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Abstract 

Several recent findings suggest that targeting the endogenous cannabinoid system can 

be considered as a potential therapeutic approach to treat Alzheimer’s disease (AD). 

The present study supports this hypothesis demonstrating that delta-9-

tetrahydrocannabinol (THC) or cannabidiol (CBD) botanical extracts, as well as the 

combination of both natural cannabinoids, which are the components of an already 

approved cannabis-based medicine, preserved memory in AβPP/PS1 transgenic mice 

when chronically administered during the early symptomatic stage. Moreover, 

THC+CBD reduced learning impairment in AβPP/PS1 mice. A significant decrease in 

soluble Aβ42 peptide levels and a change in plaques composition were also observed in 

THC+CBD-treated AβPP/PS1 mice, suggesting a cannabinoid-induced reduction in the 

harmful effect of the most toxic form of the Aβ peptide. Among the mechanisms related 

with these positive cognitive effects, the anti-inflammatory properties of cannabinoids 

may also play a relevant role. Here we observed reduced astrogliosis, microgliosis and 

inflammatory-related molecules in treated AβPP/PS1 mice, which were more marked 

after treatment with THC+CBD than with either THC or CBD. Moreover, other 

cannabinoid-induced effects were uncovered by a genome-wide gene expression study. 

Thus, we have identified the redox protein thioredoxin 2 and the signaling protein 

Wnt16 as significant substrates for the THC+CBD-induced effects in our AD model. In 

summary, the present findings show that the combination of THC and CBD exhibits a 

better therapeutic profile than each cannabis component alone and support the 

consideration of a cannabis-based medicine as potential therapy against AD.  

Keywords: tetrahydrocannabinol, cannabidiol, Alzheimer’s disease, animal model, 

therapy 
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Introduction 

Alzheimer's disease (AD) is the most common neurodegenerative disease associated 

with dementia in the elderly. While a small proportion of AD cases have a genetic basis, 

the majority of cases are sporadic with unknown etiology. A consistent feature of the 

AD brain is the presence of senile plaques composed of pathogenic extracellular 

deposits of -amyloid (A), a peptide derived from the aberrant processing of the trans-

membrane amyloid precursor protein (APP). A fragments are believed to play a central 

role in the genesis of the disease resulting in memory loss and behavioral changes. A 

second pathological hallmark of the disease is hyper-phosphorylation of the 

microtubule-associated protein tau that forms intracellular neurofibrillary tangles. AD is 

also associated with neuroinflammation and oxidative stress thus exacerbating 

neurodegenerative damage [1, 2]. The feeble effectiveness of current therapies against 

AD highlights the need for urgent development of new agents geared to preventing the 

disease or curbing its progression.  

Targeting the endocannabinoid system offers a multi-faceted approach to the treatment 

of AD as cannabinoid compounds provide neuroprotection by reducing neuronal 

damage, neuroinflammation, and oxidative stress, as well as by promoting intrinsic 

repair mechanisms [3, 4, 5]. Recent studies have demonstrated that chronic stimulation 

with selective synthetic agonists of CB1 and CB2 receptors, the most well-known 

cannabinoid receptors, reduce cognitive impairment and brain alterations associated 

with A production, in at least three different animal models of AD [6, 7, 8, 9]. 

Promising results have also been obtained in a murine model of tauopathy using 

treatment with natural cannabinoids [10]. Moreover, several in vitro and in vivo 

observations support the beneficial effects of CB1 and CB2 stimulation in AD models. 

Thus, the activation of CB1 receptor in vitro preserves neuron viability by reducing Aβ-
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induced lysosomal membrane permeability [11] and suppressing pro-apoptotic signaling 

pathways [12]. CB2 receptor agonists induce A removal by human macrophages [13] 

and reduce microglial response to A [7, 14]. In addition, certain cannabinoids are also 

capable of decreasing tau phosphorylation via CB1 or CB2 receptor activation [7, 15, 

16]. 

The aim of the present study was to test the therapeutic properties of the combination of 

delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD), two phytocannabinoids 

produced by the plant Cannabis sativa that are known to modulate the endogenous 

cannabinoid system, in an animal model of AD. The compounds are the two main 

components of Sativex®, which is a cannabinoid-based medicine already launched in 

eleven countries (including the UK, Canada, Spain, Italy and Germany), and approved 

in a further thirteen countries. Sativex® is a well-tolerated medicine prescribed for the 

treatment of spasticity associated with multiple sclerosis and it is also undergoing 

development for other therapeutic applications including pain of various origins (i.e. 

cancer) and Huntington’s disease [17, 18], a fact that can facilitate the translation from 

basic research in AD models to human cases. We have used AβPP/PS1 mice as an 

animal model because they replicate the most relevant features of AD, including 

cognitive impairment and several pathological alterations such as A deposition, 

dystrophic neurites, synaptic failure, mitochondrial dysfunction, and oxidative stress 

damage [19, 20]. 
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Materials and Methods 

Animals 

The experiments were carried out in male AβPP/PS1 mice and wild-type littermates 

aged 6 months (early symptomatic phase) at the outset of the study. The generation of 

mice expressing the human mutated forms APPswe and PS1dE9 has already been 

described [19]. Animals were maintained under standard animal housing conditions in a 

12-h dark-light cycle with free access to food and water. Mice were randomly assigned 

to treatment groups and the experiments were conducted under blind experimental 

conditions. All animal procedures were carried out following the guidelines of the 

European Communities Council Directive 2010/63/EU and with the approval of the 

local ethical committees of the University of Barcelona and University Pompeu Fabra.  

Pharmacological treatment 

THC enriched botanical extract (containing 67.1% THC, 0.3% CBD, 0.9% 

cannabigerol, 0.9% cannabichromene, and 1.9% other phytocannabinoids) and CBD 

enriched botanical extract (containing 64.8% CBD, 2.3% THC, 1.1% cannabigerol, 

3.0% cannabichromene, and 1.5% other phytocannabinoids) were supplied by GW 

Pharmaceuticals Ltd (Cambridge, UK). The extracts (THC, 0.75 mg/kg; CBD, 0.75 

mg/kg; THC+CBD, 0.75 mg/kg each) were dissolved in 5% ethanol, 5% Tween, and 

90% saline, and these mixtures were injected intra-peritoneally (i.p.) in a volume of 10 

mL/kg body weight. The human equivalent dose (HED) calculated with the formula for 

dose translation based on body surface area [20] corresponds to 0.04 mg/kg for each 

cannabinoid, what is equivalent to the administration of a single Sativex® oromucosal 

spray (2.8 mg THC + 2.8 mg CBD) in a human being weighting 70 kg, and is lacking of 

psychoactivity. Animals were treated once a day for 5 weeks with the extracts or the 
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corresponding vehicle (wild-type, n = 7-11; AβPP/PS1, n = 7-8 per group). After 10 

days of washing period, animals were subjected to behavioral evaluation. 

