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A B S T R A C T

The potential use of phytocannabinoids in neurodegenerative disorders is currently under intense investigation 
based on their potential anti-inflammatory, antioxidant, and neuroprotective effects. Here, we tested the effects 
of chronic (28 days) treatment with a complex botanical mixture of purified cannabidiol:Δ9-tetrahydrocan
nabinol (CBD:THC, 99:1) in male 5xFAD mice, a murine model of Alzheimer’s disease that recapitulates amyloid 
pathology. Effects of exposure to this cannabinoid mixture were evaluated using behavioral tests (elevated plus 
maze for anxiety, tail suspension for depression-like behavior, rotarod for motor coordination, open field for 
locomotor activity, and novel object recognition for memory), quantification of protein expression (IL-1β, CD40, 
TREM2, COX2), assessment of functional parameters (microglial phagocytic activity by flow cytometry), and in 
vivo multiphoton microscopy (time-course of changes of neuritic plaque structural features). Twice daily dosing 
with 50 mg/kg subcutaneously (s.c.) significantly reduced locomotion, increased anxiety- and depression-like 
behaviors and had no effect on memory and motor coordination. In vivo imaging experiments suggest that the 
CBD:THC treatment enhanced microglial phagocytic activity on amyloid plaques; this effect was observed both in 
plaque features (multiphoton microscopy measurements) as well as in microglia (flow cytometry data). Exposure 
to CBD:THC induced significant changes in in vivo microglia-amyloid interactions, increasing phagocytic activity 
and reducing the amyloid peptide accumulation in the neuritic plaques. Thus, CBD:THC (99:1) may be a 
promising treatment to reduce amyloid pathology, though caution should be noted due to the behavioral al
terations observed, i.e., increased anxiety- and depression-like behaviors as well as decreased locomotion.

1. Introduction

The term “phytocannabinoid” refers to a series of compounds pro
duced by the Cannabis sativa plant and comprises several hundred 
chemical entities [26,53]. The two best studied phytocannabinoids to 
date are Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) and 
their potential therapeutic use, either separate or combined, is currently 
under intense scrutiny in several disease conditions [44]. One of the 
diseases in which the use of these cannabinoids is being studied is Alz
heimer’s disease (AD) [18]. This neurodegenerative disorder is the most 

prevalent cause of dementia worldwide and its incidence is expected to 
grow in the years to come as a consequence of the increase in life ex
pectancy of advanced societies. Most of the AD cases are “sporadic”, that 
is, of unknown etiology, while a very low number of them are of genetic 
origin [40].

Recent literature highlights the potential relevance of the use of CBD 
and THC for the treatment of AD through the interaction with CB1 and 
CB2 receptors for THC [1,18], and probably with other additional tar
gets, such as glycine receptors (for THC), or GPR55, 5-HT1A, TRPV1, and 
GABAA (for CBD) [68]. Different mouse models of this disease have been 
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used to study these effects in vivo; short-term (1–2 weeks) administration 
of CBD (0,5–10 mg/kg) to amyloid β (Aβ)-injected mice, as well as 
long-term (6–8 months), oral administration of CBD (20 mg/kg), led to 
improvements in several aspects of the disease, including behavioral 
deficits (cognitive function, social recognition, spatial learning), and 
neuroinflammation (cytokine production, glial activation) [15,16,23, 
45]. Interestingly, Watt et al. [73] used a higher dose of CBD (50 mg/kg, 
i.p.) in 12-month-old mice and found improvements in social recogni
tion and spatial memory that were not accompanied by any benefit in 
terms of neuroprotection or antiinflammation, highlighting the rele
vance of age and dose in these types of studies [73].

Regarding THC, Chen et al. [14] administered it at several doses 
(1–30 mg/kg) to 5xFAD mice and demonstrated that the deleterious 
effects associated with exposure to this cannabinoid (loss of synapses 
and memory impairment) were mediated by a CB1-induced increase in 
cyclooxygenase-2 (COX-2) expression. Importantly, THC also produced 
beneficial effects in these mice (amyloid burden reduction and preven
tion of neurodegeneration), and these effects were maintained even after 
COX-2 inhibition [14]. Very recently, Wang et al. [72] have studied the 
effects of a 3-month treatment with low doses of THC (0.02 and 
0.2 mg/kg) in APP mice and found a dose-dependent improvement in 
spatial memory that was accompanied by a decrease in amyloid oligo
mers [72].

It is important to note that only a few studies have employed com
binations of CBD:THC to explore their potential therapeutic interest in 
AD. It has been known for decades that CBD may dampen or enhance the 
effects of THC both in humans as well as in rodents, with the dose and 
route of administration as key factors for such interactions [68]. A 
seminal study by Casarejos et al. [13] revealed that chronic (one month) 
treatment with Sativex (a complex botanical mixture, with a 1.08:1 
mixture of THC and CBD as its principle cannabinoid constituents) 
induced a decrease in tau and amyloid protein precipitates in a mouse 
model of tauopathy [13]. An in vitro study by Janefjord et al. [34]
showed that neither THC nor CBD modified the morphology of amyloid 
aggregates [34]. In addition, while CBD provided direct neuroprotection 
to cultured neurons (SH-SY5Y), THC did not. Interestingly, both CBD 
and THC prevented neuronal damage when added to LPS-activated 
BV2-conditioned media, suggesting a role for microglia and a putative 
receptor-independent effect of these cannabinoids. Aso et al. [7] found 
that exposure to plant extracts containing CBD (0.75 mg/kg), THC 
(0.75 mg/kg), or a combination of both (1:1) preserved memory in the 
APP/PS1 mouse model of AD, but only when administered in the early 
symptomatic phase of the disease [7]. Using the same animal model, 
these authors have very recently reported that a five-week treatment 
with CBD:THC (0.5 mg/kg each) reduced extracellular levels of gluta
mate in the hippocampus, most probably by modulating astrocytic up
take, which could exert a relevant anti-excitotoxic effect [61].

We have recently described the effects of a low dose of synthetic CBD 
(0.273 mg/kg), of THC (0.205 mg/kg), and of a combination of both, in 
the 5xFAD model of AD [5]. We found that insoluble amyloid levels were 
increased in all cases, pointing to an effect of these cannabinoids on the 
processing and/or deposition of this pathological peptide. In addition, 
we found that mice exposed to a combination of CBD:THC, but not to 
each cannabinoid separately, showed a significant improvement in 
spatial memory. These effects were not accompanied by changes in the 
expression levels of markers of neuroinflammation.

The 5xFAD mouse model recapitulates most of the 
neuroinflammation-associated features of AD, including gliosis, amyloid 
peptide accumulation, and cytokine production [27,50,51]. This mouse 
line contains five mutations of familial AD (APP K670N/M671L 
(Swedish); I716V (Florida); V717I (London); PS1 M146L; and L286V) 
and is characterized by an exacerbated production of Aβ 1–42 and 1–40 
as well as by the early appearance of neuritic plaques, as early as at 3 
months of age, which makes this mouse model an appreciated tool to 
study amyloid-associated neuroinflammation. Neuronal loss and myelin 
abnormalities are also reported from 6-month-old 5xFAD mice [50] and 

some studies reported impaired memory and motor coordination in 
9-month-old mice [25,27].

