MCK promoter, with a secretion signal, a C-terminal FLAG tag, and a porcine teschovirus-1 2A peptide (P2A) linking GFP (vector pAV-MCK- APLN-3×FLAG-P2A-GFP, WZ Biosciences). This construct co-expresses FLAG-tagged apelin and GFP from one transcript. Control mice received AAV1 encoding GFP (AAV-GFP) with a scrambled sequence. 
Intramuscular injections were performed on 6-week-old mice under isoflurane anesthesia. Each mouse received a total of 50 μL 1×1011 viral genomes (VG), distributed bilaterally in hindlimb muscles: 12.5 μL into each tibialis anterior (TA) and 12.5 μL split between two sites in each gastrocnemius (Gas), using a 30-gauge insulin syringe. Transient swelling at injection sites indicated successful delivery and adaptation was subsequently monitored for 3 days.

Ventral hippocampus APJ knockdown in glutamatergic neurons by AAV
[bookmark: _Hlk201339956]For neuronal knockdown of the apelin receptor (APJ), we used a Cre-dependent AAV9 vector (pAV-CMV-DIO-RFP-mir30RNA, WZ Biosciences) encoding an anti-APLNR microRNA and RFP under a CMV promoter (Cytomegalovirus). In Camk2a-Cre mice, this double-floxed inverse orientation (DIO) vector expresses the shRNA only in Cre+ neurons. Bilateral stereotaxic injections (0.5 μL per site at 100 nL/min) of AAV‑CMV‑DIO‑RFP-shAPLNR or AAV‑CMV‑DIO‑RFP-shControl were delivered to the ventral hippocampus (coordinates: AP –3.0 mm, ML ±3.3 mm, DV –3.6 mm from bregma). To selectively knock down APJ in glutamatergic neurons in the ventral hippocampus of wild-type mice, AAV‑DIO‑shAPLNR was co-injected with AAV‑Camk2a‑Cre (Addgene plasmid #105558, same as in our previous studies [1]) into the ventral hippocampus (total volume 0.5 μL per site). After each infusion, the needle was left in place for 10 min before slow withdrawal. The scalp was sutured, and mice received postoperative care (analgesia, heating pad) and were monitored daily for 1 week.

[bookmark: _Toc188476033]Voluntary running 
[bookmark: _Hlk219308591]As we previously performed [2–4], animals were group-housed with 4 mice per cage. Following a 3-day acclimation period, two voluntary running wheels (14 cm diameter) were introduced to the cage for 4 weeks. Wheel rotations were recorded continuously with magnetic sensors (CKC TINNER) every 24 hr over the 28-day period. Total wheel rotations were converted to running distance and divided by the number of mice per cage to estimate the average daily running distance per mouse. 

[bookmark: _Toc188476034]Chronic unpredictable stress
[bookmark: OLE_LINK25]As description in previous publication from our team (not publish yet), the chronic unpredictable stress (CUS) procedure was performed on 6-week-old male mice housed in cages for a duration of 4 weeks (28 days). Stressors included: (a) restraint stress (0.5–3 h in ventilated 50 mL tubes), (b) inescapable foot shocks (0.2 mA, 1 s duration, every 30 s for 5 min, total 9 shocks), (c) contextual fear exposure (1 h in the shock chamber without shocks), (d) social stress with paired housing (1 h pairing with an unfamiliar conspecific), (e) cage tilting (45° for up to 24 h with food/water accessible), (f) wet bedding (24 h with 500 mL water on bedding), (g) food and water deprivation (24 h), and (h) empty water bottle (1 h immediately following deprivation). The sequence of stressors varied each week (see Table S1 for schedule).

TBB treatment
Six-week-old mice received intraperitoneal injections of the CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB; 5 mg/kg in 10% DMSO) once daily for 4 consecutive days. Tissues were collected 1 hour after the TBB injection for further assay. Control mice received vehicle (10% DMSO) injections.

[bookmark: _Toc188476036][bookmark: _Hlk70107036]Sucrose preference test
As we previously performed [2, 5], assess anhedonia, singly housed mice were given a choice between a bottle of 2% (w/v) sucrose solution and a bottle of water for 24 hrs. At the 12-hour mark, the positions of the bottles were swapped. The measurement of water and sucrose solution consumption was based on the change in weight of each bottle before and after the test. Sucrose preference was calculated as the percentage of sucrose consumed relative to the total liquid intake, using the formula:


[bookmark: _Toc188476037][bookmark: _Hlk90307813]Open field test
	As previously performed [6, 7], the open field test is employed to evaluate anxiety-like behavior and locomotor activity in mice. Mice were placed in a 50×50×40 cm arena (3 lux illumination) for 10 min. An automated tracking system (EthoVision XT, Noldus) recorded total distance travelled and time spent in the center zone. The ratio of center-time to total time was used as an index of anxiety.

[bookmark: _Toc188476038][bookmark: _Hlk70107060]Forced swim test
As previously performed [2, 4–6], mice were placed in a Plexiglas cylinder (internal diameter = 10 cm; height = 20 cm) filled with water maintained at room temperature (depth = 13 cm). The test session lasted for 6 minutes, with swimming behavior analyzed during the final 4 minutes. Immobility time was recorded and analyzed using EthoVision XT (Noldus), and results were cross-checked by an observer in a blinded sample manner.

[bookmark: _Toc188476039][bookmark: _Hlk90307843]Sucrose splash test
The sucrose splash test is utilized to assess anhedonia-like behavior in mice. Mice were individually housed in transparent cages and sprayed six times with a 10% sucrose solution on their dorsal fur [8]. The test duration was 5 minutes. Grooming behavior after splashing sucrose salutation will be recorded and analyzed in a sample blinded manner.