Behavioral evaluation of cognitive performance and sample collection 

Two-object recognition test: This paradigm was performed in a V-maze (Panlab, 

Barcelona, Spain) because it improves the exploration time of the animals with respect 

to a classical open field. On day 1, mice were habituated for 9 min, allowing them to 

freely explore the apparatus. On the second day, mice were placed for 9 min in the 

maze, where two identical objects were situated at the end of the arms, and the time that 

the mice spent exploring each object was recorded. Then, 24 h after the training session, 

animals were placed again in the V-maze where one of the two familiar objects was 

replaced by a novel object. The time that the animals spent exploring the two objects 

was recorded and an object recognition index (RI) was calculated as the difference 

between the time spent exploring the novel (TN) and the familiar object (TF), divided by 

the total time spent exploring the two objects [RI=(TN-TF)/(TN+TF)]. Animals exhibiting 

memory impairments revealed a lower object recognition index. 

Active avoidance test: After the two-object recognition test, the animals were allowed 

to rest for 4 days before starting the active avoidance test. Then, the mice were trained 

to avoid an aversive stimulus associated with the presentation of a conditioned stimulus 

(CS) in a two-way shuttle box apparatus (Panlab, Barcelona, Spain). The CS was a light 

(10 W) switched on in the compartment in which the mouse was placed. The CS was 

received 5 sec before the onset of the unconditioned stimulus (US) and overlapped it 

for 25 sec. At the end of the 30-sec period, both CS and US were automatically turned 

off. The US was an electric shock (0.2 mA) continuously applied to the grid of the 

floor. A conditioned response was recorded when the animal avoided the US by 

changing from the compartment where it received the CS to the opposite compartment 
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within the 5 sec period after the onset of the CS. If animals failed to avoid the shock, 

they could escape it by crossing during the US (25 sec) and this was recorded as 

unconditioned response. Between each trial session, there was an inter-trial interval of 

30 sec. Animals were subjected to five daily 100-trial active avoidance sessions. Each 

day, the mice were placed in the shuttle box for 10 min before the start of each session 

to allow them to explore the box. Data are expressed as the total number of conditioned 

changes, converted to the area under the curve (AUC) using a standard trapezoid 

method. 

At the end of the behavioral testing, the animals were sacrificed by cervical dislocation 

and their brains rapidly removed from the skull and processed for study. One 

hemisphere was dissected on ice, immediately frozen, and stored at -80ºC until used for 

the protein quantification and the gene expression study. The other hemisphere was 

fixed in 4% paraformaldehyde and processed for immunohistochemistry.  

Aβ immunohistochemistry 

Fixed tissue samples were embedded in paraffin, and coronal sections, 4 m thick, were 

cut with a microtome. Consecutive de-waxed sections were incubated with 98% formic 

acid (3 min) and then treated with citrate buffer (20 min) to enhance antigenicity. Then 

endogenous peroxidases were blocked by incubation in 10% methanol-1% H2O2 

solution (15 min). Sections were blocked with 3% normal horse serum solution and then 

incubated at 4ºC overnight with the primary antibody against Aβ40 (1:100, Merck 

Millipore, Billerica, MA, USA) or Aβ42 (1:50, Merck Millipore). Sections were 

subsequently rinsed and incubated with biotinylated secondary antibody (Dako), 

followed by EnVision+ system peroxidase (Dako), and finally with chromogen 

diaminobenzidine and H2O2. Sections were lightly counterstained with hematoxylin. 

After staining, the sections were dehydrated and cover-slipped for observation under a 
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Nikon Eclipse E800 microscope (Nikon Imaging Inc., Tokyo, Japan; Objective: 10x). 

The cortical total Aβ42 and Aβ40 burden was calculated as the percentage of the area of 

amyloid deposition in plaques with respect to the total area in 9 representative pictures 

taken from the cerebral cortex of each animal, corresponding to the main regions where 

Aβ42 and Aβ40 deposition is observed in AβPP/PS1 mice. The ratio between Aβ42 and 

Aβ40 deposition in each plaque was calculated by comparing the specific staining with 

each antibody in at least 10 plaques per animal in consecutive sections. Aβ 

quantification was calculated using the Adobe® Photoshop® CS4 software (Adobe 

Systems Inc., San Jose, CA, USA), as previously described [20]. All the AβPP/PS1 

treated animals were analyzed.  

Aβ soluble quantification: enzyme-linked immunosorbent assay (ELISA) 

Fresh-frozen mouse brain cortex was homogenized in 4 volumes (wt:vol) of TBS 

extraction buffer (140 mM NaCl, 3 mM KCl, 25 mM Tris (pH 7.4), 5 mM EDTA, and 

protease inhibitor cocktail (Roche Molecular Systems, Pleasanton, CA, USA). 

Homogenate was spun 100,000 g × 1 h, and the supernatant was saved as the soluble 

fraction for Aβ quantification. Aβ40 and Aβ42 Human ELISA kits (InvitrogenTM 

Corporation, Camarillo, CA, USA) were used to quantify the levels of Aβ40 and Aβ42 

peptides in the brain soluble fractions. Quantitative determination was carried out 

according to the manufacturer’s instructions, as previously described [21]. Aβ40 and 

Aβ42 levels were normalized to the total amount of protein from each individual sample 

(BCA method, Thermo Fisher Scientific, Wilmington, DE, USA). Six AβPP/PS1 mice 

per treatment were analyzed. 

Double-labeling immunofluorescence  

De-waxed sections were incubated with 98% formic acid (3 min) for Aβ 

immunofluorescence and then treated with citrate buffer (20 min) to enhance 
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antigenicity. Sections were stained with a saturated solution of Sudan black B for 30 

min (Merck Millipore) to block lipofuscin autofluorescence, then rinsed in 70% ethanol 

and washed in distilled water. After a blockade with 10% fetal bovine serum (90 min), 

the sections were incubated at 4ºC overnight with combinations of primary antibodies 

against Aβ (clone 6F/3D 1:50, Dako), glial fibrillary acidic protein (GFAP; 1:250, 

Dako) or IBA1 (1:250, Wako, Richmond, VA, USA). After washing, the sections were 

incubated with Alexa488 or Alexa546 fluorescence secondary antibodies against the 

corresponding host species (1:400, Molecular Probes, Eugene, OR, USA). Then they 

were washed and mounted in Immuno-Fluore Mounting medium (ICN Biomedicals, 

Solon, OH, USA), sealed, dried overnight, and examined with a Nikon Eclipse E800 

microscope. The specific GFAP and IBA1 immunostaining density was calculated in 

reference to the Aβ plaque area in 5 representative pictures taken from the cortex of 

each animal using the Adobe® Photoshop® CS4 software. Six animals per each group 

were used for quantifications. 