In the present study we looked at the effects of a complex botanical 
mixture of purified phytocannabinoids (CBD:THC; 99:1) on in vivo fea
tures of amyloid pathology in the 5xFAD mouse model of AD. Behavioral 
tests on memory, anxiety, depression, and motor activity were employed 
and combined with molecular analysis of the neuroinflammatory 
response and of the phagocytic activity of microglial cells and with the 
assessment of the time-course of amyloid-microglial interactions by in 
vivo multiphoton microscopy.

2. Experimental procedures

2.1. Study animals

Male mice co-expressing five familial AD mutations (5xFAD) on a 
C57BL6/J background were purchased from Jackson Laboratories (Bar 
Harbor, ME, USA; [50] and were mated with CB2

EGFP/f/f mice [42] and 
backcrossed for at least 5 generations to generate CB2

EGFP/f/f/5xFAD 
mice. Breeding scheme was always performed so that the transfer of the 
transgene occurred only through the paternal germ line [65]. Animals 
employed in the present experiments were 3, 6, and 9 months old at the 
start of the experiments. This period was chosen based on previously 
published data [50,70] to allow for the appearance of amyloid deposits 
and phenotypic alterations and to study different phases of the disease. 
Mice were housed in the animal facility of Universidad Francisco de 
Vitoria (authorization number #281150000013). Experimental pro
tocols were followed according to European and Spanish regulations for 
protection of experimental animals (2010/63/EU and RD 1201/2005 
and 53/2013) and were authorized by the local ethics committee 
(PROEX149/18).

2.2. Drugs and administration regime

Plant-derived, highly purified CBD (batch number GRN170047 
(6062849), 99.1 % purity by HPLC) and THC (batch number 
THC100513, 96.4 % purity by HPLC) were supplied by GW Research Ltd 
UK (now Jazz Pharmaceuticals Research Ltd UK), stored at − 20◦C, 
protected from light, and formulated in vehicle (veh) of Cremophor® EL: 
Ethanol:saline (in a 1:2:17 ratio). Injectable solutions were prepared 
fresh each day and were continuously stirred until injection.

A CBD:THC mixture (99:1 ratio) was administered subcutaneously 
twice daily for 28 consecutive days, at total doses of 50 mg/kg or 
100 mg/kg of the mixture [54]. These correspond to 49.5 mg/kg CBD 
+ 0.5 mg/kg THC and 99 mg/kg CBD + 1 mg/kg THC, respectively. 
Injection volumes were adjusted to body weight (5 μL per g), and the 
injection sites were rotated between the neck, right flank, and left flank 
to minimize local tissue irritation. In vivo exposure to 100 mg/kg of a 
CBD:THC (99:1) twice daily, s.c., led to the formation of subcutaneous 
abscesses after day 28 in several 9-month-old mice, and consequently, 
this dose was terminated in all groups of mice. Only data relating to the 
50 mg/kg twice daily dose are reported here.

2.3. Experimental designs

Two experimental paradigms were employed. In the first one 
(behavioral studies), 5xFAD mice were treated with 50 mg/kg CBD:THC 
(99:1), s.c., twice per day, for 28 days and subjected to several behav
ioral tests during the course of the treatment (see Fig. 1A). At the end of 
the treatment period mice were humanely killed and their brains 
removed immediately after, then frozen on dry ice, and stored at − 80◦C 
for molecular biology determinations.

In the second set of experiments (multiphoton microscopy), a cranial 
window was implanted on 5xFAD/CB2

EGFP/f/f mice and treated with 
50 mg/kg CBD:THC (99:1), s.c., twice per day, for 28 days. During the 
treatment period mice were subjected to an imaging session in a 
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multiphoton microscope once a week and a time-course analysis of 
amyloid plaque evolution was performed in vivo. At the end of the 
treatment mice were humanely killed and their brains processed for flow 
cytometry determinations (see Fig. 1B).

2.4. Behavioral studies

Several behavioral tests were employed to investigate the effects of 
the 28-day chronic dosing of CBD:THC on anxiety-like (elevated plus 
maze, EPM) and depression-like (tail suspension) behaviors, as well as 
on motor control (rotarod, RR), locomotor activity (open field test, OF), 
and memory (novel object recognition test, NOR) end-points. We 

followed protocols previously described by us [70] or by other groups 
[11,37,41,43,63,64,66]. The sample sizes for each end-point are shown 
in Table 1. See supplementary information for details on the tests used.

Several behavioral tests were employed to investigate the effects of 
the 28-day chronic dosing of CBD:THC on locomotor activity (open field 
test, OF, day 14), anxiety-like behavior (elevated plus maze, EPM, day 
18), memory (novel object recognition test, NOR, days 21–23), motor 
control (rotarod, RR, day 26), and depression-like behavior (tail sus
pension test, TS, day 28). We followed protocols previously described by 
us [70] or by other groups [11,37,41,43,63,64,66]. The sample sizes for 
each end-point are shown in Table 1. See supplementary information for 
details on the tests used.

Fig. 1. Graphic summary of 50 mg/kg CBD:THC (99:1) treatment, behavioral studies, and use of tissue samples (A), and of in vivo multiphoton imaging sessions, and 
use of tissue samples (B). In a first set of experiments (A), 5xFAD mice were treated with 50 mg/kg CBD:THC (99:1), s.c., twice per day, for 28 days and subjected to a 
battery of behavioral tests during the course of the treatment; these included locomotor activity (open field test, OF, day 14), anxiety-like behavior (elevated plus 
maze, EPM, day 18), memory (novel object recognition test, NOR, days 21–23), motor control (rotarod, RR, day 26), and depression-like behavior (tail suspension 
test, TS, day 28). (B) Multiphoton microscopy was used to perform a time-course analysis of the progression of amyloid plaques in 6-month-old mice exposed to 
vehicle or CBD:THC. Parameters measured included plaque volume, complexity, fluorescence intensity and density.
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2.5. Aβ1–42 ELISA

To determine Aβ1–42 levels in the hippocampus, tissues were ho
mogenized in 10 volumes of ice-cold guanidine buffer (5.0 M guanidi
ne⋅HCl/50 mM Tris⋅Cl, pH 8.0) containing protease inhibitor cocktail 
(Roche). Protein concentrations were determined by BCA assay (Ther
mofisher). Human ELISA kits (Invitrogen) were used according to 
manufacturer’s specifications. Optical signals at 450 nm were read on a 
Sunrise microplate reader (Tecan) and sample concentrations were 
determined by interpolation using the respective standard curves.