[bookmark: _Toc188476043]Grip strength test
The grip strength test was employed for measuring forelimb strength. As previously described [4], the procedure involved positioning each mouse to grasp a grid attached to a calibrated force gauge (KEW, Beijing, China) using its forelimbs. Once the mouse securely grasped the grid, it was gently pulled backward in a consistent manner. Each mouse was allowed to grasp a metal grid and then gently pulled horizontally until it released the grid. Peak force (in Newtons) was recorded for 5 trials per mouse, averaged, and normalized to body weight.
 
[bookmark: _Toc188476044]Rotarod test
Motor coordination and learning were assessed on an accelerating rotarod (Rod dimensions: 3 cm, height: 16 cm, Ugo Basile, Italy, 47650) [4], same as our publication. Mice were trained on Days 1–2 with a constant speed of 4 rpm for 60 s (3 trials per day, 15 min inter-trial interval). On Day 3, the rotarod accelerated from 8 to 80 rpm over 240 s. Latency to fall (or to spin around twice) was recorded automatically. Three test trials were averaged per mouse. The apparatus was cleaned with 75% ethanol between trials.

[bookmark: _Toc188476045]In vivo imaging
To confirm muscle transduction, in vivo fluorescence imaging was performed 4 weeks post-injection. Whole-body GFP fluorescence was imaged using an IVIS Lumina X5 system (PerkinElmer) with excitation at 488 nm (445–490 nm bandpass) and emission detection at 510 nm. Images were captured with Living Image software (v2.50) and quantified as radiant efficiency (photons/s/cm²) [9].

[bookmark: _Toc188476046]Tissue collection and histology
For histological analyses, mice were deeply anesthetized and transcardially perfused with cold 0.1 M PBS followed by 4% paraformaldehyde (PFA) in PBS. Brains were post-fixed in 4% PFA at 4°C for up to 48 h, then cryoprotected in 30% sucrose (in PBS) until they sank. Brains were embedded in OCT compound and coronally sectioned at 30 μm on a cryostat (Leica CM1950). Sections were collected serially (1-in-6 series) and stored in cryoprotectant at –20°C until staining.

[bookmark: _Toc188476047]Immunohistochemistry
Free-floating sections were processed for DAB immunostaining. As previously described [4–7, 10], antigen retrieval was performed by immersing sections in citric acid buffer (pH 6.0) at 95°C for 10 minutes. After antigen retrieval, sections were incubated overnight at room temperature with the following primary antibodies in blocking solution. The following primary antibodies were used: rabbit anti-Ki-67 (1:1000, Cell Signaling Technology, USA, #9449), mouse anti-DCX (Doublecortin; 1:200, Santa Cruz Biotechnology, USA, sc-271390). Sections were then washed in 0.01 M PBS and incubated for 2 hours with biotinylated secondary antibodies: goat anti-mouse (1:200, Vector Laboratories, USA, BA-9200-1.5) or goat anti-rabbit (1:200, Vector Laboratories, USA, BA-1000-1.5). The immunostaining was visualized by VECTASTAIN® ABC kit (Vector Laboratories, USA, PK-4000) and DAB peroxidase substrate kit (Vector Laboratories, USA, SK-4100). Sections were subsequently dehydrated in ethanol (Sigma-Aldrich, USA, 2856) and xylene (Sigma-Aldrich, USA, 534056) baths and coverslipped with DPX Mountant (Sigma-Aldrich, USA, 6522).
Ki67+ and DCX+ cells were counted manually in the subgranular zone of the hippocampal dentate gyrus. Counts were performed on 5–6 sections per animal (dorsal DG: bregma –1.34 to –2.54 mm; ventral DG: bregma –2.54 to –3.40 mm) in a sample-blinded manner using bright-field microscopy (Nikon, Japan) [4, 5]. The average count per section was multiplied by the total number of 30 μm sections within the specified plane. 

[bookmark: _Toc188476048][bookmark: _Hlk187778256]Immunofluorescence
[bookmark: _Hlk187498511][bookmark: _Hlk187500388][bookmark: _Hlk187498505][bookmark: _Hlk187498494][bookmark: OLE_LINK12][bookmark: _Hlk187498485][bookmark: _Hlk187498556]For confocal analysis, free-floating sections were subjected to antigen retrieval (same citric acid buffer) and blocking as above. For co-label staining, brain sections were incubated with 2N HCl at 37℃ for 30 minutes and then transferred to 0.1 M borate buffer (pH 8.5, Yuanye Bio, China, R26034) for 15 minutes in room temperature for antigen retrieval before the blocking. Sections were then incubated overnight at room temperature with the following primary antibodies in blocking solution. The following primary antibodies were used: mouse anti-Camk2a (1:200, Millipore, Germany, 05-532), mouse anti-GAD67 (1:200, Millipore, Germany, MAB5406), rabbit ani-APJ (1:100, Proteintech, USA, 20341-1-AP), mouse anti-BrdU (1:500, Cell Signaling Technology, USA, 5292), rabbit anti-DCX (1:1000, Abcam, UK, ab18723). Sections were then washed in 0.01 M PBS and incubated for 3 hours with fluorescence secondary antibodies: Fluorescein horse anti-mouse (1:200, Vector Laboratories, USA, FI-2000), Texas RedTM goat anti-rabbit (1:200, Vector Laboratories, USA, TI-1000), DyLight™ 488 goat anti-rabbit (1:1000, Thermo Fisher Scientific, USA, 35552), Alexa Fluor® 647 goat anti-mouse (1:1000, Jackson ImmunoResearch, USA, 115-605-003). Finally, the sections were cover-slipped with an anti-fade mounting medium containing DAPI (Beyotime, China, P0131), and immunofluorescence signals were observed using a Nikon AXE laser confocal microscope (Nikon, Japan).
Confocal z-stacks were acquired with a Nikon A1R microscope (4 μm optical sections, 5–7 steps per stack) through the DG, CA1, and CA3. Maximum-intensity projections were used to assess co-localization. BrdU+ and DCX+ cells in the subgranular zone were counted in sample-blinded manner on projected images. For co-localization analysis, Camk2a⁺ excitatory neurons and GAD67⁺ inhibitory interneurons co-expressing APJ were quantified in the DG, CA1, and CA3 subregions in 3–4 sections per animal (n = 6), spaced at least 120 μm apart. Values were averaged to obtain a single mean per animal. All imaging and analyses were performed in a sample-blinded manner using NIS-Elements software (Nikon, Japan), as our previous publication [1].