RNA microarray studies 

RNA from frozen cortex samples of treated mice was extracted following the 

instructions of the supplier (Rneasy Mini Kit, Qiagen® GmbH, Hilden, Germany). RNA 

quality control was tested with the Agilent Bioanalyzer (Agilent Technologies Inc, 

Santa Clara, CA, USA), and the RNA concentration was evaluated using a NanoDrop™ 

Spectrophotometer (Thermo Fisher Scientific). A total of 24 samples (6 AβPP/PS1 

samples per treatment) were analyzed by microarray hybridization with the GeneChip® 

Mouse Gene 1.0 ST Array from Affimetrix (Santa Clara, CA, USA). Bioinformatic 

analysis was performed with a three (+1) step on the probe values to turn them into 

comparable gene-level expression values: background correction (RMA), normalization 

(Quantiles), summarization (Median Polish), and transcript-level summarization 
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(Average). Non-specific filtering was applied to rule out controls, low signal genes, and 

low variability genes. This pre-processing left 5,606 genes for further study. Functional 

annotation and biological term enrichment analysis were carried out using the DAVID 

database (http://david.abcc.ncifcrf.gov/). We used p < 0.05 as the cut-off point to 

determine whether Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were 

significantly enriched. Each group was composed by 6 samples. 

Quantitative PCR 

1 μg total RNA was reverse-transcribed with cDNA synthesized with the High-Capacity 

cDNA Reverse Transcription kit (Applied Biosystems). Quantification of the mRNA 

levels was performed in duplicate reactions with gene-specific TaqMan® probes and the 

TaqMan® Universal PCR Master Mix (Applied Biosystems). House-keeping genes used 

were Aars, Hprt, and Xpnpep1 [22]. QPCR was performed using the Applied 

Biosystems 7900HT Fast Real-Time PCR System. Samples were analyzed with the 

double delta CT (ΔΔCT) method using vehicle-treated AβPP/PS1 samples as control. 

Six animals per group were analyzed. 

Gel electrophoresis and western blotting 

Samples of the cerebral cortex were homogenized in RIPA lysis buffer (50mM Tris/HCl 

buffer, pH 7.4 containing 2mM EDTA, 0.2% Nonidet P-40, 1mM PMSF, protease, and 

phosphatase inhibitor cocktails, Roche Molecular Systems, USA). The homogenates 

were centrifuged for 15 min at 13,000 rpm. Protein concentration was determined with 

the BCA method (Thermo Scientific). Equal amounts of protein (20 μg) for each sample 

were loaded and separated by electrophoresis on sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) (10%) gels and transferred onto nitrocellulose 

membranes (Amersham, Freiburg, Germany). Non-specific bindings were blocked by 

incubation in 3% albumin in PBS containing 0.2% Tween for 1 h at room temperature. 
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After washing, membranes were incubated overnight at 4°C with the antibodies against 

extracellular signal-regulated kinase (ERK)1/2 phospho Thr202/Tyr204 Thr185/Tyr187 

(1:1,000, Millipore), ERK1/2 (1:200, Santa Cruz Biotechnology, Dallas, TX, USA), 

thioredoxin 2 (Txn2, 1:1,000, Proteintech, Chicago, IL, USA) and wingless-related 

integration site 16 (Wnt16, 1:5,000, GeneTex, Irvine, CA, USA). Protein loading was 

monitored using an antibody against β-tubulin (1:10,000, Abcam). Membranes were 

then incubated for 1 h in the appropriate HRP- conjugated secondary antibodies 

(1:2,000, Dako), and immunocomplexes were revealed by chemiluminescence reagent 

(ECL, Amersham). Densitometric quantification was carried out with TotalLab v2.01 

software (Pharmacia, Sweden). Bands were normalized to β-tubulin. Six animals per 

group were analyzed. 

Statistical analysis 

The sample size for experimentation was computed using the Power and Precision 

software (Biostat, Englewood, NJ, USA), assuming a power of 95% and no missing 

data. Statistical analysis was performed with the SPSS® Statistics v21.0 software (IBM, 

New York, NY, USA). The normality of the data was assessed with the Shapiro-Wilk 

test and as a consequence parametric statistical tests were used for the analysis of all the 

data in the study. Data were analyzed with two-way ANOVA with genotype and 

treatment as between factors (memory, AUC, western blotting quantifications) or one-

way ANOVA with treatment as between factor (Aß, glia and gene expression 

quantifications), followed by Tukey’s post hoc when required. Learning data 

(conditioned changes) were analyzed by two-way ANOVA with day of training as 

within factor and genotype as between factor. In all the experiments, the significance 

level was set at p < 0.05. 
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Results 

Natural cannabinoids reduce cognitive deficits in AβPP/PS1 mice  

Daily administration of THC (0.75 mg/kg, i.p.), CBD (0.75 mg/kg, i.p.) botanical 

extracts, or the combination of THC and CBD (0.75 mg/kg each botanical extract, i.p.) 

during 5 weeks at the early stages of the symptomatic phase (6 months) blunted the 

memory impairment observed in vehicle-treated AβPP/PS1 mice when compared to 

wild-type animals on the two-object recognition test (Fig. 1A). Thus, two-way ANOVA 

revealed a significant treatment effect (F(3, 55) = 3.57, p < 0.05) and interaction between 

gentype and treatment (F(3, 55) = 12.92, p < 0.001), but not genotype effect. Subsequent 

Tukey’s post hoc tests revealed that THC (p < 0.001), CBD (p < 0.01), and THC+CBD 

(p < 0.05) significantly increased the recognition index of AβPP/PS1 mice when 

compared to vehicle-treated littermates. Chronic exposure to THC botanical extract 

resulted in reduced memory performance in wild-type mice when compared to vehicle-

treated littermates (p < 0.05). However, this deleterious effect was not seen in CBD- and 

THC+CBD-treated wild mice as no impaired memory performance was observed in 

these animals. No significant difference in the total exploration time during the memory 

acquisition session or the memory test was observed between groups (Supplementary 

Table S1), discarding any possible impact of the treatments on the anxiety levels or the 

activity of mice. Animals exhibited no preference for any object during the acquisition 

session. 

The learning performance of mice was evaluated in the active avoidance test by 

recording the number of conditioned changes during 5 consecutive training days. The 

AUC revealed a significant reduction in the learning performance of vehicle- (p < 0.01) 

and CBD-treated (p < 0.05) but not in THC- or THC+CBD-treated AβPP/PS1 mice 

when compared to wild littermates (Fig. 1B). When compared day by day, the number 
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of conditioned changes achieved by mice was reduced in vehicle-treated AβPP/PS1 

mice on day 3 (p < 0.05), day 4 (p < 0.01) and day 5 (p < 0.001; Fig. 1C), in THC-

treated on day 5 (Fig. 1D) and in CBD-treated mice on day 3 (p < 0.05), day 4 (p < 

0.01) and day 5 (p < 0.01; Fig. 1E) when compared with wild-type animals. In contrast, 

AβPP/PS1 mice chronically treated with the combination of THC+CBD did not 

evidence such learning impairment at any day (Fig. 1F). No significant treatment effect 

was observed respect vehicle group neither in wild-type nor AβPP/PS1 mice. These 

results demonstrate that the THC+CBD combination rescued AβPP/PS1 learning 

impairment in the active avoidance paradigm when administered at the beginning of the 

symptomatic stage. See supplementary Table S2 for statistical details. 