2.6. Western blot

We analyzed the expression levels of several neuroinflammation- 
related markers by western blot; these proteins included cytokine 
IL1β, CD40 and TREM2 cell receptors, and cyclooxygenase-2 isoenzyme 
(COX-2). All these proteins are known to participate in relevant aspects 
of amyloid pathology such as inflammation, phagocytosis, or microglial 
cell activity [4,74].

Brain cortices were separated and homogenized in lysis buffer 
(25 mM HEPES pH 7.5, 150 mM NaCl, 1 % Igepal CA-630, 10 mM 
MgCl2, 1 mM EDTA, supplemented with 10 % glycerol, 10 μg/mL 
aprotinin, 10 μg/mL leupeptin, 100 mM PMSF, 25 mM NaF, and 1 mM 
Na3VO4. Samples were centrifuged at 14.000 x g for 30 min and su
pernatant was recovered and proteins were quantified. Tissue lysates 
(60 μg/lane) were loaded onto SDS-polyacrylamide gels, and the pro
teins were transferred onto PVDF membranes (BioRad). After blocking 
in TTBS (10 mM Tris pH 7.5, 150 mM NaCl, 0.1 % Tween 20 plus 2 % 
bovine serum albumin) membranes were incubated overnight at 4ºC, as 
appropriate, with: anti-amyloid precursor protein (APP; 1:1000, 
MAB348, clone 22C11, Sigma-Aldrich), anti-β-actin (1:5000, Sigma), 
anti-CD40 (1:1000, ThermoFisher – Invitrogen), anti-COX-2 (1:200, 
Santa Cruz Biotechnology), or anti-TREM2 (1:1000, ThermoFisher- 
Invitrogen). Membranes were incubated with the corresponding horse
radish peroxidase-conjugated secondary antibody (1:10,000) and were 
developed using a chemiluminescent reagent (ECL detection reagent GE 
Healthcare). Developed signals were recorded on ChemiDoc Imaging 
System (BioRad) for densitometric analysis (ImageJ, NIH, MD, USA). In 
some cases, a mild membrane stripping protocol was performed to allow 
the investigation of various proteins on the same blot, particularly when 
molecular weights were very similar. Briefly, membranes were incu
bated at room temperature for 5–10 min with a mild stripping buffer 
(1.5 % glycine, 0,1 % SDS and 1 % Tween20 in distilled water pH 2.2). 
Buffer was discarded and incubation with stripping buffer was repeated. 
Then, membranes were washed twice for 10 min in PBS, then washed 
twice for 5 min in TTBS and were again incubated with blocking TTBS 
solution. ECL detection reagent was used to determine the membrane 
stripping efficiency and no signal bands should be detected if the pri
mary antibody was successfully removed.

2.7. In vivo multiphoton microscopy

We also performed a longitudinal assessment of plaque evolution in 
parallel to the treatment with CBD:THC by in vivo multiphoton micro
scopy (Fig. 1B). At the end of the experiment, the phagocytic activity of 
microglia was quantified by flow cytometry.

Six-month-old mice (N = 4–5 per group) were subjected to a surgical 
procedure in order to implant a cranial window that, without affecting 
the meninges, granted direct visualization of the brain parenchyma by 
multiphoton (MPT) microscopy [21,31,48,71]. The surgical procedure 
was as follows: mice were deeply anesthetized with isoflurane and 
secured to a stereotaxic frame. After removing the skin and muscle, the 
cranial surface was exposed. A cranial window (3 mm in diameter) was 
opened with a high-speed drill. The brain tissue was kept humid 
throughout the whole procedure by frequent additions of warm saline 
solution. The window was then covered with a glass coverslip and 
sealed. Mice were constantly monitored and allowed to recover in in
dividual cages for three weeks. After this recovery period, mice were 
started in a regimen of five imaging sessions, one week apart (Fig. 1B). 
To visualize amyloid plaques, mice received i.p. injections of 
methoxy-X04 (10 mg/kg), 24 h before the imaging session [39]. This 
strategy allowed for the direct visualization of individual amyloid pla
ques (10–12 per mouse) and time-course analysis of their size as the 
treatment progressed.

Before every imaging session, mice were anesthetized with iso
flurane (5.0 % for induction, 1.5 % for imaging) and secured to a 
custom-built 2PE microscope using a titanium bar. Imaging was done 
using a Ti:sapphire laser (Chameleon Ultra II; Coherent) and ScanImage 
software written in MATLAB [55]. First, under bright light illumination 
and using a 4x objective (Olympus UPLFLN 4x/0.13), cortical surface 
images were acquired to orient and locate the regions of interest (ROIs) 
using the vascular pattern as landmarks. Second, excitation of 
methoxy-X04 was achieved at 800 nm with a two-photon excitation 
laser, limiting the power at the sample to < 20 mW. A 40X water im
mersion objective (Olympus LUMPLFLN 40x/0.80) was used to create a 
map of the ROI and identify the position of plaques at low magnification 
(0.36 µm/pixel), followed by the acquisition of image stacks of indi
vidual plaques at high magnification (0.18 µm/pixel). Amyloid plaques 
(10–20 from 2 to 3 ROIS per mouse) were imaged at a minimun depth of 
100 mm in the brain parenchyma and their x, y, and z coordinates 
recorded to locate the same amyloid plaques in subsequent image 
sessions.

2.8. Image analysis

Images acquired by multiphoton microscopy were processed using a 
custom pipeline implemented in Wolfram Mathematica 14.0 (Wolfram 
Research, Inc., Mathematica, Version 14.0, Champaign, IL) (Fig. 2). 
Three-dimensional reconstruction began by stacking the individual 2D 
slices, assigning voxel dimensions consistent with the microscope’s 
spatial resolution along the xyz axes. The intensity dynamic range was 
normalized to the [0,1] interval, and Gaussian smoothing (kernel radius 
r = 3) was applied to reduce speckle noise while preserving object 
boundaries. Segmentation of amyloid plaques was performed using 
Otsu’s variance maximization method [52], followed by morphological 
filling of internal minima (Wolfram Research, Inc.). The resulting binary 
masks were converted into 3D surface meshes via the Dual Marching 
Cubes algorithm [49], enabling volumetric quantification. For each 
identified component R i(x,y,z), the enclosed volume Vi was computed 
by numerical integration over the region of interest, and the largest 
connected component was selected for subsequent analysis. The 
segmented 3D region was then used to mask the original intensity image 

Table 1 
Sample size per group and treatment in behavioral studies.