[bookmark: _Toc188476050]Tissue preparation for protein extraction
Mice were swiftly euthanized using isoflurane, and tissue was dissected as outlined in previous studies [5]. The hippocampus was isolated and homogenized from a pooled sample of seven mice from the same experimental group in RIPA buffer (Thermo Fisher Scientific, USA, 89901) with protease inhibitors (Roche, USA, 04693159001). Homogenization was performed on ice to maintain protein integrity. Lysates were centrifuged (12,000 rpm, 8 min, 4°C) and supernatants collected. Protein concentration was determined by BCA assay (Thermo Fisher Scientific, USA, 23225).
To obtain hippocampal synaptoneurosome, hippocampi were homogenized in Syn-PER reagent (Thermo Fisher Scientific, USA, 87793) with added protease inhibitors (Roche, USA, 04693159001) and phosphatase inhibitor (Thermo Fisher Scientific, USA, 78420), same as previously described [5]. The homogenate was centrifuged at 1,200 rpm (10 min, 4°C) to remove nuclei and debris. The supernatant was collected and centrifuged at 12,000 rpm (20 min, 4°C) to collect the pellet as the synaptoneurosome, and the supernatant was collected as the cytosol fraction. The synaptoneurosome pellet was resuspended in ice-cold Syn-PER reagent according to the manufacturer's instructions.

[bookmark: _Toc188476053]Western blotting
As describe in previous publications [5, 7], equal amounts of protein (20 μg) were denatured in Laemmli buffer (Bio-Rad, USA, 1610747) supplemented with 5% 2-mercaptoethanol (Bio-Rad, USA, 1610710) at 98°C for 10 min, and separated on SDS-PAGE gels (8–15% acrylamide). Proteins were transferred to methanol-activated PVDF membranes (Bio-Rad 1620177). Membranes were blocked in 5% BSA in TBS-T (pH 8.0) for 1 h, then probed overnight at 4°C with primary antibodies (dilutions in parentheses): mouse anti-apelin (1:200, Santa Cruz Biotechnology, USA, sc-293441), mouse anti-APJ (1:200, Santa Cruz Biotechnology, USA, sc-517300), rabbit anti-Synaptophysin (1:1000, Cell Signaling Technology, USA, 5461), rabbit anti-PSD95 (1:1000, Cell Signaling Technology, USA, 2507), rabbit anti-GluA1 (1:1000, Cell Signaling Technology, USA, 13185), rabbit anti-phospho-GluA1 (Ser831) (1:1000, Cell Signaling Technology, USA, 75574), rabbit anti-GluN2A (1:1000, Cell Signaling Technology, USA, 4205), rabbit anti-phospho-GluN2A (Tyr1246) (1:1000, Cell Signaling Technology, USA, 4206), rabbit anti-GluN2B (1:1000, Cell Signaling Technology, USA, 4207), rabbit anti-phospho-GluN2b (Ser1480)(1:500, Bioss, USA, BS-5382R), rabbit anti-phospho-GluN2B (Tyr1472) (1:1000, Cell Signaling Technology, USA, 4208), rabbit anti-AMPKα (1:1000, Cell Signaling Technology, USA, 5831), rabbit anti-phospho-AMPKα (Thr172) (1:1000, Cell Signaling Technology, USA, 2535), rabbit DYKDDDDK Tag anti-FLAG (1:200, Cell Signaling Technology, USA, 14793), rabbit anti-Calpain-1 (1:1000, Abcam, UK, Ab39170), rabbit anti-Calpain-2 (1:1000, Abcam, UK, Ab39165), rabbit anti-CK2α (1:1000, Abcam, UK, ab76040), rabbit anti-CK2β (1:1000, Abcam, USA, ab76025), rabbit anti-GAPDH (1:5000, Cell Signaling Technology, USA, 5174), rabbit anti-α-tubulin (1:5000, Thermo Fisher Scientific, USA, 236-10501). 
After primary antibody incubation, membranes were washed three times with TBS-T and incubated for 1 h at room temperature with HRP-conjugated secondary antibodies: goat anti-rabbit (1:1000, Cell Signaling Technology, USA, 7074), goat anti-mouse (1:1000, Cell Signaling Technology, USA, 7076). Protein bands were visualized using Clarity Western ECL Substrate (Bio-Rad, USA, 1705061) and imaged with a ChemiDoc MP Imaging System equipped with Image Lab Touch Software 3.0 (Bio-Rad). Quantification of band intensities was performed using ImageJ software (NIH).

[bookmark: _Toc188476054]CK2 kinase activity assay
CK2 activity in hippocampal and synaptoneurosome extracts was measured using the CycLex CK2 Kinase Assay Kit (MBL, Japan, CY1170) according to the manufacturer’s protocol. Relative kinase activity was calculated based on absorbance readings normalized to control groups.