The combination of THC and CBD alters Aβ processing in AβPP/PS1 mice  

Chronic treatment with THC, CBD, or the combination of both did not significantly 

modify the total Aβ burden (F(3, 28) = 0.73, N.S.; Fig. 2B) or the Aβ42 (F(3, 22) = 0.62, 

N.S.) and Aβ40 burden (F(3, 22) = 0.30, N.S.; Fig. 2C) in the cortex of AβPP/PS1 mice, 

although there was a tendency to reduced Aβ deposition in THC+CBD-treated animals. 

Similarly, no significant treatment effect was observed in the total Aβ burden in the 

hippocampus of AβPP/PS1 mice (F(3, 17) = 0.83, N.S.; Fig. 2B), which is much lower 

than the Aβ burden observed in the AβPP/PS1 mice cortex, as expected. However, a 

significant reduction in Aβ42 (F(3, 22) = 7.88, p < 0.001), but not Aβ40 (F(3, 22) = 1.62, N.S), 

protein levels was observed in the cortical soluble fraction of THC+CBD-treated 

AβPP/PS1 mice when compared to vehicle- (p < 0.01), THC- (p < 0.01) and CBD-

treated mice (p < 0.05), thus demonstrating a protective effect of the combination of 

both cannabinoids in AβPP/PS1 animals by reducing the most toxic form of the Aβ 

peptide (Fig. 2D). The THC+CBD treatment also induced a change (F(3, 23) = 3.169, p < 

0.05) in the composition of Aβ plaques since the ratio Aβ42/Aβ40 in each plaque was 
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increased in treated AβPP/PS1 mice when compared to control group (p < 0.05) (Fig. 

2E and 2F), suggesting a facilitation of Aβ42 deposition that could be related to the 

reduction of the most toxic Aβ42 soluble contents. None of the Aβ forms studied was 

detectable in wild-type animals, as expected (data not shown). 

Natural cannabinoids reduce Aβ deposition-related astrogliosis and cytokine 

expression in AβPP/PS1 mice  

One-way ANOVA revealed a treatment effect in the astrogliosis (F(3, 20) = 10.86, p < 

0.001) and microgliosis (F(3, 20) = 2.53, p < 0.05) associated to Aβ deposition in 

AβPP/PS1 mice. A significant reduction in the number of astrocytes around Aβ plaques 

was observed in mice treated with THC (p < 0.01), CBD (p < 0.001), or the 

combination of the two compounds (p < 0.05) when compared with vehicle-treated 

AβPP/PS1 mice, as revealed with quantitative double-labeling immunofluorescence 

(Fig. 3A and 3B). However, the number of microglial cells associated with Aβ plaques 

was only significantly reduced by the THC+CBD combination (p < 0.05) when 

compared to vehicle-treated AβPP/PS1 animals (Fig. 3A and 3C). No significant effect 

on the number of astrocytes and microglial cells was observed in the cortex of treated 

wild-type mice (data not shown). To assess possible inflammatory changes associated 

with cannabinoid compounds, we evaluated the expression levels of a panel of cytokine-

related genes, which have been previously demonstrated to underlie the inflammatory 

response in AβPP/PS1 mice and AD brains (López-González et al, in preparation), by 

quantitative PCR. As shown in Table 1, the combination of THC+CBD resulted in a 

marked modification of the neuroinflammatory responses, which was greater than that 

resulting from treatment with THC or CBD alone. Reduced inflammatory responses 

involved a colony stimulating factor receptor (Csf3r), a complement system component 

(C1qtnf7), a cell surface adhesion protein (Itgb2), Fc receptors (Fcgr1, Fcgr2b), a pro-
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inflammatory cytokine (Il6st), a regulator of myeloid cell cycle (Inpp5d), and toll-like 

receptors (Tlr4, Tlr7). The THC+CBD combination also reduced the expression of two 

genes related to anti-inflammatory cytokines (Il10rb, Tgfb1). 

Natural cannabinoids modify brain gene expression in AβPP/PS1 mice 

Additional transcription modifications associated with cannabinoid effects in AβPP/PS1 

mice were assessed with RNA microarrays. Natural cannabinoids induced a differential 

gene expression profile in AβPP/PS1 mice as revealed the heatmap obtained from 

microarrays studies (Figure 4A). The number of genes significantly modulated in 

relation to vehicle-treated AβPP/PS1 mice was 142 up-regulated and 142 down-

regulated in THC-treated mice; 125 up-regulated and 166 down-regulated in CBD-

treated mice; and 187 up-regulated and 136 down-regulated in the THC+CBD group (p 

< 0.05). The Venn’s diagram shows that only 23 genes were commonly regulated by the 

three treatments (Figure 4B). The KEGG enrichment analysis of the results allowed to 

discover functional-related gene groups significantly modulated by treatments and 

pointed to degradation processes, immunomodulation, mitochondrial function, and 

mitogen-activated protein kinase 3 (Mapk3) and wingless-type MMTV integration site 

family, member 16 (Wnt16) signaling pathways, among others, as relevant molecular 

mechanisms underlying the effects of natural cannabinoids in AβPP/PS1 transgenic 

mice (Supplementary Table S3). Eight candidate genes were chosen for validation on 

the basis of their potential functional relevance and their high-fold change in treated 

AβPP/PS1 mice. The statistical analysis of the quantitative PCR resulted in: adenylate 

cyclase 3 (Adcy3; F(3, 20) = 1.54, N.S.), cytochrome c oxidase subunit VIIc (Cox7c; F(3, 

20) = 2.30, N.S.), Mapk3 (F(3, 20) = 5.76, p < 0.01), nitric oxide synthase 1 (Nos1; F(3, 20) = 

3.76, p < 0.05), proteasome subunit, beta type, 2 (Psmb2; F(3, 20) = 3.37, p < 0.05), 

thioredoxin 2 (Txn2; F(3, 20) = 5.08, p < 0.01), ubiquitin (Ubb; F(3, 20) = 3.182, p < 0.05) 
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and Wnt16 (F(3, 20) = 2.22, p < 0.05). Thus, a Mapk3, Psmb2, Txn2, and Wnt16 decrease 

was validated in THC+CBD-treated mice (Fig. 4C). Decrease expression of Nos1 and 

Ubb was observed by quantitative PCR in THC+CBD, which was in contrast with the 

increase found in RNA microarray. Finally, Adcy3 and Cox7c modifications seen in 

microarrays were not validated with PCR. 

