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ABSTRACT: Alzheimer’s disease (AD) is the leading cause of dementia in the elderly, and no effective therapies 

are currently available to prevent, treat, or halt its progression. Δ9-Tetrahydrocannabinol (Δ9-THC), the 

primary psychoactive compound in marijuana, has been considered a potential therapeutic agent, but clear 

evidence for its ability to prevent cognitive decline is lacking. Previous studies have demonstrated that Δ9-THC-

induced cognitive impairments are associated with the induction of cyclooxygenase-2 (COX-2).  In this study, 

we aimed to evaluate whether Δ9-THC alone or in combination with Celecoxib, a selective COX-2 inhibitor, 

could reduce neuropathology and improve cognitive function in AD model animals. We observed that Δ9-THC 

(3.0 mg/kg), either alone or with Celecoxib (1.0 mg/kg), significantly reduced Aβ and tau pathologies, enhanced 

synaptic marker expression, and prevented the onset of cognitive decline. Notably, the combination treatment 

produced greater improvements in spatial learning and effectively mitigated Δ9-THC-induced 

neuroinflammatory responses. Furthermore, Δ9-THC reversed or attenuated the dysregulated expression of 

synaptic and immune/inflammation-related genes and restored the downregulated expression of genes linked to 

AD observed in both AD patients and AD animal models, with greater efficacy when combined with Celecoxib 

in AD model mice. These findings suggest that the combination of low-dose Δ9-THC and Celecoxib holds promise 

as an early intervention strategy for preventing AD onset or treating mild cognitive impairment (MCI). 

Importantly, both Δ9-THC (in the form of Dronabinol and Nabilone) and Celecoxib are FDA-approved 

medications already in clinical use, supporting the strong translational potential of this combination therapy 

and its feasibility for rapid advancement to clinical trials to assess its efficacy in preventing or delaying AD onset 

in humans. 
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INTRODUCTION 

 

Alzheimer’s disease (AD) is the most common cause of 

dementia in the elderly. Currently, more than 6.9 million 

people in the United States and 55 million people 

worldwide are living with Alzheimer’s dementia, and 

these numbers are projected to rise to 12.7 million in the 

US and 153 million globally by 2050. Unfortunately, no 

effective therapies currently exist to prevent, treat, or halt 

the progression of AD. While advancing our 

understanding of the mechanisms underlying AD 

pathogenesis remains critically important, there is an 

urgent public health need to identify and develop novel, 

effective therapies for its prevention and treatment. In this 

context, repurposing FDA-approved drugs already in 

clinical use for other conditions represents a promising 

and efficient strategy to accelerate the development of 

interventions that can prevent disease onset or potentially 

slow or reverse AD progression.  

Marijuana, or cannabis, has been used by humans for 

thousands of years for both recreational and medicinal 

purposes [1-3]. Δ9-Tetrahydrocannabinol (Δ9-THC) is the 
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primary psychoactive component of marijuana. Prior 

laboratory studies have showed that 9-THC reduces Aβ 

pathology both in vitro and in vivo [4-7], suggesting that 

9-THC may have therapeutic potential for AD [8-12]. 

However, the psychiatric and neurocognitive side effects 

associated with Δ9-THC intoxication significantly limit its 

medical use and hinder research into its therapeutic 

potential for AD. For example, two synthetic formulations 

of Δ9-THC), dronabinol (Marinol®, Syndros®) and 

nabilone (Cesamet®), are approved by the U.S. Food and 

Drug Administration (FDA) for the treatment of 

chemotherapy-induced nausea and vomiting in cancer 

patients and for managing anorexia associated with 

weight loss in individuals with acquired immuno-

deficiency syndrome (AIDS). These synthetic analogs of 

Δ9-THC have been investigated in clinical trials for the 

treatment of neuropsychiatric symptoms, such as 

agitation, in patients with AD dementia [8-12]. However, 

no optimal clinical dosing regimen of Δ9-THC has been 

established that yields favorable outcomes in the 

prevention or treatment of AD [13]. 

In our prior work, we demonstrated that 

intraperitoneal co-administration of Δ9-THC and 

celecoxib reduced Aβ deposition and neurodegeneration 

[6]. However, to date, very few studies have examined 

whether 9-THC can improve cognitive function in AD 

model animals. A major challenge in advancing Δ9-THC 

as a therapeutic agent for AD lies in its hormetic effects 

on neurocognition: high doses of Δ9-THC (≥5.0 mg/kg) 

impair cognitive function [6, 14-19], whereas lower doses 

(≤3.0 mg/kg) have been shown to enhance learning and 

memory in aging animals [19, 20]. This dose-dependent 

variability complicates dosage optimization and clinical 

translation, ultimately hindering the development of 

effective Δ9-THC-based therapies for both the prevention 

and treatment of AD. Consequently, relatively few 

studies, particularly those focusing on cognitive outcome, 

have investigated the therapeutic potential of Δ9-THC in 

AD. This gap in knowledge prompted us to investigate 

whether Δ9-THC can reduce Aβ and tau neuropathologies, 

prevent the onset of cognitive decline, and to identify the 

optimal dose of Δ9-THC for reducing neuropathology and 

enhancing cognitive function in AD model animals. 

Neuroinflammation not only drives the progression of 

neurodegenerative diseases but may also act as an early 

trigger of disease initiation [21-23]. Prior work shows that 

nonsteroidal anti-inflammatory drugs (NSAIDs) and 

selective cyclooxygenase-2 (COX-2) inhibitors can 

reduce inflammation and Aβ pathology in AD animal 

models [24-26]; however, the Alzheimer’s Disease Anti-

inflammatory Prevention Trial (ADAPT) and follow-ups 

did not demonstrate protection against incident AD or 

meaningful cognitive benefit [27-29], indicating that 

NSAIDs or COX-2 inhibitors alone are unlikely to be 

effective therapies for AD. While cannabinoids, including 

9-THC, are known to possess anti-inflammatory 

properties [1, 30], studies have also shown that 9-THC-

induced synaptic and cognitive impairments are linked to 

the activation of neuroinflammatory signaling pathways 

[6, 31-33], underscoring a dual role whereby Δ9-THC can 

both suppress and provoke inflammation. In particular, 

9-THC can activate NF-κB and COX-2, elevating 

cytokines and other inflammatory mediators [6, 31-33]. 

Pharmacological inhibition or genetic deletion of COX-2 

prevents Δ9-THC–induced memory impairments in 

animals  [6, 31], suggesting that concurrent COX-2 

inhibition, such as Celebrex (Celebrex®), may mitigate 

the adverse effects of 9-THC on synaptic and cognitive 

functions, as well as its proinflammatory actions, while 

preserving its beneficial effects in reducing 

neuropathology and enhancing cognitive function in AD. 

In this study, we provide preclinical evidence that low-

dose 9-THC (3.0 mg/kg), either alone or in combination 

with Celecoxib (1.0 mg/kg), significantly reduced Aβ and 

tau neuropathologies, increased synaptic marker 

expression, prevented the onset of cognitive decline in AD 

model animals, and reversed or attenuated the 

dysregulated expression of AD-related genes observed in 

both AD patients and AD animals. Notably, the 

combination treatment produced more robust effects. 

Since both Δ9-THC (in the form of Dronabinol and 

Nabilone) and Celecoxib are FDA-approved medications 

already in clinical use, therefore, results suggest that this 

combination therapy has high translational potential and 

could be rapidly advanced to clinical trials to evaluate its 

efficacy in preventing or delaying the onset of AD in 

humans. 

 

MATERIALS AND METHODS 

 

Animals   

 

5xFAD APP transgenic (TG) mice (Stock number: 

006554) and P301S (PS19) tau TG mice (Stock number: 

008169) were obtained from the Jackson Laboratory, as 

described previously [34-37]. 5xFAD transgenic (APP-

TG) mice, a widely used animal model of AD [34, 35], 

develop early and aggressive Aβ pathology, a key 

neuropathological hallmark [38]. They exhibit robust Aβ 

neuropathology by ~4 months and deficits in learning and 

memory beginning at 5 ~ 6 months [34, 35]. P301S human 

tau transgenic mice (PS19), a widely used tauopathy 

model, display progressive tau aggregation and 

neurofibrillary tangles with associated synaptic 

dysfunction, neuronal loss, and cognitive impairment, 

features directly relevant to the tau-driven component of 

AD; synaptic and cognitive impairments typically emerge 

~7 months of age  [36, 37]. Both male and female mice 
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aged five to seven months were used in this study, and 

animals were randomly assigned to experimental groups. 