Immunoassays for serum apelin
Blood was collected by cardiac puncture into clotting tubes, allowed to clot for ≥1 hr at room temperature, and centrifuged (2,000g, 30 min, 4°C).  Apelin (apelin-12) levels in serum were measured using a competitive ELISA kit (Phoenix Pharmaceuticals EK-057-23) according to the manufacturer’s instructions.

[bookmark: _Toc188476055]RNA extraction and quantitative PCR
Total RNA was extracted from tissue samples using the ReliaPrepTM RNA Tissue Miniprep System (Promega, USA, Z6112) following the manufacturer’s protocol. Frozen tissue was transferred to LBA buffer containing 2% 1-thioglycerol. Subsequent RNA purification steps were conducted as per the non- and fibrous tissue extraction protocol. The homogenate of fibrous tissue (muscle, heart, adipose, and liver) was mixed with RDB buffer and centrifuged. The supernatant was collected, mixed with 100% molecular-grade isopropanol, and transferred to a rotating column. DNA was digested on-column with DNase I (Promega, USA, Z6112), and the RNA was washed repeatedly before eluting in nuclease-free water. RNA concentration and purity (260/280 and 260/230 ratios) were measured by spectrophotometry (Thermo Fisher Scientific, USA, VARIOSKAN LUX). 500-1000 ng of total RNA was reverse transcribed using the GoScriptTM Reverse Transcription System (Promega, USA, A6010) in a 20 μl reaction volume for cDNA synthesis. 
Quantitative PCR (qPCR) was performed on a Bio-Rad instrument using GoTaq qPCR Master Mix (Promega, USA, A6010), supplemented with nuclease-free water. Reactions were set up using the Promega automated PCR system and run on 96-well PCR plates (Bio-Rad, USA, HSP9601). Gene expression levels, normalized to the internal control genes GAPDH (for hippocampus) and HPRT (for peripheral organs), were analyzed using appropriate qPCR software. Quantitative PCR was performed using the following primer pairs (5'→3'; Table S2).

[bookmark: _Toc188476056][bookmark: _Hlk187779114]Whole-cell patch-clamp recording
Brains were collected from mice four weeks after intramuscular injection of AAV in both AAV-APLN and AAV-GFP groups. Brain slices and solution were prepared as described in our previous publication [5, 6], and transverse hippocampal slices (350 μm thick) were obtained using artificial cerebrospinal fluid (ACSF) with high Mg2+ and low Ca2+ concentrations for slicing. After a recovery period of at least 1 hour in ACSF at 33 °C, whole-cell patch-clamp recordings were performed using an Axon Axopatch 700B amplifier, with data digitized by a DigiData 1550A system with Clampex 11.3 software. 
Recording electrodes had a resistance of 5–7 MΩ. Synaptic responses were evoked by electrical stimulation of the Schaffer collaterals. Recordings were made from pyramidal neurons located in the CA1 region of the hippocampus. For spontaneous excitatory postsynaptic currents (sEPSCs), cells were held at -70 mV. Once whole-cell configuration was achieved in normal ACSF, AMPA receptor-mediated EPSCs were recorded by holding cells at -70 mV, while NMDA receptor-mediated EPSCs were recorded by holding cells at +40 mV, using a 0.05 ms pulse in voltage-clamp mode. The peak current observed at -70 mV represents the maximum AMPAR-EPSC, whereas the NMDAR-EPSC was measured at +40 mV after 50 ms of the stimulation pulse, when the AMPAR-EPSC had decayed. For input/output curves, Schaffer collaterals were stimulated at increasing intensities (20-60 μA).

[bookmark: _Toc188476057]Statistics
For the animal experiments, no formal statistical methods were used to predetermine sample size. Group sizes were determined based on previous studies [1, 2] and ethical considerations in accordance with the 3R principles. Animals and samples were randomly assigned to experimental conditions. No data was excluded from the analyses. Due to the need for experimental intervention, investigators were not blinded to group allocation during the experiments; however, outcome assessments were performed in a double-blinded manner.
The data were presented as Mean ± S.E.M. Statistical analyses were performed using GraphPad Prism 10 software (GraphPad Software). Depending on the experimental design, we employed t-tests (two-tailed, paired or unpaired), one-way ANOVA, and two-way ANOVA, followed by Tukey’s HSD post hoc tests, as appropriate. For datasets where the Shapiro-Wilk test for ANOVA residuals yielded P > 0.05, indicating no significant deviation from normality, a Brown-Forsythe and Welch ANOVA with Dunnett T3. for multiple comparisons. Statistical significance was determined with P values less than 0.05 (*, or #), 0.01 (**), 0.001(***). Additionally, logistic regression analysis was conducted to assess the correlation between serum apelin levels and behavioral outcomes, including immobility time in the FST, sucrose preference in the SPT, and grooming time in the SST. All figures include appropriate descriptions of the statistical tests used, along with estimates of within-group variability (mean ± S.E.M.), as detailed in the corresponding figure legends.
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Supplementary figures
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Fig. S1. Voluntary running enhances hindlimb muscle mass and apelin expression.
(a) Daily running distance of 4-week voluntary running. Run: Control runner, CUS+Run: Stressed runner.
(b) CUS decreased the average daily running distance compared to control runner (P < 0.05).
(c) In gastrocnemius (Gas; One-way ANOVA: F(2, 15) = 6.200, P < 0.05), CUS decreased apelin mRNA levels (P < 0.05), while voluntary running reversed this reduction in CUS mice (P < 0.05).
(d) In tibialis anterior (TA; One-way ANOVA F(2, 15) = 7.733, P < 0.01), voluntary running increased apelin mRNA in CUS mice (P < 0.01), whereas CUS alone had no significant effect (P > 0.05).
(e) Body weight changed over four weeks did not differ significantly between sedentary (Sed) and running (Run) groups (P > 0.05).
(f–i) Voluntary running enhanced the lower limb muscle‐to‐body weight ratio and significantly increased absolute muscle mass of Gas (f) and soleus (Sol; h) muscles (P < 0.01) but did not affect TA (g) or extensor digitorum longus (EDL; i) muscle mass (P > 0.05).
(j) Voluntary running elevated APLNR mRNA expression in Gas (P < 0.01) and TA (P < 0.05) muscles, with no effect observed in Sol and EDL (P > 0.05). APLN and APLNR mRNA expression normalized to HPRT as the housekeeping gene; data are presented as relative fold‑changes compared to the Sed group with baseline set to 1 (c-d, j).
Data are presented as mean ± SEM. Statistical significance is determined by one‑way ANOVA with Tukey’s HSD post hoc for (c–d); unpaired t‑tests for (b) and (e–j). * P < 0.05, ** P < 0.01. CUS: Chronic unpredictable stress; Gas: Gastrocnemius; TA: Tibialis anterior; Sol: Soleus; EDL: Extensor digitorum longus.