Natural cannabinoids modulate MAPK3, Txn2 and Wnt16 protein levels in 

AβPP/PS1 mice 

We assessed the correlation between the cannabinoid-induced alteration of Mapk3, 

Txn2, and Wnt16 gene expression and the levels of the proteins coded by those genes 

using western blotting. In spite of decreased Mapk3 mRNA, no modifications in the 

expression of ERK1 (Genotype effect: F(1, 31) = 3.13, N.S.; Treatment effect: F(3, 31) = 

2.15, N.S.; Interaction: F(3, 31) = 1.26, N.S.) were seen in treated AβPP/PS1 mice (Figure 

5A). However, natural cannabinoids induced a significant modulation of ERK1, but not 

ERK2, phosphorylation (Genotype effect: F(1, 31) = 0.93, N.S.; Treatment effect: F(3, 31) = 

5.18, p < 0.01; Interaction: F(3, 31) = 3.73, p < 0.05). Thus, CBD increased the levels of 

phospho-ERK1 in wild-type animals when compared to the vehicle (p < 0.05) or 

THC+CBD (p < 0.01) groups. In contrast, THC and THC+CBD induced a tendency to 

reduce the phosphorylation of ERK1 in AβPP/PS1 mice, which was apparently 

enhanced in vehicle-treated transgenic animals (Figure 5A). Those results indicate that 

cannabinoid compounds could differentially regulate ERK1 signaling. 

Natural cannabinoids modulated the levels of Txn2 in treated mice (Genotype effect: 

F(1, 31) = 0.71, N.S.; Treatment effect: F(3, 31) = 5.56, p < 0.01; Interaction: F(3, 31) = 9.22, 

p < 0.001). AβPP/PS1 mice exhibited decreased Txn2 protein levels after treatment with 

vehicle (p < 0.05) and THC (p < 0.05), which was also apparent but not significant after 

CBD exposure, when compared to wild-type littermates (Figure 5B). This deficiency in 
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Txn2 levels could account to impaired capability to cope with oxidative components in 

AβPP/PS1 mice. Interestingly, the combination of THC+CBD induced a strong increase 

in the Txn2 protein levels (p < 0.01 with respect to vehicle or CBD; p < 0.001 with 

respect to THC), which completely reversed this Txn2 deficiency observed in 

AβPP/PS1 mice (Figure 5B).  

Regarding the signaling protein Wnt16, a significant effect of treatment was also 

observed (Genotype effect: F(1, 31) = 2.59, N.S.; Treatment effect: F(3, 31) = 5.64, p < 

0.01; Interaction: F(3, 31) = 1.67, N.S.). Both THC and the combination of THC+CBD 

increased the levels in AβPP/PS1 mice when compared to vehicle-treated animals (p < 

0.05). THC-treated AβPP/PS1 mice exhibited significantly higher Wnt16 protein levels 

than corresponding wild-type controls (p < 0.01) (Figure 5C). 
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Discussion 

According to the protective hypothesis of cannabinoid compounds in neurodegenerative 

diseases, the present findings show that treatment with natural cannabinoids at non-

psychoactive doses reduces cognitive impairment and several pathological processes 

occurring in AβPP/PS1, a model of AD, when chronically administered at the early 

symptomatic phase. Thus, THC and CBD, as well as the combination of both natural 

cannabinoids, reduces memory impairment exhibited by AβPP/PS1 mice in the two-

object recognition test, but only the combination of THC+CBD was able to prevent 

learning deficiency of transgenic mice in the active avoidance test, considered a 

complex cognitive task. As THC and CBD are supposed to produce their effects by 

acting on different signaling pathways [23], the present results with combined THC and 

CBD can be interpreted as a summative effect or as an interaction of the two 

compounds resulting in the potentiation of each cannabinoid, as previously suggested 

[24, 25]. The present findings are in agreement with a recent report conducted in 

parallel demonstrating positive behavioral effects of THC+CBD in a murine model of 

tauopathy [10]. Importantly, the cannabinoid doses employed in this study are devoid 

of psychoactivity [26] and their HED corresponds to a single Sativex® administration, 

what means that the potential translation of our results to human beings might result in 

a safe and well-tolerated approach taking into consideration that multiple sclerosis 

patients receiving up to 12 Sativex® administrations per day reported a relatively low 

side-effect profile [27].  

A collateral observation deserves attention. In contrast to AβPP/PS1 mice, memory 

impairment occurs in wild-type mice chronically exposed to the THC-enriched extract 

at doses that are known not to produce acute amnesia-like effects in mice [26]. This 

observation warns about the chronic effects of THC in healthy individuals and is in 
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accordance with several human studies revealing that long-term use of cannabis can be 

associated with disruption of short-term memory, working memory, and attention skills 

[28, 29]. It is known that certain cannabinoids, such as THC, affect cognitive function 

modulating signaling pathways critically implicated in learning and memory [30]. The 

molecular reorganization of endogenous cannabinoid system in AD [31] and the altered 

neuronal signaling occurring during the neurodegenerative processes may account for 

the discrepancy between the effects of THC in wild-type and AD-like transgenic mice. 

However, wild-type mice chronically receiving THC+CBD do not exhibit memory 

impairment. This observation supports previous work showing that CBD is able to 

antagonize THC-induced deficits in memory tasks [32], and highlights the relevance of 

combining the two natural cannabinoids, THC and CBD, to mitigate the negative 

consequences of THC administration. 

A remarkable finding of this study is the altered Aβ processing induced by the 

THC+CBD combination in AβPP/PS1 mice. Even though THC, CBD, and the 

combination of both did not significantly modify cortical or hippocampal Aβ burden in 

AβPP/PS1 mice in spite of a tendency to decrease in the animals treated with 

THC+CBD, the combination of both compounds reduced soluble Aβ42, but not Aβ40 

protein levels, thus showing a protective effect by reducing the quantity of the most 

toxic soluble Aβ form in AβPP/PS1 animals [33]. We have also observed a change in 

amyloid plaques composition since an increase in the Aβ42/Aβ40 ratio in each plaque 

was observed in THC+CBD-treated AβPP/PS1 mice, suggesting a cannabinoid-induced 

facilitation of the Aβ42 deposition that could account at least in part for the specific 

reduction of soluble Aβ42 observed and likely to decrease its toxicity. The recently 

described Aβ42 clearance facilitation across the blood brain barrier by cannabinoids [8, 
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34], might also contribute to the THC-CBD-induced reduction of the Aβ toxicity in our 

AD model. 