All experiments were performed in a blinded fashion to 

prevent any scientific bias in the experiments. The 

experimenters were unaware of the group assignments, 

genotypes, or treatments, and the execution of 

experiments and data analysis were assigned to different 

individuals. The sample sizes per experimental group 

were estimated based on our previously published results 

from similar experiments and by power analysis using 

power=80%, α=0.05. All animal procedures were 

conducted in accordance with the U.S. Department of 

Health and Human Services Guide for the Care and Use 

of Laboratory Animals. The study was approved by the 

Institutional Animal Care and Use Committee of the 

University of Texas Health Science Center at San 

Antonio.  

9-THC, with or without Celecoxib (Cel), was 

administered via oral gavage, a route more relevant 

clinical medication. The Δ9-THC solution was prepared 

from a 100 mg/ml ethanol-based stock (provided by the 

NIH NIDA Drug Supply Program) by evaporating the 

ethanol under nitrogen gas. The resulting residue was 

resuspended in dimethyl sulfoxide (DMSO) and then 

sequentially diluted to 0.5 mg/mL, first in polyethylene 

glycol 300 (PEG300), followed by saline, resulting in a 

final vehicle containing 1.0% DMSO, 24% PEG300, and 

75% saline. The Celecoxib (provided by the NIMH 

Chemical Synthesis and Drug Supply Program) was first 

dissolved in DMSO at a concentration of 20 mg/mL, then 

diluted to 0.2 mg/mL in a vehicle composed of PEG300 

and saline. The same vehicle was used as the control 

treatment. 5xFAD mice exhibit learning and memory 

deficits beginning at 5~6 months [34, 35], whereas PS19 

mice show synaptic and cognitive impairments around ~7 

months [36, 37].  Accordingly, starting at 5 months 

(5xFAD) or 6 months (PS19), animals received once-

daily oral gavage of vehicle (Veh), Δ9-THC, celecoxib 

(Cel), or the combination (Cel + Δ9-THC) for 30 

consecutive days. For preventing Δ9-THC-triggered 

COX-2 upregulation, Cel was administered 30 min prior 

to Δ9-THC administration in AD model animals. Δ9-THC-

only mice received a vehicle gavage at the time when Cel 

would have been administered, and vehicle-only mice 

received two vehicle gavages 30 minutes apart. The final 

dosing volume was adjusted according to each animal’s 

body weight. 

 

Reverse transcription and real-time PCR 

 

Total RNA was extracted from harvested tissues with the 

RNeasy Mini Kit (Qiagen) and treated with RNase-free 

DNase (Qiagen), following the manufacturer’s 

instructions. The RNA concentration was measured by a 

Microvolume UV-Vis Spectrophotometer (NanoDrop 

One, ThermoFisher Scientific), and RNA integrity was 

verified by electrophoresis in a 1% agarose gel. Reverse 

transcription was performed using the iScript cDNA 

synthesis kit (BioRad) with 1 µg of total RNA, with 4 µl 

of 5× iscript reaction mix, and 1 µl of iscript reverse 

transcriptase in a final volume of 20 µl.  Samples were 

incubated at 25 °C for 5 min, followed by 42 °C for 30 

min, and reactions were stopped by heating to 85 °C for 5 

min.  

Real-time RT-PCR primers specific for COX-1, 

COX-2, mPGES-1, IL-1β, IL-6, TNFα, GFAP, vimentin 

(Vim), and GAPDH were designed using Beacon 

Designer Software (BioRad) and synthesized by IDT 

(Coralville, IA). Primer sequences are listed in Table 1.  
 

Table 1.  List of primers used in the present study 
 

Gene Accession number Forward (5’~3’) Reverse (5’~3’) 

β-Actin NM_007393 TAGGCACCAGGGTGTGATGGTGGG CGCAGCTCATTGTAGAAGGTGTGGT 

IL-1β NM_008361.33 TGGAGAGTGTGGATCCCAAGCAAT TGTCCTGACCACTGTTGTTTCCCA 

IL-6 NM_031168.1 TCTCTGGGAAATCGTGGAAATG ACTCCAGGTAGCTATGGTACTC 

TNFα NM_013693 GTCTACTGAACTTCGGGGTGA CACTTGGTGGTTTGCTACGAC 

Vim NM_011701 AGATGGCTCGTCACCTTCGTGAAT TTGAGTGGGTGTCAACCAGAGGAA 

GFAP NM_010277 AACAACCTGCCTGCGTATAG TCTCGAACTTCCTCCTCATAGAT 

COX-1 BC005573 AGAAGGAGATGGCTGCTGAG CACACGGAAGGAAACATAGGG 

COX-2 BC052900 AAGCGAGGACCTGGGTTCAC ACACCTCTCCACCAATGACCTG 

mPGES-1 NM_022415 GATGAGGCTGCGGAAGAAGG GCGAAGGCGTGGGTTCAG 
 

Primer performance was validated using 10-fold 

dilutions of a mouse brain cDNA library, confirming 

linear amplification over five orders of magnitude with 

>95% efficiency. PCR products were verified by 

sequencing. 

Reactions were performed in duplicate in a 25 µL 

total volume containing 12.5 µL of 2× iQ SYBR Green 

Supermix (Bio-Rad), 5 µL of 1:10 diluted cDNA 

template, and 400 nM of each primer. The PCR cycling 

protocol was as follows: 95 °C for 3 minutes, followed by 

45 cycles of 95 °C for 30 seconds, 58 °C for 45 seconds, 
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and 95 °C for 1 minute. A melt-curve analysis was 

conducted at the end of each run to confirm amplification 

specificity. Amplicon sizes were further verified by 

electrophoresis on a 3% agarose gel. Amplification and 

analysis were performed using the iCycler iQ Multicolor 

Real-Time PCR Detection System (Bio-Rad). Relative 

gene expression was quantified using the 2-ΔΔCT method, 

with β-actin as the internal control as its expression was 

not affected by our experimental treatments. ΔCT was 

calculated as (CT of gene of interest) - (CT of β-actin), 

and ΔΔCT as (ΔCT of treated sample) - (ΔCT of control), 

as previously described [39, 40]. Technical replicates 

were performed for each detected gene to ensure 

measurement accuracy and reproducibility. 

 

Single-nucleus RNA sequencing sample preparation, 

library construction, and sequencing  

 

Sample preparation, library construction, and RNA 
sequencing 

 

Hippocampal tissues from WT, APP-TG mice treated 

with Veh, 9-THC, Cel, and 9-THC + Cel for single-

nucleus RNA sequencing were harvested and stored in 

liquid nitrogen as previously described [41, 42]. Single 

nucleus sample preparation, library construction, and 

RNA sequencing were outsourced to Novogene 

Corporation Inc. (Sacramento, CA).  Single nucleus RNA 

sequencing libraries were prepared using the Chromium 

Next GEM Single Cell 3′ Gel Bead Kit (Dual Index) v.3.1 

(10x Genomics) and sequencing was performed on the 

Illumina NovaSeq6000 system at Novogene. 

 

RNA-Seq Data Processing and Analysis  
 

Sequencing data were processed using Cell Ranger (v4.0) 

and analyzed with Seurat (v5.2.1) in R (v4.3.3). Before 

downstream analysis, sequencing data were processed 

with CellBender (v0.2.0) to remove ambient RNA. Low-

quality nuclei were removed based on quality thresholds: 

<30% mitochondrial. Genes expressed in fewer than 10 

nuclei were excluded. Nuclei were retained if they 

expressed between 400 and 6,000 genes and had ≤35,000 

UMIs. For doublet or multiplet detection, we carefully 

examined the expression of canonical cell type–specific 

marker genes within each cluster. Clusters that 

simultaneously expressed markers from multiple distinct 

cell types were considered potential doublet or multiplet 

clusters and were subsequently excluded from 

downstream analyses. 

Normalization was performed using a scale factor of 

10,000, and 3,000 highly variable genes were identified 

using the 'vst' method. Principal component analysis 

(PCA) was conducted using the top 30 components. 