[image: ]
[bookmark: OLE_LINK2]Fig. S2. Muscle-specific apelin knockout impaired grip strength, motor coordination, and abolished exercise-induced adult hippocampal neurogenesis without affecting muscle mass and running performance.
(a) PCR–agarose gel genotyping of wildtype, Flox (control), and muscle-specific apelin knockout (APLN‑mKO) mice.
(b) Significant reduction of apelin mRNA expression in gastrocnemius muscles (Gas) of APLN‑mKO mice (P < 0.01). APLN mRNA expression normalized to HPRT as the housekeeping gene. 
(c) Four‑limb grip strength was significantly reduced in APLN‑mKO mice (P < 0.01).
(d) Latency to fall in the rotarod test was shorter in APLN‑mKO mice (P < 0.05).
(e) APLN‑mKO mice exhibited increased body weight gain during weeks 2–4 compared to Flox controls (P < 0.05).
(f–i) No significant differences in muscle mass (absolute weight) of gastrocnemius (Gas; f), soleus (Sol; g), tibialis anterior (TA; h), or extensor digitorum longus (EDL; i) were found between Flox and APLN‑mKO mice (P > 0.05).
[bookmark: OLE_LINK3](j) Daily running distance over 4 weeks of voluntary running showed no difference between Flox (Flox+Run) and APLN‑mKO (APLN‑mKO+Run) groups. 
(k) Average daily running distance remained unchanged in APLN‑mKO runners (P > 0.05).
(l) No significant effects on time spent center in OFT: Interaction F(1,28) = 3.616, P > 0.05; APLN‑mKO F(1,28) = 0.5747, P > 0.05; Run F(1,28) = 0.3584, P > 0.05; and (m) Distance travelled in OFT: Interaction F(1,28) = 0.0705, P > 0.05; APLN‑mKO F(1,28) = 0.5703, P > 0.05; Run F(1,28) = 0.3444, P > 0.05. 
(n) Serum apelin was significantly reduced in APLN‑mKO runners: Interaction F(1,12) = 1.226, P > 0.29; APLN‑mKO F(1,12) = 10.70, P < 0.01; Run F(1,12) = 1.696, P > 0.05.
(o-p) Running increased Ki‑67⁺ cell number while APLN-mKO showed opposite effect in the dorsal (o) and ventral (p) hippocampal dentate gyrus (DG). Dorsal DG: Interaction F(1, 24) = 1.335, P > 0.05; APLN‑mKO F(1, 24) = 13.47, P < 0.01; Run F(1, 24) = 21.53, P < 0.001; Ventral DG: Interaction F(1, 24) = 4.153, P > 0.05; APLN‑mKO F(1, 24) = 2.858, P > 0.05; Run F(1, 24) = 10.74, P < 0.01.
(q-r) Running increased DCX⁺ cell number while APLN-mKO showed opposite effects in both dorsal (q) and ventral (r) DG in APLN‑mKO. Dorsal DG: Interaction F(1, 24) = 3.026, P > 0.05; APLN‑mKO F(1, 24) = 38.10, P < 0.001; Run F(1, 24) = 14.50, P < 0.001. Ventral DG: Interaction F (1, 24) = 3.249, P > 0.05; APLN‑mKO F(1, 24) = 10.86, P < 0.01; Run F(1, 24) = 16.12, P < 0.001.
[bookmark: _Hlk201337195][bookmark: OLE_LINK1][bookmark: _Hlk207833221]Data are presented as mean ± SEM. Statistical significance is determined by two‑way ANOVA with Tukey’s HSD post hoc for (l-r); unpaired t‑tests for (b–k). * P < 0.05, ** P < 0.01, ** P < 0.001. Gas: Gastrocnemius; TA: Tibialis anterior; Sol: Soleus; EDL: Extensor digitorum longus; DG: dentate gyrus; APLN‑mKO: Muscle‑specific apelin knockout; OFT: Open field test.
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Fig. S3. Muscle apelin overexpression mimic running‑induced effects on hippocampal neurogenesis and synaptic markers.
(a) AAV‑MCK‑APLN‑P2A‑GFP induced muscle‑specific expression of apelin (including apelin‑36, ‑17, and ‑13) bearing a C‑terminal 3×FLAG tag; secreted apelin crossed the blood–brain barrier and targets the hippocampus.
(b) Representative western blot of tibialis anterior (TA) muscle lysates comparing control (AAV‑GFP) and apelin overexpression (AAV‑APLN) groups.
(c) Apelin protein levels in TA were significantly increased following AAV‑mediated overexpression (P < 0.05).
(d–e) Apelin overexpression reduced total distance traveled in the open field (P < 0.05; d) but does not alter time spent in the center (P > 0.05; e).
(f–g) Muscle apelin overexpression increased Ki‑67⁺ cell counts in both the dorsal (f; P < 0.01) and ventral (g; P < 0.01) dentate gyrus (DG) of the hippocampus.
(h–i) Muscle apelin overexpression enhanced numbers of immature neurons marked by DCX⁺ cells in the dorsal (h; P < 0.01) and ventral (i; P < 0.001) DG.
(j–m) Apelin overexpression mimicked exercise‑induced increases in neurogenesis: Ki‑67⁺ cells in dorsal DG (j; F(3,20) = 7.252, P  < 0.01) and ventral DG (k; F(3,20) = 3.838, P < 0.05); DCX⁺ cells in dorsal (l; F(3,20) = 5.884, P  < 0.01) and ventral (m; F(3,20) = 6.903, P  < 0.01) DG. 
(n) Representative western blot of hippocampal synaptoneurosome fractions.
(o–r) Apelin overexpression increased phosphorylation of the NMDA receptor subunit GluN2B (Y1472; o; P < 0.001) and enhanced Calpain‑2 levels (r; P < 0.01), whereas levels of synaptic proteins PSD‑95 (p), synaptophysin (q), and Calpain‑1 (r) remain unchanged (P > 0.05). 