AD progression involves aberrant glial activation and neuroinflammation that contribute 

to neuronal dysfunction, which in turn drives a vicious cycle of further glial activation 

and neuronal damage [35]. Several studies have shown anti-inflammatory effects of 

natural and synthetic CB1 or CB2 agonists, as well as CBD, in multiple in vitro and in 

vivo AD models [6, 7, 8, 14, 36, 37, 38]. The present observations confirm previous 

findings by demonstrating a reduction of the astrogliosis associated with Aβ deposition 

in AβPP/PS1 mice treated with THC, CBD, or the combination of both. In addition, 

THC+CBD significantly reduced microgliosis and the expression of several cytokines 

and related molecules in AβPP/PS1 mice. Most importantly, the combination of 

THC+CBD resulted more effective than either THC or CBD alone.  

The ubiquitous distribution of endocannabinoid system and its polyvalent functionality 

suggest that the positive cognitive effects observed in AβPP/PS1 after chronic 

treatment with natural cannabinoids might be due to multiple mechanisms run in 

parallel, beyond to the already known anti-inflammatory properties or the role in 

reducing Aβ toxicity. A useful tool to identify novel mechanisms that may contribute to 

a certain effect is the microarrays technology. This technique involves large-scale 

monitoring of relative differences in RNA abundance between samples. Thus, we 

identified additional mechanisms contributing to the natural cannabinoid effects in 

AβPP/PS1 mice by RNA microarrays. The functional analysis of the results pointed to 

molecular degradation, immunomodulation, mitochondrial function, and Mapk3 and 

Wnt16 signaling pathways, among others, as relevant pathways targeted by 

cannabinoids. First, we focused on validating the cannabinoid effects on the Mapk3 

signaling. Previous in vitro studies have shown that the stimulation of endogenous 
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cannabinoid system decreases ERK1/2 pro-inflammatory signaling in response to A, 

resulting in reduced toxicity [12, 39]. Although the total amount of ERK1, the protein 

coded by Mapk3, is not significantly modulated by cannabinoids in the present model, 

THC and THC+CBD decrease ERK1 phosphorylation. We also observed an increase in 

ERK1/2 phosphorylation in wild-type animals receiving CBD, which is contrast to a 

previous study showing reduced phospho-ERK1/2 in the cortex of rats chronically 

exposed to CBD [40]. These discrepancies could be due to different experimental 

conditions. Together, these observations point to the need for further studies geared to 

elucidating the ERK response in wild and AβPP/PS1 mice treated with cannabinoids. 

Another important contribution of the present study is the induction of Txn2 protein 

levels by the THC+CBD combination, in contrast to the reduced Txn2 mRNA 

expression observed in the microarray study as well as by quantitative PCR. The 

divergence between the mRNA and protein levels could account for compensatory 

mechanisms directed to regulate Txn2 functionality. THC+CBD completely reversed 

Txn2 deficiency in AβPP/PS1 mice, which also occurs in AD patients [41]. This nuclear 

gene encodes a mitochondrial member of the thioredoxin family, a group of small 

multifunctional redox-active proteins [42]. The encoded protein is a key component of 

the mitochondrial antioxidant system which is responsible for the clearance of reactive 

intermediates and repairs proteins with oxidative damage and may play important roles 

in the regulation of the mitochondrial membrane potential and in protection against 

oxidant-induced apoptosis [43, 44]. Therefore, it can be assumed that increased Txn2 

levels provide protection against oxidative damage in our model. 

Finally, little is known about the role of Wnt16 signaling in cells and to our knowledge 

there is no specific information about Wnt16 function in brain. The Wnt gene family 

consists of structurally related genes which encode secreted signaling proteins. These 
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proteins have been implicated in oncogenesis and in several developmental processes, 

including regulation of cell fate and patterning during embryogenesis, as well as in axon 

guidance during development and in response to traumatic injury in adult central 

nervous system [45]. Moreover, activation of the Wnt signaling pathway prevents Aβ-

induced neurotoxicity in vitro, probably through the modulation of the GSK3/-

catenin pathway [46]. Wnt16 gene is a member of the Wnt gene family. It contains two 

transcript variants diverging at the 5' termini. These two variants are proposed to be the 

products of separate promoters and not to be splice variants from a single promoter. 

They are differentially expressed in normal tissues, one of which (variant 2) is 

expressed at significant levels only in the pancreas, whereas another one (variant 1) is 

expressed more ubiquitously with highest levels in adult kidney, placenta, brain, heart, 

and spleen [47]. Thus, it is tempting to speculate that increased cannabinoid-induced 

Wnt16 expression may reduce Aβ neurotoxicity and contribute to maintain axon 

integrity in vivo. Nevertheless, additional experiments are required to validate this 

hypothesis.  

In summary, here we provide evidence of the therapeutic effects of the THC+CBD 

combination, over THC or CBD alone, by acting at different levels modifying Aβ 

metabolism, reducing soluble Aβ42 levels, astrogliosis, microglia, and several 

molecules of neuroinflammation. Speculatively, it is conceivable that the effects of 

THC+CBD combination are also due to the increase protein expression of thioredoxin 2 

and Wnt16. Nevertheless, additional experiments are required to validate this 

hypothesis. This is accompanied by a reduction of memory deficits and increased 

learning capacity in AβPP/PS1 transgenic mice used as a model of AD. The present 

findings give insights for a further clinical trial to test the effectiveness of THC+CBD 

in AD patients. 
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Table 1. mRNA expression levels of several cytokine-related genes involved in the inflamma-
tory response in AβPP/PS1 mice. 
 
 Cytokine-

related 
genes 

AβPP/PS1  

  Vehicle THC CBD THC+CBD 

Anti-
inflammatory 

cytokines 

Il10ra 1.02 ± 0.09 0.90 ± 0.05 0.92 ± 0.07   0.88 ± 0.06   
Il10rb 1.01 ± 0.07 1.08 ± 0.04 0.96 ± 0.08   0.78 ± 0.03 *§
Tgfb1 1.03 ± 0.12 0.86 ± 0.05 0.84 ± 0.08   0.71 ± 0.07 *

Cell Surface 
Adhesion Itgb2 1.01 ± 0.07 0.95 ± 0.05 1.04 ± 0.15   0.75 ± 0.08 * 

Chemokines 

Ccl3 1.04 ± 0.12 1.21 ± 0.14 1.19 ± 0.10   0.82 ± 0.16   
Ccl4 1.03 ± 0.10 1.16 ± 0.10 1.39 ± 0.10 * 0.97 ± 0.17   
Ccl6 1.04 ± 0.12 1.24 ± 0.09 1.19 ± 0.12   0.99 ± 0.09   

CxCl10 1.22 ± 0.35 1.21 ± 0.21 1.04 ± 0.19   0.95 ± 0.18   

Complement 
system 

C1ql1 1.01 ± 0.05 1.15 ± 0.05 1.04 ± 0.03   1.11 ± 0.13  
C1qtnf7 1.08 ± 0.19 0.95 ± 0.08 0.99 ± 0.03   0.75 ± 0.08 &
C3ar1 1.00 ± 0.04 0.99 ± 0.04 1.03 ± 0.07   0.91 ± 0.06  
C4b 1.02 ± 0.09 0.89 ± 0.03 1.07 ± 0.12   0.87 ± 0.12  