Clustering was performed at a resolution of 2, and 

dimensionality reduction was visualized with tSNE. 

Integrated analysis of snRNA-seq data was performed to 

remove mismatched clusters (e.g., neuronal markers 

detected in non-neuronal snRNA-seq data); default batch-

effect correction in Seurat was applied to datasets. 

 

Cell-Type Annotation  

 

Mouse hippocampal cell types were annotated manually 

using established gene markers as listed in Supplementary 

Figure 1B. For human hippocampal samples from 

previously published literature [43], we used the 

following markers: CA1 pyramidal neurons: syt1, 

mpped1, and pex5l; CA3 pyramidal neurons: syt1, prkcb, 

and cpne4; dentate gyrus granule cells: syt1, prox1, and 

stxbp6; inhibitory neurons: syt1, gad1, and gad2; 

astrocytes: aqp4 and slc1a2; microglia: cd74 and csf1r; 

oligodendrocytes: plp1 and mbp; oligodendrocytes 

precursor cells: pdgfra. 

 

Differential Gene Expression and Functional Analysis  
 

Differentially expressed genes (DEGs) were identified 

using Seurat’s FindMarkers function with the Wilcoxon 

rank-sum test. DEGs were defined by a P value < 0.01 and 

absolute log₂ fold-change > 0.5. Synaptic genes were 

further filtered using the SYNGO databases. AD risk 

genes were downloaded from KEGG database, and ID is 

mmu05010. We also add some genes from previous 

studies manually. Immune and inflammation related 

genes were collected from previous studies. Data 

visualization—including heatmaps, volcano plots, and 

violin plots—was performed using Seurat and OriginLab 

2024. In the heatmaps of avg_log2FC values, cells with 

NA values were displayed in white. Normalized 

expression values used in heatmaps were produced by 

modified jjDotPlot function scRNAtoolVis package (see 

data available). GO analyses were generated via 

ClusterProfiler (version 4.10.1) and Org.Mm.eg.db 

(version 3.18.0) with default parameters. 

 

Cell-Cell Communication Analysis 
 

Cell-cell communication was assessed using the CellChat 

package (v2.1.2) in R (v4.3.3), following the standard 

workflow outlined in the package guidelines [44]. 

Preprocessed single-cell RNA-seq data, previously 

analyzed using Seurat, were imported into CellChat for 

downstream interaction analysis. 

 

Gene Regulatory Network Analysis 
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We applied (pySCENIC [45] at https://pyscenic. 

readthedocs.io) to a subset of cells from our dataset to 

infer gene regulatory networks (GRNs). Initial GRN 

construction was guided by a comprehensive list of 

transcription factors from https://github.com/aertslab (file 

name is mm_mgi_tfs.txt). These networks were 

subsequently refined to retain only downstream target 

genes with predicted transcription factor binding motifs 

located within 5 kb of the transcription start site (TSS). 

Next, area under the curve (AUC) scores were computed 

for each regulon across cells, followed by z-score 

normalization. A regulon was considered expressed 

within a cell type if its average z-scored AUC exceeded 

zero. To assess differences in regulon activity across 

experimental conditions: WT-Veh, APP-TG-Veh, APP-

TG-THC, APP-TG-Cel, and APP-TG-Cel-THC, the z-

scored AUC values of expressed regulons were compared 

using one-way ANOVA, and P values were calculated 

accordingly. 

 

Immunoblot 

 

Western blot assays were performed to assess the 

expression of APP, BACE1, nicastrin (NCT), neprilysin 

(NEP), Aβ₄₂, total tau (Tau-5), phosphorylated tau (p-

Tau181), AT8 (p-Tau S202/T205), glutamate receptor 

subunits (GluA1, GluA2, GluN1, GluN2A, and GluN2B), 

and PSD-95 in hippocampal tissues from WT, 5xFAD 

(APP-TG), or PS19 (tau-TG) mice, as previously 

described [41, 46].  

Tissues were extracted and immediately 

homogenized in RIPA lysis buffer containing protease 

inhibitors, incubated on ice for 30 minutes, and 

centrifuged at 10,000 rpm for 10 minutes at 4 °C. 

Supernatants were separated on 4-15% SDS-PAGE gels 

(Bio-Rad) and transferred onto PVDF membranes (Bio-

Rad). Membranes were incubated overnight at 4 °C with 

primary antibodies (listed in Table 2), then washed and 

incubated with a secondary antibody (goat anti-rabbit, 

1:2,000; Cell Signaling) for 1 hour at room temperature. 

 

Table 2.  List of antibodies used in the present study. 

 
Antibody Ratio (WB) Ratio (IHC) Manufacture Cat# RRID 

BACE1 1:1,000  Abcam ab108394; 617C17C-100 AB_10861218 

APP 1:1,000 1:200 MilliporeSigma A8717 AB_258409 

4G8  1:2,000 BioLegend SIG-39220-200 AB_662812 

NCT 1:1,000  Cell Signaling 5665 AB_10694688 

Neprilysin 1:500  Novus NBP2-15771 AB_3263106 

A42 1:1,000  Thermos Fisher 44-344 AB_2313572 

GluA1 1:1,000  Abcam ab31232 AB_2113447 

GluA2 1:1,000  Abcam ab133477 AB_2620181 

GluN1 1:500  Abcam ab109182 AB_10862307 

GluN2A 1:1,000  MilliporeSigma 07-632 AB_310837 

GluN2B 1:1,000  Abcam ab65783 AB_1658870 

PSD-95 1:1,000  Abcam Ab2723 AB_303248 

p-tau-T181 1:1,000 1:500 Cell Signaling 12885 AB_2798053 

Tau-5 1:1,000  Thermos Fisher AHB0042 AB_2536235 

AT8 1:1,000  Thermos Fisher MN1020  AB_223647 

GFAP 1:1,000 1:500 MilliporeSigma G3893 AB_477010 

Iba-1  1:200 MilliporeSigma MABN92 AB_10917271 

-Actin 1:2,000  Santa Cruz Sc-47778 AB_626632 
 

Proteins were visualized using enhanced 

chemiluminescence (ECL; Amersham Biosciences, UK), 

and band intensities were quantified by densitometry 

using the GE/Amersham Imager 680 UV. Band densities 

were normalized to total protein loading using mouse anti-

β-actin (1:2,000; Santa Cruz), as previously described [41, 

46]. 

 

ELISA   

 

Whole hippocampi were lysed to generate total protein 

extracts. Tissues were homogenized in the lysis buffers 

supplied with the respective ELISA kits, including Aβ42 

(AnaSpec, Inc.), IL-1β (MyBioSource) and TNFα 

(MilliporeSigma), and all procedures followed the 

manufacturers’ instructions [46, 47]. Each kit included 

calibration (standard) curves, which we used to calculate 

absolute protein concentrations. Pilot experiments were 

performed to optimize loading volumes and ensure all 

measurements fell within the linear range of the standard 

curves. Absorbance was measured on a SpectraMax® iD3 

plate reader (Molecular Devices). The same animals were 

used for both Western blot (WB) and ELISA analyses to 

enable direct comparison across methods and to minimize 

inter-animal variability. Technical replicates were 
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performed for each detected protein to ensure accuracy 

and reproducibility. 

 

Immunofluorescence and histochemistry  

 

Immunofluorescence analysis was performed to assess 

Aβ, Iba1 and GFAP in coronal brain sections.  Animals 

were anesthetized with ketamine/xylazine (200/10 mg/kg) 

and subsequently transcardially perfused with PBS 

followed by 4% paraformaldehyde in phosphate buffer. 