VEH-3MO CBD:THC-3MO VEH-6MO CBD:THC-6MO VEH-9MO CBD:THC-9MO

EPM 9 5 76 6 6 7
Tail suspension 8 8 9 9 8 9
NOR 100 8 9 10 5 6
Rotarod 10 10 10 10 9 10
Open field 8 10 10 11 8 9
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for quantitative fluorescence measurements.
Under the assumption of a linear fluorescence response, valid for low 

fluorophore concentrations and moderate excitation intensities, the 
detected signal If is expected to scale proportionally with the number of 
emitting molecules within the illuminated region R i. This relationship 
can be expressed as If = k⋅ Nf ⋅ I0

where I0 is the local excitation intensity, Nf is the number of flu
orophores contributing to emission, and k is a proportionality constant 
encompassing factors such as the fluorophore’s absorption cross-section, 
quantum yield, optical collection efficiency, and detector gain. Within 
this linear regime, the measured fluorescence intensity provides a direct, 
quantitative proxy for the concentration of labeled molecules. This 
approximation is valid if the local fluorophore concentration remains 
below the threshold where inner filtering, self-quenching, or saturation 
effects become significant. Under these conditions, fluorescence emis
sion scales linearly with the amount of bound dye, and variations in 
measured intensity across the 3D image primarily reflect spatial differ
ences in fluorophore density rather than nonlinear optical artifacts.

From this physical basis, several quantitative descriptors were 
derived to characterize the fluorescent amyloid plaques. The total pla
que intensity ITOT was defined as the sum of voxel intensities within the 
segmented 3D region, ITOT =

∑
xyx∈R I(x,y, z), which represents the in

tegrated fluorescence emitted by all fluorophores contained within the 
plaque volume. This metric thus reflects both the overall amount of 
labeled protein and the total emitting volume. In contrast, the fluores
cence density, defined as ρ = ITOT/V provides a normalized measure of 

average fluorophore concentration, decoupling intrinsic biochemical 
differences from geometric effects. Because this ratio accounts for the 
volumetric extent of the plaque, it enables direct comparison between 
plaques of distinct sizes or morphologies. High values of ρ indicate 
densely labeled regions with high fluorophore packing or local enrich
ment of amyloid fibrils, whereas low ρ values are characteristic of more 
diffuse or weakly labeled aggregates.

Together, ITOT and ρ provide complementary measures: the former 
quantifies the total optical output of the plaque, while the latter isolates 
concentration-dependent variations independent of plaque volume. 
These intensity-based parameters form the foundation for subsequent 
analyses of fluorescence heterogeneity and complexity, which are 
further assessed through the entropy-based texture descriptors 
described below.

To characterize spatial heterogeneity and textural complexity within 
segmented amyloid plaques we computed the intensity (Shannon) en
tropy for each three-dimensional region. The entropy was calculated 
from the empirical (normalized) intensity distribution P(Ii) within a 
region (R ) as H = −

∑K
i=1 P(Ii)logP(Ii) where Ii denotes the i − th in

tensity bin, K the number of bins. P(Ii) is obtained by counting voxels per 
bin and normalizing by the region voxel count N =

∑
ini.

The theoretical maximum entropy for a distribution over K discrete 
levels is HMax = logK, which occurs when the intensity histogram is 
uniform. Importantly, Hmax depends only on K (the number of intensity 
levels or histogram bins) and not on the number of voxels (N) in the 
region. Because all ROIs in this study were acquired with identical im

Fig. 2. Workflow for 3D image reconstruction and structural complexity analysis of amyloid plaques. (A) Raw 3D image acquired by multiphoton confocal mi
croscopy. (B) 3D region of interest (ROI) obtained after Gaussian smoothing (r = 3), Otsu thresholding, and hole filling to ensure topological continuity of the 
segmented region. (C) 3D mesh reconstruction of the ROI using the Dual Marching Cubes algorithm, providing a refined geometrical representation of the plaque 
surface. The resulting mesh enables quantitative estimation of plaque volume and surface area. (D) Segmented image element obtained by applying the 3D ROI as a 
mask on the original intensity data. (E) Fluorescence emission profile computed within the ROI, yielding the total fluorescence intensity and fluorophore density 
which reflect the integrated and normalized concentration of dye molecules, respectively. Complexity analysis performed from the fluorescence intensity distri
bution, using intensity entropy and standard deviation of voxel intensities as complementary indicators of heterogeneity. Entropy quantifies the disorder of the 
fluorescence distribution, while STD captures the magnitude of local intensity fluctuations. (F) Representative examples of plaques with different emission 
complexity: (a) low-entropy, homogeneous emission; (b) intermediate-entropy plaque showing moderate heterogeneity; and (c) high-entropy plaque exhibiting 
pronounced textural irregularity and structural complexity.
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aging bit depth and dynamic range and were processed using the same 
rescaling protocol, K was held constant across regions; therefore, en
tropy values are directly comparable between ROIs regardless of their 
volume. For presentation and easier interpretation, we also report the 
normalized entropy Hrel = H/Hmax which quantifies the fraction of the 
maximum possible uncertainty captured by the observed intensity dis
tribution.

The proposed entropy estimator H is known to be biased downward 
for finite samples. However, when the number of voxels in each 
segmented plaque exceeds the number of occupied bins N≳K, this bias is 
assumed to be small enough.

Entropy quantifies the statistical heterogeneity of voxel intensities 
within a plaque and therefore provides a useful proxy for textural 
complexity. Low entropy indicates a narrow, concentrated intensity 
distribution. Biologically, this reflects homogeneous fluorophore label
ing and, by implication, relatively uniform packing or composition of 
amyloid material within the plaque. Texturally, such regions appear 
optically smooth and structurally ordered. High entropy indicates a 
broad intensity distribution with multiple intensity modes or substantial 
dispersion. This may arise from local fluctuations in dye binding, vari
ations in fibril packing density, presence of subdomains with different 
refractive properties, or partial penetration of stain. Texturally, high- 
entropy plaques manifest greater internal complexity, inhomogeneous 
labeling, or substructural heterogeneity.

To complement the entropy-based analysis, we also quantified 
fluorescence heterogeneity using the standard deviation (σI) of voxel 
intensities within each ROI. The STD Intensity provides an amplitude- 
based measure of heterogeneity, directly reflecting the magnitude of 
fluctuations in fluorescence emission. While entropy captures the 
complexity of the intensity distribution (e.g., whether it is uniform, 
multimodal, or skewed), the STD captures the extent of intensity varia
tion. Thus, regions with high σI exhibit strong contrast gradients or 
heterogeneous labeling, whereas regions with low σI display optical 
uniformity. The combined interpretation of H and σI enhances sensi
tivity to subtle differences in plaque organization: for example, a plaque 
may exhibit high STD but moderate entropy if it contains two dominant 
subregions with distinct but internally homogeneous intensities, 
whereas a plaque with similar STD but higher entropy may present a 
continuum of local intensity variations, reflecting more intricate 
substructure.

Entropy and STD therefore serve as complementary descriptors of 
textural organization, linking optical heterogeneity to the nanoscale 
molecular disorder of amyloid aggregates. In this framework, entropy 
represents the informational complexity of the fluorophore distribution, 
whereas STD quantifies its overall variability, allowing a multi- 
parametric assessment of plaque structure beyond mean intensity or 
volume measurements.