[bookmark: _Hlk201338067]Data are presented as mean ± SEM. Statistical significance is determined by unpaired t‑tests for panels (c–i, o–r); one‑way ANOVA with Tukey’s HSD post hoc for panels (j–m). *P < 0.05, **P < 0.01, ***P < 0.001. GFP: Green fluorescent protein; APLN: Apelin gene; TA: Tibialis anterior; DG: Dentate gyrus; DCX: Doublecortin; Calpain: Calcium‑activated protease.
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Fig. S4. Ventral hippocampal APJ knockdown in glutamatergic neurons diminishes running-induced hippocampal plasticity.
(a) Quantification of APJ co-localization with Camk2a⁺ glutamatergic neurons and GAD67⁺ GABAergic neurons in the hippocampus (n = 6 mice; P < 0.001). APJ is predominantly expressed in Camk2a⁺ neurons.
(b) Representative images showing APJ expression in DG, CA1, and CA3 subregions of the hippocampus. Scale bars: 1000 μm (40×); 100 μm (high magnification).
(c–d) Camk2a-Cre mice received intra-ventral hippocampal injections of AAV-CMV-DIO-RFP-shControl (control) as AAV-RFP groups or AAV-CMV-DIO-shAPLNR (APJ knockdown) as AAV-shAPLNR groups, and underwent 4 weeks of voluntary running. (c) Daily running distance did not differ between AAV-RFP+Run and AAV-shAPLNR+Run groups. (d) Mean daily running distance remained unchanged following APJ knockdown (P > 0.05).
[bookmark: OLE_LINK4](e-f) Open field test showed no effect of running or APJ knockdown on (e) total distance traveled (Interaction F(1, 43) = 0.024, P > 0.05; shAPLNR F(1, 43) = 0.500, P > 0.05; Run F(1, 43) = 0.710, P > 0.05), or (f) time spent in the center (Interaction F(1,43)=2.064, P > 0.05; shAPLNR F(1,43) = 0.697, P > 0.05; Run F(1,43) = 4.482, P < 0.01), indicating no anxiety-like changes. 
Knockdown of APJ diminished Running‑induced increases in neurogenesis:
(g-h) Ki-67⁺ cells: dorsal DG (g; Interaction F(1,23) = 12.76, P < 0.01; shAPLNR F(1,23) = 0.308, P > 0.05; Run F(1,23)=3.030, P > 0.05) and ventral DG (h; Interaction F(1,23) = 26.29, P < 0.001; shAPLNR F(1,23) = 0.054, P > 0.05; Run F(1,23) = 41.41, P < 0.001).
(i-j) DCX⁺ cells: dorsal DG (i; Interaction F(1,20) = 5.828, P < 0.05; shAPLNR F(1,20) = 2.770, P > 0.05; Run F(1,20) = 4.195, P > 0.05) and ventral DG (j; Interaction F(1,20) = 13.92, P < 0.001; shAPLNR F(1,20) = 7.881, P < 0.05; Run F(1,20) = 17.09, P < 0.001). 
(k-l) BrdU⁺ cells: dorsal DG (k; Interaction F(1,20) = 4.442, P < 0.05; shAPLNR F(1,20) = 0.085, P > 0.05; Run F(1,20) = 12.93, P < 0.01) and ventral DG (l; Interaction F(1,20) = 10.61, P < 0.01; shAPLNR F(1,20) = 2.658, P > 0.05; Run F(1,20) = 18.01, P < 0.001). 
(m-n) BrdU⁺DCX⁺/DCX⁺ ratio: dorsal DG (m; Interaction F(1,20) = 0.423, P > 0.05; shAPLNR F(1,20) = 0.162, P > 0.05; Run F(1,20) = 4.302, P > 0.05) and ventral DG (n; Interaction F(1,20) = 2.639, P > 0.05; shAPLNR F(1,20) = 0.039, P > 0.05; Run F(1,20) = 7.047, P < 0.05). 
[bookmark: OLE_LINK5](o) Representative western blot of hippocampal synaptoneurosome extractions. 
(p) Running increased phosphorylation of GluN2B, while APJ knockdown reduced it. Interaction F(1,26) = 2.837, P > 0.05; shAPLNR F(1,26) =5.809, P < 0.05; Run F(1,26) = 17.48, P < 0.001.
Data are presented as mean ± SEM. Statistical significance is determined by unpaired t‑tests for panels (b); two‑way ANOVA with Tukey’s post hoc for panels (c-n). *P < 0.05, **P < 0.01, ***P < 0.001. RFP: Red fluorescent protein; APLNR: Apelin receptor gene; OFT: Open field test; DCX: Doublecortin; DG: Denta gyrus.
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Fig. S5. Knockdown of APJ in hippocampal glutamatergic neurons diminished the effects of muscle apelin on enhancing glutamatergic transmission.
(a) Experimental timeline for WT mice subjected to ventral hippocampal APJ knockdown in glutamatergic neurons and muscle apelin overexpression using AAV. Control: control AAV injection. AAV-APLN: muscle-specific apelin overexpression and control AAV injection in the ventral hippocampus. AAV-APLN + shAPLNR: muscle-specific apelin overexpression and ALP knockdown using AAV-DIO-shAPLNR injection in the ventral hippocampus. All mice received intra-hippocampal injection of AAV-camk2a-cre. APJ knockdown in hippocampal glutamatergic neurons diminished the effects of muscle apelin, as indicated by decreases in: 
(b) NMDA/AMPA ratio (F(2, 34) = 7.015; P < 0.01). 
(c) NMDA current amplitude (40 μA: F(2.000, 16.41) = 3.36, P > 0.05; 50 μA: F(2.000, 25.21) = 5.523, P < 0.05; 60 μA: F(2.000, 33.40) = 7.210, P < 0.01; 70 μA: F(2.000, 33.32) = 6.696, P < 0.01; 80 μA: F(2.000, 29.45) = 5.138, P < 0.05).
(d) no significant alteration in AMPA current amplitude (P > 0.05; 40 μA: F(2.000, 19.76) = 0.2803; 50 μA: F(2.000, 30.85) = 0.8513; 60 μA: F(2.000, 33.00) = 1.271; 70 μA: F(2, 34) = 1.109; 80 μA: F(2.000, 31.13) = 1.330).
Hippocampal APJ knockdown had no effect on muscle apelin-decreased pair-pulse ratio at (e) 50 ms inter-pulse interval (F(2, 48) = 6.738, P < 0.01);
(f) 100 ms (F(2, 47) = 2.091, P > 0.05); and 