The brains were quickly removed from the skulls and 

fixed in 4% paraformaldehyde overnight and then 

transferred into the PBS containing 30% sucrose until 

sinking to the bottom of the small glass jars. Cryostat 

sectioning was made on a freezing Vibratome at 30 μm 

and a series 5 to 8 equally spaced (every 10 sections) 

sections were collected in 0.1M phosphate buffer. Free 

floating sections were immunostained using specific 

antibodies as listed in Supplemental Table 2 and followed 

by incubation with the corresponding fluorescent-labeled 

secondary antibody. 4′-6-Diamidino-2-phenylindole 

(DAPI), a fluorescent stain that binds strongly to DNA, 

was used to detect cell nuclei in the sections. The sections 

were then mounted on slides for immunofluorescence 

imaging. Imaging was performed on a Zeiss Axio Imager 

2 deconvolution microscope. Brain regions of interest 

(ROIs) were defined using standard cytoarchitectural 

landmarks and included cortex, CA1, and dentate gyrus 

(DG). Immunostaining data were acquired and analyzed 

in SlideBook 6.0 (Intelligent Imaging Innovations, 

Denver, CO). Acquisition settings (exposure time and γ) 

were held constant across groups, and background was 

subtracted uniformly as described previously [35, 41, 46, 

47]. Thresholds for morphology-based segmentation were 

determined from channel histograms using SlideBook’s 

built-in algorithms to distinguish signal from background. 

For each image, the antibody-specific channel within the 

ROI was quantified in arbitrary densitometric units 

(ADU). Values were normalized to the vehicle control 

group, as described previously [41, 46]. 

Degenerating neurons were detected using Fluoro-

Jade C (FJC), an anionic dye that specifically stains the 

soma and neurites of degenerating neurons, making it a 

unique marker for neurodegeneration. Cryostat-cut 

sections were incubated for 10 minutes in a solution 

containing FJC (0.0001%, EMD Millipore) and DAPI 

(0.5 μg/mL), followed by three 1-minute washes with 

distilled water. Sections were then air-dried at room 

temperature in the dark. FJC-positive cells in the cortex 

and hippocampus were imaged and analyzed using a Zeiss 

deconvolution microscope with SlideBook 2024 software, 

as previously described. [35, 41]. 

 

 

Behavioral tests 

 

Novel object recognition test 
 

The novel object recognition (NOR) test was performed 

to assess memory retention as described previously [36, 

46, 48-50]. Briefly, the NOR test was conducted in a 30 × 

30 × 30 cm square open field. Mice first underwent a 10-

minute habituation session in the empty arena. The NOR 

assay then comprised two 10-minute stages separated by 

a 4-hour intertrial interval. In the training stage, animals 

were presented with two identical objects. In the test 

stage, animals were presented with one familiar object 

(from training) and one novel object. Exploration was 

defined as the time spent with the head oriented toward 

and within 2 cm of an object. Object exploration during 

the test stage was quantified using the EthoVision video-

tracking system (Noldus). The recognition index (RI) was 

calculated based on the following equation: RI 

=TN/TN+TF), where TN is the exploration time devoted 

to the novel  object and TF is the exploration time for the 

familiar object, as described previously [46, 49]. 

 

Morris water Maze test 
 

The classic Morris water maze (MWM) test was used to 

determine spatial learning and memory, as described 

previously [6, 35, 36, 41, 47, 48, 51]. Briefly, a circular 

water tank (diameter 120 cm and 75 cm in high) was filled 

with water, and the water was made opaque with non-

toxic white paint. A round platform (diameter 15 cm) was 

hidden 1 cm beneath the surface of the water at the center 

of a given quadrant of the water tank.  WT, APP TG, and 

tau-TG mice treated with WT-Veh, APP-TG-Veh, APP-

TG-THC, APP-TG-Cel, and APP-TG-Cel-THC received 

learning acquisition training in the Morris water maze for 

7 days and each session consisted of 4 trials. For each trial, 

the mouse was released from the wall of the tank and 

allowed to search, find, and stand on the platform for 5 

seconds within the 60-second trial period.  For each 

training session, the starting quadrant and sequence of the 

four quadrants from where the mouse was released into 

the water tank were randomly chosen so that it was 

different among the separate sessions for each animal and 

was different for individual animals. The mouse 

movement in the water pool was recorded by a video-

camera and the task performances, including swimming 

paths, speed, and time spent in each quadrant were 

recorded using an EthoVision video tracking system 

(Noldus). A probe test was conducted 24 h after the final 

acquisition session. For the probe test, the platform was 

removed, and behavior was recorded for 60 seconds. 

Memory retention was assessed by (1) time spent in the 

target quadrant and (2) the number of crossings over the 
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former platform location. Behavior was recorded and 

analyzed automatically using EthoVision XT. No animals 

were excluded unless they exhibited motor impairments, 

excessive floating (>50% of the trial duration), or visible 

health issues; no mice met these criteria in the present 

study. 
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Figure 1. Optimize 9-THC dosing for 9-THC intervention. (A) Schematic illustration of the 9-THC dosing protocol.  

5xFAD APP-TG mice at five months of age received different doses of 9-THC, and Aβ pathology along with the expression 

of synaptic markers was assessed after 30 days. (B) Expression of amyloid precursor protein (APP) and Aβ processing 

enzymes, including BACE1, nicastrin (NCT, a component of -secretase complex), and neprilysin (NEP) in the hippocampus 

of APP-TG mice treated with varying doses of 9-THC. Data are presented as means ±SEM. *P=0.0339 (Mann-Whitney test, 

Veh and THC-1.0 mg: n=4 animals/group; the rest groups: n=3 animals/per group). (C) ELISA analysis of A42 levels in 

hippocampal tissues of APP-TG mice treated with 9-THC. Data are presented as means ±SEM. * P=0.0339 (Mann-Whitney 

test, Veh: n=4 animals/group; THC: n=3 animals/per group). (D) Immunoblot analysis of synaptic marker expression, including 

PSD-95 and glutamate receptor subunits (GluA1, GluA2, GluN2A and GluN2B), in hippocampal tissues of APP-TG mice 

treated with 9-THC. Data are presented as means ±SEM. *P=0.0339 (Mann-Whitney test, Veh and THC-1.0 mg: n=4 

animals/group; the rest groups: n=3 animals/per group). (E) ELISA analysis of cytokine levels, including IL-1β and TNFα, in 

hippocampal tissues of APP-TG mice treated with 9-THC. Data are presented as means ±SEM. *P=0.0339 (Mann-Whitney 

test, Veh: n=4 animals/per group; THC: n=3 animals/per group). (F) Schematic illustration of the experimental protocol for 

combination treatment with  9-THC, with or without Celecoxib (Cel) in both WT and APP- TG mice. (G) qPCR analysis of 

inflammatory marker expression, including cyclooxygenase 1 (COX-1), COX-2, microsomal prostaglandin E synthase-1 

(mPGES-1), IL-1β, IL-6, TNFα, GFAP, and vimentin (VIM), in hippocampal tissues of WT and APP-TG mice treated with 

9-THC or Cel. Data are presented as means ±SEM. *p=0.0286, **p=0.0130 (Kruskal-Wallis test followed by Dunn’s post 

hoc test with Bonferroni correction for comparisons; WT: n=6 animals/per group, APP-TG: n=4 animals/per group). (H) 

ELISA analysis of cytokine levels, including IL-1β and TNFα, in hippocampal tissues of WT and APP-TG mice treated with 

9-THC or with Cel. Data are presented as means ±SEM. *p=0.0286, **p=0.0130 (Kruskal-Wallis test followed by Dunn’s 

post hoc with Bonferroni correction for comparisons; WT: n=6 animals/per group, APP-TG: n=4 animals/per group).   

Data analysis  

 

Data are presented as mean ± S.E.M. Statistical analyses 

were performed using StatView and GraphPad Prism. 

Unless stated otherwise, parametric tests (e.g., one- or 

two-way ANOVA with appropriate post hoc 

comparisons) were applied when normality assumptions 

were met. Non-parametric alternatives were used (e.g., 
Mann-Whitney for two groups; Kruskal-Wallis followed 

by Dunn’s tests for multiple group comparisons) when 

group sizes were <6. Exact p values and the number of 

observations (n) for each group are indicated in the figures 

or reported in the corresponding figure legends. 