2.9. In vivo phagocytosis assay

The day before being humanely killed, mice received a single in
jection, i.p., of methoxy-X04 (10 mg/kg) to fluorescently label amyloid- 
enriched neuritic plaques and amyloid ingested by microglial cells. 
Brain tissue was dissociated, and microglial cells were obtained by 
Percoll (GE Healthcare) density gradient centrifugation and cells were 
stained with CD11b-PE and CD45-APC-Vio770 antibodies (Miltenyi 
Biotec). Debris and cell aggregates were removed from the analysis 
using forward and side scatter characteristics, and CD11b+ and CD45lo 
populations were identified as microglial cells as previously described 
[3]. Samples were read on a MACSQuant Flow Cytometer and analyzed 
with MACS Quantify software (Miltenyi Biotec). Fluorescence signals 
were corrected by fluorescence minus one (FMO) control [3].

2.10. Statistical analyses

Data were analyzed with GraphPad Prism software (version 10.3.0; 

San Diego, CA, USA). All data were tested for normality using d’Ag
ostino-Pearson or Shapiro–Wilk for data where there are identical values 
for different samples and/or n < 8. All normal data were assessed for 
outliers (ROUT in Prism) and any outliers were removed for subsequent 
analysis. Data are expressed as mean ± standard error of the mean 
(SEM). Statistical analyses were made using two-tailed Student-t-test 
(flow cytometry data) or two-way analysis of variance followed by 
Sidak’s post-hoc test. A p value < 0.05 was considered as statistically 
significant.

3. Results

3.1. Behavioral data

3.1.1. Elevated plus maze
Both vehicle- and CBD:THC-treated 5xFAD mice spent more time in 

the open arms of the EPM as a function of the age of the animals 
(Fig. 3A), indicative of an age-related reduction in anxiety-like behavior 
[F(2,34)= 22.46, p < 0.0001]. Vehicle-treated mice spent a signifi
cantly higher percentage of the time in the open arms of the EPM at 6 
and 9 months of age compared with 3-month-old mice (p = 0.0181 and 
p < 0.0001, respectively); CBD:THC-treated mice exhibited a significant 
increase in the percentage of time spent in the open arm at 9 months of 
age, compared with mice of 3 and 6 months of age (p = 0.0003 and 
p = 0.0005, respectively). Regarding the treatment, no significant 
changes were found [F(1,34)= 2.603, p = 0.1159].

3.1.2. Tail suspension test
There were no changes in the time spent immobile due to age [F(2, 

45)= 0.4350, p = 0.6500] or treatment [F(1, 45)= 0.4381, 
p = 0.5114], with a significant interaction between both factors [F(2, 
45)= 4.681, p = 0.0142] (Fig. 3B).

3.1.3. Novel object recognition test
There was no change in the ratio of exploration time due to age [F(2, 

42)= 0.3723, p = 0.6914] or treatment at any age [F(1, 42)= 0.1533, 
p = 0.6974], nor in the interaction between factors [F(2, 42)= 2.414, 
p = 0.1018] (Fig. 3C).

3.1.4. Rotarod
Three trials per mouse were carried out. As expected, the latency to 

stay on the rod significantly increased over successive trials. At 3 months 
of age, no differences were found due to the treatment [F(1, 50)=
0.8136, p = 0.3714] and a significant effect of trial was shown [F(2, 
50)= 7.815, p = 0.011] (Fig. 3D, left). There were significant differ
ences within each treatment group at 6 months of age [F (2, 50)= 12.48, 
p < 0.0001], and no differences were found due to the treatment [F(1, 
50)= 1.539, p = 0.2206] (Fig. 3D, center). Finally, at 9 months of age, a 
significant difference was found considering the main factor trial [F(2, 
50)= 9.242, p = 0.0004], with no changes associated to the main factor 
treatment [F(1, 50)= 1.731, p = 0.1943] (Fig. 3D, right). Overall, CBD: 
THC treatment had no effect on mice performance on the rotarod test.

3.1.5. Open field test
CBD:THC treatment had no effect on the amount of time mice spent 

in the central part of the arena (Fig. 4A; [F9(1, 50)= 1.261, 
p = 0.2668]); however, a significant effect of the main factor age was 
detected [F(2, 50)= 12.91, p < 0.0001] with no interaction between 
factors [F(2, 50)= 0.2110, p = 0.8105]. Post-test analysis revealed sig
nificant increases in the time spent in the central area of the arena in 6- 
and 9-month-old mice compared to the 3-month-old mice in both 
treatment groups (Fig. 4A). In addition, and while drug treatment had 
no effect on the time spent in the periphery of the arena [F(1, 50)=
2.096, p = 0.1539], a significant main effect was evident due to age [F 
(2, 50)= 12.53, p < 0.0001], but not the interaction between age and 
treatment factors [F(2,50)= 0.07844, p = 0.9247]. Post-hoc analysis 
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revealed that 6- and 9-month-old mice from the drug and vehicle-treated 
groups spent significantly less time in the periphery compared to 3- 
month-old mice (Fig. 4B).

Regarding locomotion, treatment with CBD:THC significantly 
reduced the total distance covered by mice [F(1, 48)= 19.09, 
p < 0.0001], with significant differences between treatment groups at 3, 
6, and 9 months of age (p = 0.0118, p = 0.0499 and p = 0.0056, 
respectively) (Fig. 5A). CBD:THC-treated mice traveled less distance in 
the central part of the arena [F(1, 48)= 21.30, p < 0.0001], with the 
difference reaching significance in the 6- and 9-month-old mice groups 
(p = 0.0183 and p = 0.0009, respectively) (Fig. 5B). Older mice covered 
larger distances in the central part of the arena [F(2, 48)= 7.009, 
p = 0.0021] and this effect reached significance only in the 9-month-old 
vehicle-treated mice compared with the 3-month-old vehicle-treated 
counterparts (p = 0.0044) (Fig. 5B). Drug treatment also reduced the 
distance travelled in the peripheral part of the arena [F(1, 49)= 7.096, 
p = 0.0104]; however, the effect was not significant in any age group 
(Fig. 5C). Exposure to CBD:THC reduced the distance covered in the 
peripheral part of the OF at 3 months of age (p = 0.0354).

Exposure to CBD:THC was associated with an increase in total resting 

time in the OF test compared with the vehicle-treated animals [F(1, 
50)= 25.11, p < 0.0001] (Fig. 5D). This effect was significant in 3-, 6-, 
and 9-month-old mice (p = 0.0156, p = 0.0004, p = 0.0170, respec
tively). The main factor age had a significant effect on resting time in the 
central arena [F(2, 46)= 5.687, p = 0.0062], and 6-month-old drug- 
treated mice rested more in the central part than their 3-month-old 
counterparts (p = 0.0025) (Fig. 5E). Multiple comparison test revealed 
a significant drug-induced increase in resting time in the central part of 
the arena in 6-month-old mice (p = 0.0252).