(g) 200 ms interval (F(2, 43) = 2.813, P > 0.05).
(h) Representative traces of sEPSCs in CA1 pyramidal neurons.
(i) Cumulative probability plots for inter‑event intervals (ms); (k) Amplitudes (pA) of sEPSCs.
(j) sEPSC frequency (F(2.000, 57.78) = 5.927, P < 0.01).
(l) sEPSC amplitude (F(2.000, 51.79) = 3.773, P < 0.05).
Data are presented as mean ± S.E.M. Statistical significance was assessed by one‑way ANOVA with Tukey’s post hoc test for panels (b, f-g) or Brown-Forsythe and Welch ANOVA with Dunnett T3. for multiple comparisons for panels (c-d, j-l): *P < 0.05, **P < 0.01. #P < 0.05 for AAV-APLN vs. AAV-APLN + shAPLNR.
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Fig. S6. Effects of pharmacological inhibition of CK2 on apelin’s action on behavior and NMDA receptor subunit phosphorylation
(a) Workflow schematic for isolating hippocampal synaptoneurosome and cytosolic fractions: fresh hippocampal tissue was homogenized into Syn‑PER™ reagent (Thermo Fisher), centrifuged to separate synaptoneurosomal pellets (synapse-enriched) and cytosolic supernatant.
(b-c) Western blot analysis of CK2β and α-tubulin in synaptoneurosome fractions (b). Muscle apelin overexpression (AAV–APLN) did not alter CK2β levels compared to control (AAV–GFP) (c; P > 0.05).
(d-f) Western blots from cytosolic fractions (d) showed that apelin overexpression increased CK2α (e; P < 0.001) and CK2β (f; P < 0.001) expression in the hippocampus.
(g-i) In ventral hippocampus cytosol following voluntary Running, APJ knockdown (AAV–shAPLNR) blocked exercise-induced CK2α upregulation (h; Interaction F(1,8) = 13.12, P < 0.01; Run F(1,8) = 2.324, P > 0.05; shAPLNR F(1,8) = 1.358, P > 0.05), but does not affect CK2β levels (i; Interaction F(1,8) = 7.963, P < 0.05; Run and shAPLNR effects P > 0.05). 
(j) Experimental timeline of intraperitoneal injections: mice received TBB (5 mg/kg; CK2 inhibitor) or vehicle daily for four days or a single injection 1 hour before tissue collection.
(k) Four-day TBB treatment reduced CK2 activity to 70% of control (F(2,8) = 5.426, P < 0.05), compared to 89% after single injection.
(l-o) TBB treatment did not affect apelin-induced increase in GluN2B phosphorylation at Y1472 (m; two-way ANOVA: Interaction F(1,28) = 0.862, P > 0.05; AAV F(1,28) = 23.08, P < 0.0001; TBB F(1,28) = 0.114, P > 0.05), nor GluN2A phosphorylation at Y1246 (n; Interaction F(1,28) = 1.916, P > 0.05; AAV F(1,28) = 12.22, P < 0.01; TBB F(1,28) = 0.383, P > 0.05) or GluN2A expression (o; Interaction F(1,28) = 4.824, P < 0.05; AAV F(1, 28) = 0.3867, P > 0.05; TBB F(1, 28) = 0.3966, P > 0.05).
(p-q) No effects of apelin overexpression or CK2 inhibition on distance travelled (p; Interaction F(1, 28) = 0.047, P > 0.05; AAV F(1, 28) = 3.289, P > 0.05; TBB F(1, 28) = 0.042, P > 0.05) or time spent at center of open field (q; Interaction F(1, 27) = 0.110, P > 0.05; AAV F(1, 27) = 3.703, P > 0.05; TBB F(1, 27) = 0.757, P > 0.05).
(r) Summary of findings: TBB-mediated CK2 inhibition diminished apelin/APJ‑dependent phosphorylation of GluN2B at S1480 in synaptoneurosome but did not affect p-GluN2B Y1472 or p-GluN2A Y1246 phosphorylation, consistent with CK2’s selective modulation of synaptic NMDA receptor function.
Data are shown as mean ± SEM. Statistical analyses is determined by unpaired t-tests for panels (c, e–f); one-way ANOVA for with Tukey’s post hoc for panels (k), two-way ANOVA with Tukey’s post hoc for panels (h–i, m–q). Significance thresholds: P < 0.05, **P < 0.01, ***P < 0.001. CK2: Casein kinase 2; TBB: 4,5,6,7-tetrabromobenzotriazole, CK2 inhibitor; GFP: Green fluorescent protein; APLN: Apelin gene; RFP: Red fluorescent protein; APLNR: Apelin receptor gene; AAV–APLN: Muscle apelin overexpression; AAV–shAPLNR: APJ knockdown; TBB: 4,5,6,7-tetrabromobenzotriazole; NMDA: N-methyl-D-aspartate.
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Fig. S7. Pharmacological inhibition of CK2 by TBB diminished the running’s antidepressant effects.  
[bookmark: _Hlk208781761](a) Wild-type mice underwent 4 weeks of voluntary wheel running, followed by daily intraperitoneal administration of the CK2 inhibitor TBB or vehicle (DMSO) for 4 consecutive days prior to behavioral tests. Sed: sedentary groups + DMSO. Run: running groups + DMSO. 
Inhibition of CK2 attenuated the effects of running on increasing (b) sucrose preference in SPT: F(2, 19) = 6.501, P < 0.01. (c) grooming time in SST: F(2, 19) = 5.836, P < 0.05, and reducing (d) immobility time in FST: F(2, 19) = 4.379, P < 0.05.
(e) No significant difference in the time spent in the center of OFT: F(2, 19) = 0.8793, p > 0.05.
(f) Runners showed decreased distance travelled: F(2, 19) = 6.957, P < 0.005.
Data are presented as mean ± SEM. Statistical significance was assessed by one‑way ANOVA with Tukey’s HSD post hoc test. *P < 0.05; **P < 0.01.