 

RESULTS 

 

Determining the optimal dose of 9-THC for AD 

therapy 

 

Previous research has revealed that 9-THC doses higher 

than 5.0 mg/kg impair cognition, while doses of 3.0 mg/kg 

or lower enhance memory in aging animals [6, 14-17, 20, 

52]. To avoid the severe neuropsychiatric and cognitive 

impairments associated with high doses, we selected a 

dose range of 0.1 to 3.0 mg/kg to determine the optimal 

dose for AD therapy. We evaluated this range by 

assessing Aβ pathology and synaptic markers in the 

hippocampus of 5xFAD transgenic (APP-TG) mice, a 

widely used animal model of AD [34, 35], as Aβ 

pathology is one of the key neuropathology hallmarks and 

early-stage AD is characterized by synaptic dysfunction 

[38]. These mice exhibit robust Aβ neuropathology at 4 

months of age and deficits in learning and memory 

beginning at 5 ~ 6 months of age [34, 35]. Therefore, we 

administered 9-THC via oral gavage, a route that is more 

relevant clinical medication, starting at 5 months of age, 

once daily for 30 days (Fig. 1A). As shown in Fig.1B, 9-

THC at doses of 0.1 and 0.5 mg/kg dis not alter the 

expression of β-amyloid precursor protein (APP), β-site 

amyloid precursor protein cleaving enzyme 1 (BACE1), 

or nicastrin (NCT), enzymes involved in Aβ synthesis, nor 

did it affect neprilysin (NEP), the enzyme responsible for 

Aβ degradation. However, at 1.0 mg/kg, 9-THC 

significantly reduces APP, BACE1 and NCT levels, 

suggesting that this dose may be the minimal effective 

dosage in reducing Aβ pathology in APP-TG mice. 

Notably, at 3.0 mg/kg, 9-THC induced a robust reduction 

in APP, BACE1 and NCT, while also increasing NEP 

expression. ELISA analysis further revealed a dose-

dependent decrease in soluble Aβ42 levels, with a 

reduction of more than 50% observed at 3.0 mg/kg (Fig. 

1C). Similarly, we did not observe significant changes in 

the expression of glutamate AMPA and NMDA receptor 

subunits or PSD-95 at doses of 0.1, 0.5, 1.0 mg/kg (Fig. 

1D). However, at 3.0 mg/kg, 9-THC significantly 

increased all assessed synaptic markers. These results 

suggest that 9-THC at 3.0 mg/kg is likely the optimal 

dose for maximizing the reduction of Aβ pathology and 

improving synaptic integrity while avoiding the 

detrimental cognitive effects observed at higher doses.  

To further validate that 9-THC at 3.0 mg/kg is the 

optimal dose for reducing neuropathology and enhancing 

synaptic function, we conducted an additional set of 

experiments. As shown in Fig. 2, 9-THC at 3.0 mg/kg 

significantly reduced Aβ pathology (Fig. 2A), increased 

the expression of synaptic markers (Fig. 2B), and 

attenuated neurodegeneration (Fig. 2C).  
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Figure 2. 9-THC reduces Aβ pathology, neurodegeneration and enhances synaptic marker expression in 6-month-old 

5xFAD mice. 9-THC (3.0 mg/kg) was administered via oral gavage in 5xFAD APP-TG mice at 5 months of age. 

Assessments were performed 30 days after last administration. (A) Immunoblot analysis of hippocampal expression of APP, 

BACE1, NCT, NEP, and Aβ42 in APP-TG mice treated with vehicle or 9-THC. Data are presented as means ±SEM. 

*p=0.0253 (Mann-Whitney test, Veh: n=3 animals/group; THC: n=5 animals/per group). (B) Immunoblot analysis of synaptic 

marker expression, including PSD-95 and glutamate receptor subunits (GluA1, GluA2, GluN1, GluN2A and GluN2B), in 

hippocampal tissues of APP-TG mice treated with 9-THC. Data are presented as means ±SEM. *p=0.0253 (Mann-Whitney 

test, Veh: n=3 animals/group; THC: n=5 animals/per group). (C) Fluoro-Jade C (FJC) staining of degenerating neurons in the 

Ctx and Hipp of APP-TG mice treated with 9-THC. Data are presented as means ±SEM. ****P<0.0001 (ANOVA with 

Bonferroni post-hoc test, 19 images for Veh and 22 images for THC, n=5 animals per group). Scale bars: 40 μm. 

Previous research has shown that higher doses of 9-

THC (8 and 10 mg/kg) activate neuroinflammatory COX-

2 and NF-kB signaling pathways, resulting in increased 

cytokine production and elevated expression and activity 

of COX-2 and its downstream derivatives, such as 

prostaglandins [6, 31-33].  Given the detrimental effects 

of neuroinflammation on brain function, we assessed 

cytokine levels to determine whether lower doses of 9-

THC also trigger inflammatory responses in 5xFAD APP-

TG mice. Our results revealed that even at a lower dose 

(0.1 mg/kg), 9-THC significantly increased the 

production of IL-1β and TNF-α (Fig. 1E). As 3.0 mg/kg 

was identified as the optimal dose of 9-THC for AD, we 

further investigated whether the 9-THC-induced 

increase in inflammatory markers at this dose could be 

mitigated by Celecoxib (Cel), a selective COX-2 

inhibitor, at an extremely low dose of 1.0 mg/kg. Four-

month-old WT and APP-TG mice were treated with 

vehicle (Veh), Cel, 9-THC, or Cel + 9-THC once daily 

for three days, and assays were performed one day after 

the final oral gavage dose (Fig. 1F).  As shown in Fig. 1G, 

9-THC (3.0 mg/kg) significantly increased the mRNA 

expression of inflammatory markers, including COX-2, 

microsomal prostaglandin E synthase-1 (mPGES-1), IL-

1β, IL-6, TNF-α, glial fibrillary acidic protein (GFAP), 

and vimentin (VIM) in the hippocampus of both WT and 

APP-TG mice, with more robust increases observed in 

APP-TG mice compared to WT animals. However, these 

increases were significantly attenuated by Cel treatment. 

Both ELISA and immunoblot analyses further 

demonstrated that 9-THC-induced increases in the 

expression IL-1β and TNF-α were inhibited by Cel (Fig. 

1H). 
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Figure 3.  9-THC, alone or in combination with Celecoxib, improves cognitive function and preserves synaptic 

integrity in APP-TG mice. (A) Schematic illustration of the experimental protocol for treatment with  9-THC, with or 

without Celecoxib (Cel), in 5xFAD APP-TG mice. (B) Cartoon illustration of the novel object recognition (NOR) test. (C) 

Memory retention was assessed using the NOR test in APP TG mice treated with 9-THC, with or without Cel. Data are 

presented as means ± SEM. *P= 0.0230, ****P< 0.0001 vs WT-Veh, §§§P=0.0012, §§§§P< 0.0001 vs APP-TG-Veh (ANOVA 

with Bonferroni post hoc test, WT-Veh: n =14 animals per group, APP-TG-Veh: n=13 animals per group, APP-TG-Cel: n 

=13 animals per group, APP-TG-THC: n =12 animals per group, APP-TG-Cel-THC: n =14 animals per group). (D) 

Illustration of the Morris water maze (MWM) test. (E) Spatial learning and memory were assessed using the MWM test in 

APP TG mice treated with 9-THC, with or without Cel. Data are presented as means ± SEM. ****P < 0.0001 vs WT-Veh; 
§P=0.0341, §§§§P< 0.0001vs APP-TG-Veh; #P=0.0501 vs APP-TG-THC (Repeated measures ANOVA with Bonferroni post 

hoc test, WT-Veh: n =14 animals per group, APP-TG-Veh: n=13 animals per group, APP-TG-Cel: n =12 animals per group, 

APP-TG-THC: n =13 animals per group, APP-TG-Cel-THC: n =14 animals per group). (F) The probe test was conducted 

24 hours following 7 days of learning acquisition training. Data are presented as means ± SEM. ***P=0.0002, ****P < 
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0.0001 vs WT-Veh; §§§§P< 0.0001vs APP-TG-Veh (ANOVA with Bonferroni post hoc test). (G) Immunoblot analysis of 

synaptic marker expressions in APP TG mice with 9-THC, with or without Cel. Data are presented as means ±SEM. 

*p=0.0480, §p=0.0286 (Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni correction for comparisons; 

Veh: n=4 animals/per group, Cel: n=4 animals/per group, THC: n=5 animals/per group, Cel-THC: n=6 animals/per group).  

The data presented above indicate that 9-THC at 3.0 

mg/kg effectively reduces Aβ pathology and increases 

expression of synaptic markers, while 9-THC-induced 

inflammatory responses can be mitigated by concurrent 

administration of Cel at 1.0 mg/kg in APP-TG mice. 