CBD:THC treatment increased the resting time of the mice in the 
periphery of the arena [F(1, 50)= 18.41, p < 0.0001], with a significant 
effect observed in the 3- (p = 0.0168), 6- (p = 0.0115), and 9-month-old 
mice (p = 0.0225) (Fig. 5F). Increasing age, on the other hand, reduced 
the resting time in the periphery [F(2, 50)= 9.063, p = 0.0004];

Drug treatment decreased the mean speed of movement in the OF 
arena [F(1, 48)= 20.65; p < 0.0001] (Fig. 5G). This CBD:THC-induced 
decrease in total speed was evident in the 3-, 6-, and 9-month-old 
mice (p = 0.0127, p = 0.0204, and p = 0.0061, respectively). The 
analysis of the mean speed in the central section of the arena (Fig. 5H) 
revealed significant effects of both, the treatment [F(1, 49)= 6.153; 

Fig. 3. Assessment of anxiety-like behavior (A), depression-like behavior (B), memory impairments (C), and motor coordination (D) in 5xFAD mice exposed to 
subcutaneous administration of vehicle or CBD:THC 50 mg/kg, for 28 days. Assessments were done 2 h after the CBD:THC (99:1) administration. Each data point 
represents individual values for each mouse. (A) Anxiety-like behavior was assessed by the elevated plus maze and was reduced in older mice; exposure to can
nabinoids induced a pro-anxiogenic effect in 6-month-old mice. N = 5–9 mice per group. (B) Time spent in immobility during tail suspension for 6 min. Treatment 
with CBD:THC led to an increase in depression-like behavior in 3-month-old mice and also increased with age (6- vs 3-month-old) in vehicle-treated animals. N = 8–9 
mice per group. (C) Memory performance measured by the novel object recognition test showed no changes due to age or treatment. N = 6–10 per group and 
treatment. (D) Motor coordination measured with the rotarod test in 5xFAD mice. Latency to fall from the rotarod increased with repeated trials in the test at 3 (left), 
6 (middle), and 9 (right) months, while no effects associated with the treatment were found. N = 9–10 mice per group. Data shown as mean ± SEM. Two-way 
ANOVA followed by Sidak’s post-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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p = 0.0166] and the age (F(2, 49)= 19.09; p < 0.0001], but not as a 
result of the interaction between the two factors [F(2, 49)= 0.3559; 
p = 0.7024]. Mean speed in the peripheral part of the arena was 
significantly reduced by the drug treatment [F(1, 48)= 18.53, 
p < 0.0001], with this effect being significant in the 3- and 9-month-old 
mice (p = 0.0192 and p = 0.0043) with a trend toward significance in 
the 6-month-old group (p = 0.0522) (Fig. 5I).

3.2. Amyloid biology

We next quantified the amount of soluble Aβ1–42 by ELISA (Fig. 6A). 
As expected, amyloid levels increased with age [F(2, 32)= 25.65; 
p < 0.0001], being higher in 6- (p = 0.0005) and 9-month-old mice 
(p < 0.0001) compared with 3-month-old mice in the vehicle-treated 
group, as well as between 6- and 9-month-old mice (p = 0.0450). 
CBD:THC-treated mice exhibited increased levels of Aβ1–42 at 9-month- 
old as compared with 3-month-old mice (p = 0.0057) (Fig. 6A). No 
changes associated with the treatment were found [F(1, 32)= 2.280; 
p = 0.1409], nor in the interaction between factors [F(2, 32)= 2.470, 
p = 0.1006].

Cortical APP levels were measured by western blot (Fig. 6B). 
Treatment had no significant effect on APP levels [F(1,40)= 0.0020; 
p = 0.9643], neither did the interaction between age and treatment [F 
(2, 40) = 1.600; p = 0.2145]. However, there was an effect associated 
with age [F(2, 40)= 5.737; p = 0.0064], that was significant at 6 months 
compared with 3-month-old mice in the vehicle group (p = 0.0444).

3.3. In vivo multiphoton microscopy

We performed an in vivo time-course analysis of the progression of 
amyloid plaques in 6-month-old mice exposed to vehicle or CBD:THC 
(Fig. 7A and B). Plaques increased their volume during the 28 days 
observation period [F (1.573, 11.01)= 5.279; p = 0.0303] and the 
treatment with the cannabinoid mixture did not modify plaque volume 
[F(1, 7)= 0.2489; p = 0.6332] (Fig. 7C). Plaque complexity was 
significantly decreased by the treatment with CBD:THC [F(1, 33)=
12.66; p = 0.0012] but did not change with time [F(4, 33)= 0.6301; 
p = 0.6445] (Fig. 7D). Post test analysis revealed a significant decrease 

in plaque complexity on day 14th of treatment (p = 0.0038). The 
amount of methoxy-X04 bound to a plaque was estimated by the plaque 
total brightness intensity (Fig. 7E). We found a significant effect of the 
treatment with CBD:THC on plaque intensity [F(1, 35)= 30.22; 
p < 0.0001], and the multiple comparison test revealed significant re
ductions on days 14 (p = 0.0067), 21 (p = 0.0012), and 28 
(p = 0.0002). There were no changes associated to the time-course [F(4, 
35)= 1.366, p = 0.2655]. Plaque density was determined as the ratio 
between total fluorescence intensity and plaque volume (Fig. 7F) and its 
quantification revealed a significant effect of the CBD:THC treatment [F 
(1, 7)= 6.979; p = 0.0333], with significant decreases on days 14 
(p = 0.0319), 21 (p = 0.0393), and 28 (p = 0.0481). There were no 
significant changes associated with treatment duration [F(2.070, 
14.49)= 0.2462; p = 0.7921].

Taken together, in vivo multiphoton microscopy data point to a CBD: 
THC-induced increase in plaque homogeneity (protein distribution) in 
the brain cortex of 5xFAD mice (Fig. 7G).

3.4. In vivo phagocytosis: flow cytometry

A gating strategy scheme was performed to select methoxy-positive 
microglia (Fig. 8A). After treatment with a 50 mg/kg dose of the CBD: 
THC mixture, we found no changes in the total percentage of methoxy 
positive microglial cells in the brain cell suspensions detected by flow 
cytometry, suggesting a lack of effect of the treatment on phagocytic 
microglia (Fig. 8B; p = 0.7117). However, methoxy-positive microglia 
from CBD:THC-treated mice exhibited an increased mean fluorescent 
intensity (MFI; p = 0.0089), indicative of an increased phagocytic ac
tivity by these cells in the treated group (Fig. 8C).