Colony 
stimulating 

factor receptors 

Csf1r 1.01 ± 0.05 1.01 ± 0.03 0.96 ± 0.05   0.90 ± 0.05   

Csf3r 1.02 ± 0.08 1.02 ± 0.10 0.86 ± 0.05   0.71 ± 0.07 *§

Fc receptors 
Fcgr1 1.02 ± 0.09 1.08 ± 0.06 1.00 ± 0.06   0.85 ± 0.08 §

Fcgr2b 1.01 ± 0.07 1.11 ± 0.07 1.08 ± 0.09   0.87 ± 0.05 §
Pro-

inflammatory 
cytokines 

Il6st 1.01 ± 0.06 0.95 ± 0.07 0.98 ± 0.07   0.77 ± 0.07 * 

Tnfrsf1a 1.02 ± 0.08 1.15 ± 0.08 1.15 ± 0.05   1.12 ± 0.09   

Regulator of 
myeloid cells Inpp5d 1.01 ± 0.05 0.92 ± 0.08 0.82 ± 0.10   0.60 ± 0.09 *§

Toll-like 
receptors 

Tlr4 1.02 ± 0.09 0.90 ± 0.11 0.80 ± 0.08   0.68 ± 0.05 * 
Tlr7 1.06 ± 0.15 1.01 ± 0.11 0.96 ± 0.16   0.63 ± 0.06 *§

 
Values are calculated with the Ct method, using the mean of three housekeeping genes (Aars, 
Hprt, Xpnpep1) and vehicle-treated AβPP/PS1 as references. * p < 0.05 vs Vehicle; § p < 0.05 vs 
THC; & p < 0.05 vs CBD. 
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Supplementary Table S1. Total exploration time in the two-object 
recognition test. 
         
                 

  Total Exploration Time (sec) 

Genotype Treatment 
Memory 

Acquisition 
Memory Test 

                 
         

WT Veh 50.11 ± 16.10 48.59 ± 15.03 

 THC 31.86 ± 5.00 21.72 ± 2.96 

 CBD 36.55 ± 8.27 28.35 ± 6.52 

 THC+CBD 52.65 ± 6.60 35.25 ± 8.19 

AβPP/PS1 Veh 36.29 ± 6.38 20.64 ± 4.30 

 THC 52.22 ± 5.47 34.07 ± 6.19 

 CBD 38.02 ± 7.70 28.94 ± 8.53 

 THC+CBD 48.56 ± 9.63 23.77 ± 6.24 

                 
         
Data are expressed as mean ± SEM. No significant difference was 
observed with two-way ANOVA in the memory acquisition or the 
memory test total exploration time.   
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Supplementary Table S2. Statistical analysis of the natural cannabinoids effects on the 
learning capacity of AβPP/PS1 mice in the active avoidance test. 
                         
             
Conditioned changes         
 Two-way ANOVA   VEH THC CBD THC+CBD   
  Factors         

  Day (repeated)   
F(4,52) = 18.62, 

p<0.001 
F(4,72) = 30.92, 

p<0.001 
F(4,48) = 20.12, 

p<0.001 
F(4,52) = 24.19, 

p<0.001 
  

  Genotype   
F(1,13) = 9.03, 

p<0.01 
N.S. 

F(1,12) = 9.96, 
p<0.01 

N.S.   

  Interaction   
F(4,52) = 5.45, 

p<0.001 
F(4,72) = 2.79, 

p<0.05 
F(4,48) = 3.49, 

p<0.05 
N.S.   

             

 Genotype comparisons   Day1 Day2 Day3 Day4 Day5  

  
VEH    N.S. N.S. p<0.05 p<0.01 p<0.001 

  
THC    N.S. N.S. N.S. N.S. p<0.05 

  
CBD    p<0.05 N.S. p<0.05 p<0.01 p<0.01 

  
THC+CBD   N.S. N.S. N.S. N.S. N.S. 

             

Area under the curve (AUC)        

 Two-way ANOVA       
  Factors    VEH THC CBD THC+CBD 

  Genotype   F(1,57) = 14.77, 
p<0.001 

p<0.01 N.S. p<0.05 N.S. 

  Treatment   N.S.      

  Interaction   N.S.      

                         
             

Two-way ANOVA with day (repeated measures) and genotype as between-subjects factor was applied for the analysis of 
conditioned changes (learning). For the AUC analysis, two-way ANOVA with genotype and treatment as between-subjects 
factors was applied. N.S., not significant difference. See Materials and methods for details. 
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Supplementary Table S3. Functional analysis for regulated genes in treated AβPP/PS1. 

Comparison KEGG ID P value Term Regulated Gene Names      

         
THC vs VEH 4012 0.0077 ErbB signaling pathway Btc, Gab1, Nrg1, Mapk3, Nrg4   
 4140 0.0102 Regulation of autophagy Ulk1, Atg12, Gabarap    
 3018 0.0171 RNA degradation Eno3, Parn, Btg2, Lsm3    
 5012 0.0320 Parkinson's disease Cox7c, Ndufa9, Ubb, Vdac1, Cox6b2   
 4150 0.0354 mTOR signaling pathway Pdpk1, Mapk3, Ulk1    

 4621 0.0489 
NOD-like receptor signaling 
pathway Mapk3, Ccl2, Traf6    

CBD vs VEH         
 4916 0.0050 Melanogenesis Adcy3, Kit, Plcb4, Mapk2k2, Fzd9, Wnt16  
 3013 0.0289 RNA transport Gemin2, Eif3f, Srrm1, Pop1, Gemin8, Nup35  
 3050 0.0316 Proteasome Psmb1, Psmb2, Psmd4    

 

5200 0.0318 Pathways in cancer Cbl, Cebpa, Fgf2, Fgf4, Kit, Map2k2, Traf1, Fzd9, Ralbp1, 
Wnt16 

THC+CBD vs VEH        
 5140 0.0041 Leishmaniasis Cr1, Fcgr3a, Hla-Dpb1, Irak1, Mapk3   

 

4740 0.0049 Olfactory transduction Adcy3, Or1e1, Or2ae1, Or8i2, Or10a7, Or2t4, Or6n1, Or13c8, 
Or10a5, Or8j1, Or5ar1, Or51i2, Or8h3 

 4145 0.0074 Phagosome Fcgr2b, Fcgr3a, Hla-Dpb1, Nos1, Cd209, Tuba1c, Tubb8 

 330 0.0084 
Arginine and proline 
metabolism Aldh9a1, Arg1, Gamt, Nos1   

 5221 0.0108 Acute myeloid leukemia Cebpa, Kit, Mapk3, Pim2    

 4612 0.0259 
Antigen processing and 
presentation Hla-Dpb1, Klrc2, Tapbp, Rfxank   

 4380 0.0428 Osteoclast differentiation Fcgr2b, Fcgr3a, Jund, Mapk3, Socs3   

 5322 0.0440 
Systemic lupus 
erythematosus Fcgr2b, Fcgr3a, Hist1h2bb, Hla-Dpb1, H3f3c  