Therefore, we selected 3.0 mg/kg 9-THC (human 

equivalent doses: 0.24 mg/kg) in combination with 1.0 

mg/kg Cel (human equivalent doses: 0.08 mg/kg) as the 

optimal regimen to evaluate the efficacy of this 

combination in alleviating neuropathology and improving 

neurocognitive function in AD model mice.  

 

9-THC alone or in combination with Cel improves 

learning, memory, and synaptic integrity in APP-TG 

mice 

 

Amnesia, or memory loss, is a hallmark symptom of AD. 

Therefore, we first assessed whether 9-THC or its 

combination with Cel could enhance learning and 

memory or prevent the disease onset in AD model 

animals. APP-TG mice at five months of age were treated 

with Veh, Cel, 9-THC, or Cel + 9-THC once daily for 

30 days (Fig. 3A). Memory retention in these mice was 

evaluated using the novel object recognition (NOR) test 

(Fig. 3B). As expected, vehicle-treated APP-TG mice at 

six months of age exhibited impaired memory retention 

compared with WT controls (Fig. 3C). While Cel alone 

did not significantly improve NOR performance, 

treatment with 9-THC or the combination of Cel + 9-

THC effectively prevented or rescued memory deficits in 

APP-TG mice. These findings suggest that 9-THC, 

either alone or in combination with Cel enhances memory 

in AD animals.  

These findings were further confirmed using the 

Morris water maze (MWM) test (Fig. 3D). As shown in 

Fig. 3E~F, 9-THC alone or in combination with Cel 

significantly improved spatial learning and memory 

retention in APP-TG mice. Notably, APP-TG mice 

treated with Cel + 9-THC displayed better spatial 

learning performance compared to those treated with 9-

THC alone (Fig. 3E). Additionally, Cel slightly enhanced 

spatial learning in APP-TG mice. To further investigate 

the effects of 9-THC or its combination with Cel on 

synaptic integrity, we assessed the expression of key 

synaptic markers involved in synaptic transmission and 

plasticity. Our previous study demonstrated that the 

expression of glutamate AMPA receptor subunits (GluA1 

and GluA2), NMDA receptor subunits (GluN2A and 

GluN2B), and PSD-95 is significantly reduced in 6-

month-old 5xFAD mice [35]. Here, we found that the 

reduced expression of these synaptic markers was 

robustly restored by 9-THC alone or Cel + 9-THC (Fig. 

3G). These data indicate that 9-THC, either alone or in 

combination with Cel, enhances synaptic and cognitive 

functions and prevents cognitive decline in AD animals.    

 

9-THC alone or in combination with Cel reduces 

neuroinflammation and neuropathology in APP-TG mice 
 

Neuroinflammation is widely recognized as a key 

contributor in the development of neurodegenerative 

diseases [21-23]. Additionally, 9-THC has been shown 

to activate neuroinflammatory signaling pathways, 

leading to elevated levels of cytokines, COX-2, and other 

inflammatory factors [6, 31-33]. Astrogliosis is widely 

recognized as a hallmark of neuroinflammation in 

neurodegenerative diseases. To assess whether 9-THC 

increases astrocyte and microglial reactivity, and whether 

this effect can be attenuated by Cel, we examined the 

immunoreactivity of GFAP (an astrocytic marker) and 

Iba1 (a microglial marker) in APP-TG mice. As shown in 

Fig. 4B~C, GFAP and Iba1 immunoreactivity was 

increased in APP-TG mice when compared with WT. Cel 

alone reduced gliosis in APP-TG mice. In contrast, 9-

THC alone further increased GFAP and Iba1 

immunoreactivity, indicating heightened astrocyte and 

microglial activation. However, this 9-THC-induced 

gliosis was effectively attenuated by co-administration of 

Cel in APP-TG mice. These findings suggest that while 

9-THC exacerbates neuroinflammation, COX-2 

inhibition with Cel effectively mitigates this effect in 

APP-TG mice. 

Next, we examined Aβ pathology and found that both 

9-THC alone and the combination of Cel + 9-THC 

significantly reduced BACE1, NCT, Aβ42, and Aβ plaque 

deposition while increasing NEP levels (Fig. 4D~E). 

These results indicate that 9-THC reduces Aβ pathology 

not only by suppressing Aβ synthesis enzymes but also by 

enhancing Aβ clearance mechanisms. Neurodegeneration 

is a hallmark of AD neuropathology. Using Fluoro-Jade C 

(FJC), a marker for degenerating neurons, we found that 

both 9-THC alone and the combination of Cel + 9-THC 

significantly reduced the number of FJC-positive neurons 

in 6-month-old APP-TG mice (Fig. 4F). These data 

indicate that 9-THC, either alone or in combination with 

Cel, reduces AD neuropathology and that co-

administration with Cel attenuates 9-THC-induced 

exacerbation of neuroinflammation in APP-TG mice.    
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Figure 4.  The combination treatment reduces neuropathology and 9-THC-induced glial cell reactivity. (A) 

Schematic illustration of the experimental protocol. (B) Immunostaining analysis of Iba1 immunoreactivity in the 

brain of APP-TG mice treated with 9-THC, with or without Cel. Data are presented as means ±SEM. **p=0.0042, 

***p=0.0005, ****p<0.0001 (ANOVA with Bonferroni post-hoc test, WT-Veh: 27 images/5 animals, APP-TG-Veh: 

28 images/6 animals, APP-TG-Cel: 24 images/5 animals, APP-TG-THC: 25 images/5 animals, APP-TG-THC: 28 

images/6 animals). Scale bars: 40 μm.  (C) Immunostaining analysis of GFAP immunoreactivity in the brain of APP-

TG mice treated with 9-THC, with or without Cel. Data are presented as means ±SEM. *p=0.0275, ***p=0.0005, 

****p<0.0001  (ANOVA with Bonferroni post-hoc test, WT-Veh: 35 images/5 animals, APP-TG-Veh: 37 images/6 
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animals, APP-TG-Cel: 34 images/5 animals, APP-TG-THC: 35 images/5 animals, APP-TG-THC: 34 images/6 

animals). Scale bars: 40 μm. (D) Immunoblot analysis of APP, Aβ42, and Aβ processing enzymes, including BACE1, 

NCT, and NEP in hippocampal tissues of APP-TG mice treated with 9-THC, with or without Cel. Data are presented 

as means ±SEM (Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni correction for comparisons; 

Veh: n=4 animals/per group, Cel: n=4 animals/per group, THC: n=5 animals/per group, Cel-THC: n=6 animals/per 

group). (E) Immunostaining analysis of 4G8 (total Aβ) immunoreactivity in the cortex (Ctx) and hippocampus (Hipp) 

of APP-TG mice treated with 9-THC, with or without Cel. Data are presented as means ±SEM. *p=0.0341, 

****p<0.0001 (ANOVA with Bonferroni post-hoc test, APP-TG-Veh: 25 images/5 animals, APP-TG-Cel: 25 

images/5 animals, APP-TG-THC: 25 images/5 animals, APP-TG-THC: 24 images/5 animals). Scale bars: 400 μm. 

(F) Fluoro-Jade C (FJC) staining of degenerating neurons in the Ctx and Hipp of APP-TG mice treated with 9-THC, 

with or without Cel. Data are presented as means ±SEM. *p=0.0212, ****p<0.0001 (ANOVA with Bonferroni post-

hoc test, APP-TG-Veh: 25 images/5 animals, APP-TG-Cel: 25 images/5 animals, APP-TG-THC: 25 images/5 

animals, APP-TG-THC: 24 images/5 animals). Scale bars: 400 μm. 

9-THC alone or in combination with Cel attenuates 

the altered expression of synapse- and inflammation-

related genes in APP-TG mice 

 

To further investigate the mechanisms underlying the 

improved cognitive function in APP-TG mice treated with 

9-THC or the combination of 9-THC and Cel, we 

conducted single-nucleus RNA sequencing (snRNA-seq) 

using the 10× Genomics Chromium platform to analyze 

expression of genes in the hippocampus of APP-TG mice, 

as previously described [41, 42]. Cell types were 

identified in the t-SNE plots (Fig. 5A and Suppl Fig. S1A) 

using canonical gene markers (Suppl Fig. S1B), including 

CA1 pyramidal neurons (CA1 PNs), CA3 pyramidal 

neurons (CA3 PNs), dentate gyrus granule cells (DG 

GCs), inhibitory neurons (Inh Neu), astrocytes (Ast), 

microglia (Mic), and oligodendrocytes (Olig).  