3.5. Protein markers of neuroinflammation

Treatment with CBD:THC did not induce global significant changes 
in IL1β expression levels in the brain [F(1, 43)= 0.4329; p = 0.5141] 
(Fig. 9A). There were significant age-dependent effects [F(2, 43)= 3735; 
p = 0.0319], such that vehicle-treated 6-month-old mice had signifi
cantly lower levels than their 3-month-old counterparts (p = 0.0193), 
and 9-month-old mice exhibited increased levels over 6-month-old mice 

Fig. 4. Time spent in the central (A) and peripheral (B) sections of the OF arena by 5xFAD mice exposed to subcutaneous administration of vehicle or CBD:THC 
(99:1) 50 mg/kg, for 28 days, measured 2 h after the administration. There were no significant effects due to treatment but there was a significant effect due to the 
age, with increases in time spent in the central section and decreased time spent in the peripheral section of the OF arena. N = 8–11 per group and treatment. Data 
presented are individual values for each mouse, and the error bars show mean ± SEM. Two-way ANOVA followed by Sidak’s post-hoc test. *p < 0.05, **p < 0.01.
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in the CBD:THC group (p = 0.0476).
With respect to TREM-2 levels (Fig. 9B), no significant changes were 

detected due to the treatment [F(1, 42)= 0.2987, p = 0.5876]. There 
was a significant effect of age [F(2, 42)= 6.027; p = 0.0050]; however, 
the significant difference was confined to the vehicle group, where 9- 

month-old mice had significantly higher TREM-2 levels than their 3- 
month-old counterparts (p = 0.0230).

CD40 levels (Fig. 9C) were not significantly affected by CBD:THC 
treatment [F(1, 43)= 0.2232, p = 0.6390]. There was a significant effect 
of age [F(2, 43)= 19.87; p < 0.0001). CD40 levels diminished 

Fig. 5. Locomotor activity of 5xFAD mice exposed to subcutaneous administration of vehicle or CBD:THC (99:1) 50 mg/kg, for 28 days, measured in the OF. Data 
obtained included total distance travelled in the arena (A), distance covered by the mice in the central part (B), and in the periphery (C), total resting time (D), or in 
the central (E) and peripheral (F) parts of the arena, and overall mean speed (G), or in the central (H) and peripheral (I) sections of the arena. (A) The total distance 
covered by mice treated with the mixture of cannabinoids was significantly lower at all ages tested. (B) In the central part of the OF arena, drug effects were found in 
6- and 9-month-old mice, while only 3-month-old mice exhibited drug-related changes in the distance covered in the peripheral part (C). Regarding resting time, 
exposure to CBD:THC led to significant increases in total time at all ages tested (D), an effect that was evident in the central part only in 6-month-old mice (E), and 
that was mostly due to the increase of resting time spent in the peripheral section of the arena (F). Mean speed was also affected by the treatment with CBD:THC, 
inducing significant decreases at all ages in total mean speed (G) that was mainly due to changes in mean speed in the peripheral part of the arena (H and I). N = 8–11 
per group and treatment. Data presented are mean ± SEM. Two-way ANOVA followed by Sidak’s post-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001.
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(p = 0.0007) at 6 months of age as compared with 3 months in the 
vehicle-treated group and then returned to levels observed at 3 months 
at 9 months of age. CBD:THC-treated mice had significantly higher 
levels of CD40 protein at 9 months than at 3 and 6 months of age 
(p < 0.0001).

Finally, no significant changes were found regarding COX-2 protein 
levels (Fig. 9D) as a function of age [F(2, 43)= 1.719; p = 0.1913] or 
treatment [F(1, 43)= 0.1312; p = 0.7189].

4. Discussion

The main finding of the present study is that a 28-day treatment with 
CBD:THC (50 mg/kg) induces a significant alteration of amyloid plaque 
features in the 5xFAD mouse model of AD. Specifically, the in vivo 
analysis of amyloid plaques in CBD:THC-treated 5xFAD mice reveals 
significant decreases in fluorescent intensity after staining with 
methoxy-X04, accompanied by a decrease in plaque protein density. 
These data suggest that the treatment with CBD:THC modifies the 
structural features of these pathological structures by turning them into 
more homogeneous and less dense aggregates (see representative 
cartoon in Fig. 6).

Amyloid plaque texture, including volume, density, and morpho
logical complexity, plays a pivotal role in determining both the patho
genic trajectory and microglial response in animal models of AD [20]. 
Multiphoton microscopy reveals that plaque volume strongly influences 
microglial aggregation and activation so that larger plaques recruit 
higher numbers of microglia, which also display increased soma volume 
and reduced process ramification [29]. These microglia undergo dy
namic changes, including the polarized extension of processes toward 
plaque surfaces and sustained phagocytic activity at the plaque-glia 
interface, a phenomenon most pronounced in dense-core plaques [29]. 
Importantly, plaque density shapes the efficacy of microglial contain
ment and clearance; highly fibrillar and compact plaques tend to be 
surrounded by a more stable, less migratory microglial population. 
Plaques with higher morphological complexity, characterized by irreg
ular boundaries and heterogeneous composition, impacting not only 
microglial morphology but also local tissue architecture, further 
amplifying synaptic dysfunction and cognitive decline [29,56]. Finally, 
longitudinal imaging studies further indicate that plaque growth is 
determined by the inverse correspondence between microglial coverage 

and plaque structure: regions with lower microglial reactivity manifest 
greater plaque expansion, while high microglial volume correlates with 
plaque shrinkage or stabilization [8,9,29]. This dynamic bidirectional 
relationship underscores the biological importance of textural plaque 
features for the balance between neurotoxicity and immune-mediated 
containment.

The molecular basis for the changes reported herein may reside on a 
direct effect of CBD and/or THC on the amyloid fibrillation process or on 
the activation of cannabinoid receptors located on neighboring cells. In 
the first case, previous reports confirmed that THC is able to prevent 
amyloid aggregation in vitro [24] and to disrupt fibrils stability [36]. 
Also, Chrobak et al. [17] have reported on the ability of CBD to physi
cally interact with Aβ25–35 peptide, thus decreasing its aggregation and 
toxicity by altering its structure [17]. These observations could partially 
explain the changes here reported on the structural features of amyloid 
plaques in the cortex of 5xFAD mice.

On the other hand, we and others have recently reported that the 
activation of microglial cannabinoid CB2 receptors modifies amyloid 
dynamics in the 5xFAD mouse model of AD [58,60]. Furthermore, it was 
recently shown that the expression of microglial CB2 receptors triggers 
an inflammatory phenotype in these cells, being a potent immuno
modulator in the brain [47]. It must be mentioned, however, that the 
role of CB2 receptors in AD is still controversial and that their contri
bution has been reported to be of limited relevance in the AβPP/PS1 
mouse model of AD [6].

Our data also reveal the effect of the CBD:THC mixture on the 
microglial ability to phagocytose amyloid beta peptides. Microglial cells 
isolated from CBD:THC-treated mice contained significantly elevated 
amounts of methoxy-X04, suggesting an increased phagocytic activity of 
these cells in the treated group. To the best of our knowledge, this is the 
first in vivo observation of a facilitatory effect of these cannabinoids on 
the phagocytic properties of adult, activated microglia. Our data confirm 
the stimulatory effect of CBD on microglial phagocytosis in vitro previ
ously reported [30,75]. These authors found that CBD (5–10 μM) 
enhanced microglial phagocytosis of synthetic amyloid fibrils or 
microbeads in primary cultures of neonatal microglia as well as in BV2 
cells, in a process mediated by the interaction of CBD with TRPV2, but 
not TRPV1 or TRPV4. On the contrary, Aguiar et al. [2] have recently 
reported the absence of effects of CBD (3 mg/kg) on microglial phago
cytic activity in hippocampi from healthy rats [2].