[image: ]
Fig. S8. Proposed mechanism underlying the antidepressant effects of physical exercise mediated by muscle-derived apelin. Physical exercise stimulates the secretion of apelin from skeletal muscles into the bloodstream. Circulating apelin cross blood brain barrier to bind to APJ receptors on glutamatergic neurons in the hippocampus, activating casein kinase 2 signaling. This leads to phosphorylation of GluN2B at S1480, thereby enhancing synaptic NMDA receptor function, consequently enhancement in synaptic plasticity and adult neurogenesis, contributing to antidepressant effects of physical exercise. Figure created with BioRender.com. 

Supplementary tables
[bookmark: T31][bookmark: _Toc170840822][bookmark: _Toc188476137]Table S1. The schedule of chronic unpredictable stress
	 
	Day 1
	Day 2
	Day 3
	Day 4
	Day 5
	Day 6
	Day 7

	Week 1
	Restraint stress (0.5 h)
	Inescapable foot-shock
	Contextual fear exposure
	Paired housing 
	Cage tilting
	Restraint stress (1.5 h)
	Inescapable foot-shock

	Week 2
	Contextual fear exposure 
	Wet bedding
	Restraint stress (2 h)
	Food and water deprivation
	Exposure to an empty bottle
	Cage tilting
	Paired housing

	Week 3
	Inescapable foot-shock 
	[bookmark: OLE_LINK24]contextual fear exposure
	Wet bedding
	Food and water deprivation
	Exposure to an empty bottle
	Cage tilting
	Restraint stress (2.5 h)

	Week 4
	Paired housing
	Inescapable foot-shock
	Contextual fear exposure 
	Food and water deprivation
	Exposure to an empty bottle
	Wet bedding
	Restraint stress (3 h)





Table S2. The list of sequences of primer
	Gene
	Forward primer
	Reverse primer

	Apelin, pair 1
	GTTTGTGGAGTGCCACTG
	CGAAGTTCTGGGCTTCAC

	Apelin, pair 2
	CGAGTTGCAGCATGAATCTGAG
	TGTTCCATCTGGAGGCAACATC

	APJ, pair 1
	GCTGTGCCTGTCATGGTGTT
	CACTGGATCTTGGTGCCATTT

	APJ, pair 2
	GCATTATCGTGGTGCTTGTAGTGA
	GCAAACTGCCCAGCATGTAGA

	GAPDH
	CCCATCACCATCTTCCAGGAGC
	CCAGTGAGCTTCCCGTTCAGC

	HPRT
	CTGGTGAAAAGGACCTCTCG
	TGAAGTCTCATTATAGTCAAGGGCA
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