We found significant gene up- and downregulation in 

hippocampal neurons, including CA1PNs, CA3PNs, and 

DGGCs, as well as glial cells, including Ast, Mic, and 

Olig, in APP-TG mice compared with WT controls (Suppl 

Fig. S2&3, Suppl Table S1. All supplemental tables are 

available for access and viewing at: https://zenodo.org/ 

records/17488515). However, changes in expression of 

these genes were significantly modulated by 9-THC or 

the combination treatment.  Given the critical role of 

synaptic function in cognitive performance and the fact 

that AD at early stages is a synapse failure [38], we 

specifically analyzed synapse-related differentially 

expressed genes (DEGs). As shown in Fig. 5B~C, Suppl 

Fig. S4, and Suppl Table S2, synaptic genes, which are 

involved in synaptic organization, axon guidance, 

excitatory synapse formation, and spine morphology [53-

56], were either up- or down-regulated in various cell 

types from vehicle-treated APP-TG mice. However, these 

alterations were significantly attenuated or restored to WT 

levels by Δ9-THC or the combination treatment, with 

minimal effects observed following Cel treatment alone. 

Notably, the combination treatment resulted in a greater 

reversal of synaptic DEGs, particularly in neurons and 

astrocytes (Fig. 5B~C, Suppl Fig. S4A~G, and Suppl 

Table S2). Fig. 5C list representative synaptic DEGs 

affected across different cell types. For example, ephb2, a 

member of receptor tyrosine kinase family that plays 

critical roles in synaptogenesis, axon guidance, dendritic 

spine formation, synaptic maturation, AMPA and NMDA 

glutamate receptor expression and function, and long-

term synaptic plasticity, is downregulated in APP-TG 

mice (Fig 5C). Increasing ephb2 levels have been shown 

to rescue impaired synaptic plasticity in AD model 

animals [57]. Notably, ephb2 is downregulated in both 

AD patients and APP-TG mice [48], its expression is 

restored by the combination treatment of Δ⁹-THC and Cel. 

These findings suggest that the combination treatment 

preserves synaptic integrity and prevents synaptic and 

cognitive deterioration in AD. Gene Ontology (GO) 

enrichment analysis further supports these findings, 

showing that the affected DEGs are involved in synaptic 

organization, synaptic transmission and plasticity, and 

learning and memory (Fig. 5D; Supplementary Tables 3).  

Neuroinflammation is considered a fundamental 

contributor to the pathogenesis of neurodegenerative 

diseases. We analyzed inflammation-related differentially 

expressed genes (DEGs) across all cells and within glial 

subsets, astrocytes, microglia, and oligodendrocytes, and 

found that their dysregulation in APP-TG mice was 

significantly reduced by Δ9-THC, with even greater 

attenuation following combination treatment with Δ9-

THC and celecoxib (Fig. 5E & 5F; Suppl Fig. S5; Suppl 

Table S4). Selected inflammation-related genes affected 

in different cell types are shown in Fig. 5F. GO analysis 

indicates that these genes are associated with immune and 

neuroinflammatory responses (Fig. 5D). Among them, 

sharpin, which is known to promote inflammation by 

enhancing the secretion of IL-1β and TNF-α in AD 

models, is markedly upregulated. However, this 

upregulated is reversed by the combination treatment 

(Fig. 5F).  

Next, we examined the expression of AD-linked 

genes in APP-TG mice treated with Δ9-THC, celecoxib 

(Cel), or the combination. Genes up- or downregulated in 

vehicle-treated APP-TG mice were oppositely modulated 

by Δ9-THC, with more pronounced effects under 
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combination treatment in CA1 PNs, CA3 PNs, DGGCs, 

and astrocytes (Suppl. Fig. S6; Suppl. Table S5). For 

example, dysregulated AD-related genes in excitatory and 

inhibitory neurons were reversed by Δ9-THC, with an 

even greater effect from the combination (Fig. 5G). 

Interestingly, several AD-linked genes, lrp1, apc2, ide, 

and kif5a, which are involved in Aβ clearance, axonal 

mitochondrial transport, and AD pathogenesis [43, 58-

61], were downregulated in CA1PNs and inhibitory 

neurons in both AD patients [43] and APP-TG mice. Their 

expression was restored by Δ9-THC and further enhanced 

by the combination treatment (Fig. 5H).  
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Figure 5. The combination treatment reverses altered synapse-, inflammation-, and AD-related gene expressions in the 

hippocampus of APP-TG mice. (A) t-Distributed Stochastic Neighbor Embedding (t-SNE) visualization of integrated nuclei 

from the hippocampus of WT-Veh, APP-TG-Veh, APP-TG-THC, APP-TG-Cel, and APP-TG-Cel-THC mice. Cell types include 

CA1 pyramidal neurons (CA1 PNs), CA3 pyramidal neurons (CA3 PNs), dentate gyrus granule cells (DG GCs), interneurons 

(Inh Neu), astrocytes (Ast), microglia (Mic), oligodendrocytes (Olig), and oligodendrocyte progenitor cells (OPC), (B) Heatmap 

showing the number of synapse-related differentially expressed genes (DEGs) across hippocampal cells from mice in the 

indicated groups.  (C) Heatmaps displaying normalized expression levels of representative synaptic DEGs in both neurons and 

glial cell populations from the groups shown in A. (D) Heatmap showing the number of DEGs enriched in synapse- and 

inflammation-related Gene Ontology (GO) terms. (E) Heatmaps showing the number of inflammation-related DEGs in total 

hippocampal cells across the indicated groups in A. (F) Heatmaps showing normalized expression levels of representative 

inflammation-related DEGs in total and glial cell populations. (G) Heatmaps displaying representative AD-related DEGs in 

neuron populations. (H) Heatmaps showing shared DEGs in CA1 PNs and Inh Neu between human samples (from the dataset 

reported in reference 43) and the AD mouse model. 

Since gene expression is regulated by both 

intracellular signaling and intercellular communication, 

we employed pySCENIC to predict transcription factor 

(TF) activity and CellChat to analyze cell-cell signaling. 

Following pySCENIC analysis, we examined the overlap 

between TF target genes and cell type-specific DEGs to 

identify key regulatory factors. As shown in Fig. S7A~G, 

activity of several key regulators related to synaptic and 

inflammatory functions (e.g. esrrg and zfp148) [62, 63] 

was higher in APP-TG mice treated with Δ9-THC-Cel 

compared to vehicle-treated controls. CellChat analysis 

reveals significantly altered expression levels in APP-TG 

mice treated with vehicle, including downregulation of 

slitrk3 in CA1 PNs, ntrk2 and psap in DG GCs, and 

upregulation of slit2 in Inh Neu (Suppl Fig. S7H). As 

these genes are associated with synaptic functions, their 

dysregulation is likely linked to impaired expression of 

synaptic genes observed in APP-TG mice [64-67]. While 

Δ⁹-THC or Cel lone produced only marginal changes in 

these genes, the combination treatment significantly 

reversed these alterations (Suppl Fig. S7H). These 

changes of ligand/receptor levels and activity of TFs may 

underlie beneficial effects conferred by the combination 

treatment of Δ⁹-THC and Cel.  

 

9-THC alone or in combination with Cel reduces tau 

pathology, improves synaptic integrity and cognitive 

function in tau-TG mice 

 

Given that AD features both Aβ and tau pathologies, we 

asked whether Δ9-THC alone or combined with Cel could 

attenuate tau pathology and associated cognitive 

impairments. This evaluation aims to strengthen the 

translational relevance of our approach for potential 

prevention of AD by mitigating tau pathology-linked 

cognitive decline. To this end, we used P301S mutant 

human tau transgenic mice (PS19), a widely used 

tauopathy model [36, 37]. As shown in Fig. 6B, Δ9-THC-

induced elevation of cytokines was robustly attenuated in 

PS19 mice. Importantly, while Cel alone did not reduce 

hippocampal phosphorylated tau proteins at Thr181 (p-tau 

181) and Ser202/Thr205 (AT8), nor improve learning and 

memory, Δ9-THC alone or in combination with Cel 

significantly reduced p-tau 181 and AT8 levels and 

prevented cognitive decline (Fig. 6C). Importantly, Δ9-

THC, either alone or in combination with Cel prevented 

deterioration in spatial learning and memory retention in 

Tau-TG mice, as assessed by the Morris water maze 

(MWM) and the novel object recognition (NOR) tests 

(Fig. 6D~F). In addition, Δ9-THC, alone or in 

combination with Cel, restored or elevated the expression 

of synaptic markers in the hippocampus of tauopathy 

model mice, including glutamate NMDA and AMPA 

receptor subunits and PSD95 (Fig. 6G). These results 

indicate that Δ9-THC, either alone or in combination with 

Cel, reduces tau pathology, preserves synaptic integrity, 

and improves cognitive function in the tauopathy model. 