Fig. 6. Hippocampal Aβ1–42 and cortical APP levels in 3, 6, and 9 month old mice treated with vehicle or CBD:THC. (A) Protein levels measured by ELISA showed an 
increase of Aβ1–42 due to age at 6 and 9 months of age; treatment with CBD:THC induced a significant increase in soluble levels only at 3 months of age. N = 6–7 per 
group. (B) Representative western-blot and protein levels of APP; no drug-induced changes were observed, while a significant increase was found in 6-month-old 
mice when compared with 3-month-old mice treated with vehicle. N = 7–9 per group. Data presented are mean ± SEM. Two-way ANOVA followed by Sidak’s 
post-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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By modulating microglial phagocytic activity, CBD:THC may 
contribute to amyloid plaque dynamics. It is currently accepted that 
microglial cells play a crucial role in the development, growth, and 
maintenance of neuritic plaques [67], although conflicting views exist at 
the present time [12,76]. Some authors have suggested that microglia 
are responsible for the efficient removal of amyloid-enriched deposits, 
while others have shown that they may be the main source of 
newly-formed plaques, playing a role in their seeding process [67]. As 
THC and CBD have been shown to be significant modulators of micro
glial activity [19,45], we may speculate that they may also participate in 
amyloid-related microglial function, thus contributing to the compac
tion of neuritic plaques, as suggested by our present data.

These changes were not accompanied by significant alterations in 
behavior or in the inflammation-related molecular components 
analyzed (IL-1β, TREM2, or COX-2). Though we tested several ages (3, 6, 
and 9 months) and, subsequently, different stages of disease progression 
(early, established, and advanced, respectively), modest modifications 
were observed. A potential explanation for this mismatch could be the 
lack of correspondence that is known to occur among amyloid deposi
tion and some of the key phenotypic features of AD with a closer rela
tionship between tau deposits and, for instance, memory loss [4].

The behavioral changes that are characteristic of 5xFAD mice have 
been well studied [27,51]. 5xFAD mice exhibit increased locomotion, 
depression and anxiety, and these changes are more pronounced in fe
males than in males. Some inconsistencies have been observed in the 
literature, but the reasons for this remain unknown. Importantly, a 
recent study by Sasmita et al. [65] has unveiled the previously unknown 
variability dependent on the germ line through which the AD transgene 
is inherited in 5xFAD transgenic mice [65]. In our case, this potential 
variability was prevented, as the transgene was inherited paternally 
only.

It is important to note that recent studies have underscored the 
neuroprotective properties of CBD, revealing its ability to simulta
neously modulate memory enhancement, neuroinflammatory processes, 
and pathological protein dynamics [28,57,69]. Chronic oral adminis
tration of CBD to aged SAMP8 mice led to improvements in object and 
spatial memory, as reflected in tasks such as novel object recognition 
and the Morris water maze, with higher doses required for restoring 
long-term memory deficits. These cognitive benefits were accompanied 
by reductions in neuroinflammatory markers such as astrocytosis in 
hippocampus and microgliosis in medial prefrontal cortex, as well as 
microglial polarization toward a neuroprotective M2 phenotype in 
5xFAD mice. At the molecular level, CBD reduced the aggregation of 
amyloid and hyperphosphorylated tau, counteracted protein axonal 
transport between neurons, decreased oxidative stress, and restored 
neuronal plasticity in cortical and hippocampal cultures. Taken 
together, these recent data highlight the potential of CBD as a novel 
approach to tackle some of the molecular and behavioral features of AD 
[10,46].

The data presented herein show modest behavioral effects following 
chronic dosing with CBD:THC, including decreased locomotion. We 
acknowledge that the absence of a WT mice group is a limitation of this 
study and impedes a complete characterization of the phenotypic 
changes observed. CBD:THC treatment significantly affected locomotion 

as it reduced distance travelled, increased resting time, and decreased 
speed in the OF arena (in both central and peripheral sections). There 
were no remarkable drug effects on any other measured behavioral 
endpoints, although subtle age-dependent effects on anxiety- and 
depression-like behaviors were also shown, in agreement with previous 
studies [5,33]. Cannabinoid-induced inhibition of motor activity has 
been long recognized, with the dose of the specific cannabinoids rep
resenting a crucial factor to consider [62]. Overall, our present data 
suggest a limited impact of the chronic exposure to CBD:THC on 
behavior features of 5xFAD mice.

Current pharmacological treatment of AD is based on two main types 
of drugs: acetylcholinesterase inhibitors (AChEIs, such as donepezil or 
rivastigmine) and antagonists of glutamatergic receptors (i.e. mem
antine), that have limited influence on these behavioral features [35]. 
Regarding motor activity, their net effect depends on individual sus
ceptibility, disease stage, and drug tolerability; AChEIs may help reduce 
agitated or aberrant motor activity in AD, especially in advanced cases, 
but can also cause movement disorders in a minority of patients [59]. 
Memantine has little direct effect on motor activity, with side effects 
more commonly related to dizziness or confusion. Also, AChEIs can 
alleviate anxiety in AD patients but they may also provoke it as a side 
effect, while memantine shows more consistent anxiolytic benefits. 
Finally, these drugs show limited efficacy regarding depression [22,32, 
38].

In summary, in vivo exposure to 50 mg/kg of a CBD:THC (99:1) 
mixture, s.c., for 28 consecutive days, enhanced in vivo microglial 
phagocytic activity of beta amyloid, leading to significant changes in 
neuritic plaque features (as revealed by multiphoton microscopy). In 
addition, limited behavioral effects were associated with the treatment 
with the CBD:THC mixture.
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et al., Cannabidiol as a multifaceted therapeutic agent: mitigating Alzheimer’s 
disease pathology and enhancing cognitive function, Alzheimers Res. Ther. 17 
(2025) 109, https://doi.org/10.1186/s13195-025-01756-0.

[58] N. Reusch, K.A. Ravichandran, B.F. Olabiyi, J.A. Komorowska-Müller, J.N. Hansen, 
T. Ulas, et al., Cannabinoid receptor 2 is necessary to induce toll-like receptor- 
mediated microglial activation, Glia 70 (2022) 71–88, https://doi.org/10.1002/ 
glia.24089.

[59] J.P. Rissardo, A.L.F. Caprara, Movement disorders associated with 
acetylcholinesterase inhibitors in Alzheimer’s dementia: a systematic review, Brain 
Circ. 11 (2025) 9–23, https://doi.org/10.4103/bc.bc_134_24.

[60] S. Ruiz de Martín Esteban, I. Benito-Cuesta, I. Terradillos, A.M. Martínez-Relimpio, 
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