 5150 0.0444 
Staphylococcus aureus 
infection Fcgr2b, Fcgr3a, Hla-Dpb1    

 3060 0.0474 Protein export Srp14, Spcs1    
 4540 0.0480 Gap junction Adcy3, Mapk3, Tuba1c, Tubb8   
                 

         
Genes names highlighted in bold and italics were chosen for validation by RT-PCR. 
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Figure 1: (A) Memory performance of animals treated during the early symptomatic 

stage (6 months). AβPP/PS1 mice chronically treated with vehicle exhibit a significant 

reduction in the recognition index when compared to corresponding wild-type 

littermates. However, chronic THC (0.75 mg/kg, i.p.), CBD (0.75 mg/kg, i.p.) botanical 

extracts, and THC+CBD (0.75 mg/kg each, i.p.) administration induce memory 

improvement in AβPP/PS1 when compared to wild-type animals. Interestingly, chronic 

THC induces a significant reduction in the memory performance of wild-type animals. 

(B-F) The number of conditioned changes in the active avoidance test was recorded 

during 5 consecutive days in order to evaluate the learning performance of mice. (B) 

Statistical analysis from the Area Under the Curve (AUC) reveals a global reduction in 

the learning performance of vehicle- and CBD-treated but not in THC- or THC+CBD-

treated AβPP/PS1 mice when compared to wild littermates. The comparison of the 

conditioned changes achieved by mice every training day reveals a significant reduction 

in AβPP/PS1 mice treated with vehicle from day 3 to day 5 (C), in THC-treated on day 

5 (D) and in CBD-treated mice from day 3 to day 5 (E) when compared with wild-type 

animals. In contrast, AβPP/PS1 mice chronically treated with the combination of 

THC+CBD do not evidence such learning impairment at any day, thus demonstrating a 

positive effect (F). No significant treatment effect is observed respect vehicle group 

either in wild-type (light gray dashed line) or AβPP/PS1 mice (dark gray dashed line). 

Data are expressed as the mean values ± SEM. ★ p < 0.05, ★★ p < 0.01 ★★★ p < 0.001 

genotype effect; ☆ p < 0.05, ☆☆ p < 0.01, ☆☆☆ p < 0.001 compared to vehicle. § p < 

0.05 compared to THC group. 

Figure 2: (A) Scheme showing the cortical brain areas (dashed squares) analyzed for 

Aβ burden quantification in each animal. Neither total Aβ burden (B) nor Aβ42 or Aβ40 

burden (C) are significantly modified in AβPP/PS1 mice cortex by chronic treatment 
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with THC, CBD, or the combination of the two, in spite of the tendency toward 

decrease in THC+CBD-treated animals. (D) Soluble Aβ40 and Aβ42 levels in cortical 

homogenates from AβPP/PS1 mice chronically treated with THC, CBD, and 

THC+CBD during the early symptomatic phase. The THC+CBD combination 

significantly reduces protein levels of soluble Aβ42 when compared to vehicle-treated 

controls, revealing the protective effect of the combination of the natural cannabinoids. 

(E) Reduction in the Aβ42 soluble contents can be related, in part, to a change in the 

composition of plaques since THC+CBD-treated AβPP/PS1 mice present increased 

Aβ42 respect Aβ40 deposition in each plaque when compared to vehicle-treated animals. 

(F) Representative images of the Aβ42 (right) and Aβ40 (left) specific immunoreactivity 

in consecutive cortical sections of AβPP/PS1 mice treated during the early symptomatic 

phase. Scale bar represents 100 m. Counts are expressed as the mean values ± SEM. ★ 

p < 0.05, ★★ p < 0.01 compared to vehicle. § p < 0.05 compared to THC group. & p < 

0.05 compared to CBD group. 

Figure 3: (A) Representative images of double GFAP (red, upper panels) or IBA1 (red, 

lower panels) and Aβ (green) immunoreactivity in cortical sections of AβPP/PS1 mice 

chronically treated during the early symptomatic phase with natural cannabinoids. Scale 

bar represents 25 m. (B) Quantification of the GFAP staining around the Aβ plaques 

reveals a significant reduction of the astroglial response in AβPP/PS1 mice chronically 

treated with THC, CBD, or the combination of the two. (C) Quantification of the IBA1 

staining around the Aβ plaques reveals a significant reduction in microglial response 

only in AβPP/PS1 mice chronically treated with the combination of THC+CBD. Data 

are expressed as the mean values ± SEM. ★ p < 0.05, ★★ p < 0.01 ★★★ p < 

0.001compared to vehicle. 
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Figure 4: (A) Heat map generated from RNA microarray data reflecting the differential 

gene expression profile induced by cannabinoid compounds. Blue: decreased 

expression. Red: increased expression. Headings: Vehicle (yellow), THC (blue), CBD 

(green), THC+CBD (red). (B) Venn’s diagram showing the number of genes 

significantly regulated by natural cannabinoids. (C) Real-time PCR validated the results 

obtained with microarray techniques in at least 4 out of 8 candidate genes, confirming 

decreased expression of Mapk3, Psmb2, Txn2, and Wnt16 genes in THC+CBD-treated 

AβPP/PS1 mice. Data are expressed as the mean values ± SEM. ★ p < 0.05 compared to 

vehicle. & p < 0.05, && p < 0.01 compared to CBD. 

Figure 5: Western blot quantification of proteins codified by genes differentially 

expressed in treated mice: ERK1 (Mapk3), thioredoxin 2 (Txn2), and wingless-related 

integration site (Wnt16). (A) No significant change in the total amount of ERK1 is 

observed in any treatment group, in spite of the tendency toward increased total ERK1 

in THC+CBD-treated AβPP/PS1 mice. CBD significantly increases the levels of 

phosphorylated ERK1 in wild-type animals. In contrast, THC and THC+CBD slightly 

decrease ERK1 phosphorylation without statistical significance. (B) THC+CBD 

completely reverses the Txn2 deficiency exhibited by vehicle- and THC-treated 

AβPP/PS1 mice. (C) THC and THC+CBD increase the levels of Wnt16 protein in 

cortical homogenates of AβPP/PS1 treated mice. In the upper part of each panel are 

representative immunoblots for ERK1/2, Txn2, and Wnt16, and corresponding tubulin 

loading control. Densitometric quantifications are expressed as the mean values ± SEM. 

★ p < 0.05, ★★ p < 0.01 genotype effect. ☆ p < 0.05, ☆☆ p < 0.01, compared to vehicle. 

§§§ p < 0.001 compared to THC. && p < 0.01 compared to CBD. 
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