 

DISCUSSION 

 

Cannabis, or marijuana, has long been considered a 

potential therapy for AD. However, due to its complex 

composition, difficulties in dose control, and adverse 

effects associated with smoking, attention has shifted to 

Δ9-THC, the primary psychoactive component of 

marijuana, as a potential agent for the prevention and 

treatment of AD. Previous studies have shown that high 

doses of Δ9-THC (≥5.0 mg/kg) impair cognitive function 

[19], whereas low doses (≤3.0 mg/kg) improve learning 

and memory in aged animals [20]. These hormetic effects 

on neurocognitive function complicate dosage 

optimization and clinical implementation for preventing 

AD onset or slowing its progression. Consequently, few 

studies have evaluated Δ9-THC as a therapeutic agent for 

AD, particularly, with a focus on cognitive function. 

Given that learning and memory impairment is the most 

prominent early symptom of AD, we assessed whether 

low dose of Δ9-THC could prevent onset of cognitive 

decline in AD model animals. In this study, we provide 

evidence that low-dose 9-THC (3.0 mg/kg in mice, 

equivalent to a human dose of 0.24 mg/kg) may represent 

an optimal intervention for preventing the development of 

AD, as it significantly reduces neuropathology, preserves 

synaptic integrity, and prevents cognitive deterioration in 
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two AD mouse models, one with Aβ pathology and the 

other with tau pathology.  

 
Figure 6. The combination treatment reduces tau pathology, maintains synaptic integrity, and prevents cognitive 

decline in tau-TG mice. (A) Schematic illustration of the experimental protocol.  PS19 Tau-TG mice at six months of age 

received oral gavage administration of Veh, 9-THC, with or without Cel. Assessments were conducted 30 days after the 

final dose. (B) ELISA analysis of cytokine levels, including IL-1β and TNFα, in hippocampal tissues of Tau-TG mice 

treated with 9-THC, with or without Cel. Data are presented as means ±SEM (Kruskal-Wallis test followed by Dunn’s 

post hoc test with Bonferroni correction for comparisons; n=4 animals/per group). (C) Immunoblot analysis of tau 
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pathology, including total tau (Tau-5), phosphorylated tau-Thr181 (p-Tau181), AT8 (p-Tau S202/T205), in hippocampal 

tissues of PS19 mice treated with Veh, 9-THC, with or without Cel. Data are presented as means ±SEM (Kruskal-Wallis 

test followed by Dunn’s post hoc test with Bonferroni correction for comparisons; n=4 animals/per group). (D) Spatial 

learning and memory retention were assessed using the Morris water maze (MWM) test.  Data presented as are means 

±SEM.  ****P<0.0001 vs. WT-Veh, §§§§P< 0.0001vs Tau-TG-Veh (Repeated measures ANOVA with Bonferroni post hoc 

test, WT-Veh: n=19 animals, Tau-TG-Vel: n=15 animals, Tau-TG-Cel: n=17 animals, Tau-TG-THC: n=19 animals, Tau-

TG-Cel-THC: n=20 animals). (E) Probe test conducted 24 hrs following 7 days of learning acquisition training. The data 

presented as are means ± SEM. *P=0.0386, **P=0.0038, ***P=0.0005, ****P<0.0001 vs. WT-Veh; §§P=0.0035, 
§§§P=0.0002,§§§§ P<0.0001 vs. Tau-TG-Veh (ANOVA with Bonferroni post-hoc test). (F) Novel object recognition (NOR) 

test. Data presented as means ±SEM. ***P=0.0002, ****P<0.0001 vs. WT-Veh; §§§P=0.0004,§§§§ P<0.0001 vs. Tau-TG-

Veh (ANOVA with Bonferroni post-hoc test, WT-Veh: n=19 animals, Tau-TG-Vel: n=15 animals, Tau-TG-Cel: n=17 

animals, Tau-TG-THC: n=19 animals, Tau-TG-Cel-THC: n=20 animals). (G) Immunoblot analysis of synaptic markers, 

including PSD-95 and glutamate receptor subunits (GluN1, GluN2A, GluN2B, GluA1, GluA2), in hippocampal tissues of 

Tau-TG mice treated with Veh, 9-THC, with or without Cel. Data are presented as means ±SEM. *p=0.0286, §p=0.0433 

(Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni correction for comparisons; n=4 animals/per group).   

However, cannabinoids not only possess anti-

inflammatory properties [1, 30], but can also activate 

neuroinflammatory signaling pathways [6, 31-33], 

indicating a dual role for Δ9-THC in modulating 

inflammation-both suppressing and initiating 

inflammatory responses. Remarkably, Δ9-THC has been 

shown to activate NF-κB and COX-2 signaling pathways, 

leading to increased levels of prostaglandins, cytokines, 

and other inflammatory mediators that contribute to Δ9-

THC-induced synaptic and cognitive impairments [6, 31-

33]. To minimize potential adverse effects resulting from 

inducting inflammatory responses, we co-administered 

9-THC with the selective COX-2 inhibitor Celecoxib. 

Indeed, combining low-dose 9-THC with Celecoxib (1.0 

mg/kg) further improves spatial learning and attenuates 

9-THC-induced neuroinflammatory responses in AD 

animals. Transcriptomic analysis reveals that the altered 

synapse- and immune/inflammation-related DEGs 

observed in AD model animals, were reversed or 

attenuated by Δ9-THC, with greater effects observed 

when combined with celecoxib. In particular, several 

downregulated AD-related DEGs observed in both AD 

patients and AD animal models were significantly 

reversed or attenuated by the combination treatment in 

AD animals. These findings suggest that the prevention of 

cognitive decline by the combination treatment is likely 

associated with the modulation of these synapse- and 

inflammation-related DEGs in AD animal models. Given 

the central role of neuroinflammation in 

neurodegeneration [21, 68, 69], the contribution of 

celecoxib to Δ9-THC-mediated prevention of 

neuropathology and cognitive decline in AD model mice 

likely stems from its ability to suppress both pre-existing 

AD-related inflammation and Δ9-THC-induced 

inflammatory signaling, despite the very low celecoxib 

dose used in this study (1.0 mg/kg). 

Study rationale and limitation: The present study used a 

30-day treatment paradigm as a proof-of-concept design 

to evaluate the efficacy and mechanisms of the Δ9-THC 

and Celecoxib combination. Although this regimen was 

sufficient to elicit significant neuroprotective and anti-

inflammatory effects, AD is a chronic condition, and 

future studies are needed to assess the long-term safety, 

sustained efficacy, and potential cumulative effects of this 

combination therapy. 

 

Conclusion 

 

AD is the most common cause of dementia in the elderly. 

Currently, there are no effective therapies available to 

prevent or treat AD or to slow its progression. Our studies 

provide experimental and preclinical evidence that the 

combination of low-dose Δ9-THC (3.0 mg/kg) and 

Celecoxib (1.0 mg/kg) holds promise as an early 

intervention for preventing the onset of AD or treating 

mild cognitive impairment. This combination treatment is 

expected to avoid the cognitive adverse effects associated 

with high-dose 9-THC while retaining its cognitive-

enhancing benefits and minimizing 9-THC-induced 

inflammatory responses. Especially, both Δ9-THC (as 

Dronabinol and Nabilone) and Celecoxib are FDA-

approved medications currently in clinical use. Therefore, 

this combination therapy could be rapidly advanced to 

clinical trials to evaluate its efficacy in preventing or 

delaying the onset of AD in humans. 
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