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Cannabidiol as a multifaceted therapeutic =~ =

agent: mitigating Alzheimer’s disease pathology
and enhancing cognitive function

lu Raich'?*", Jaume Lillo"*3T, Joan Biel Rebassa'>* Christian Grindn-Ferré'?, Aina Bellver-Sanchis®,
Irene Reyes-Resina'* Rafael Franco'%%, Merce Pallas'” and Gemma Navarro'4”*

Abstract

Background Cannabidiol (CBD), the second most abundant phytocannabinoid in Cannabis sativa, has garnered
significant interest due to its non-psychoactive nature and diverse receptor interactions.

Methods This study employs in vitro and in vivo methodologies to validate CBD's potential as a treatment for Alz-
heimer’s disease (AD) by addressing key hallmarks of the condition and promoting neuroprotective effects on spatial
memory.

Results Our findings demonstrate CBD's ability to decrease pTau and AP aggregation and to mitigate their axonal
transport between cortical and hippocampal neurons. Moreover, CBD treatment was shown to reduce neuroinflam-
mation, as CBD was able to skew microglia towards a neuroprotective M2 phenotype while attenuating proinflam-
matory cytokine release in the 5xFAD AD mouse model. Notably, daily CBD injections (10 mg/Kg) for 28 days in 5xFAD
mice resulted in significant improvements in both short- and long-term spatial memory. The study also reveals CBD's
capacity to partially revert neurite formation loss induced by AB, Tau, and pTau proteins, suggesting a potential role

in promoting neuronal plasticity. Additionally, CBD treatment led to a reduction in reactive oxygen species (ROS)
formation and increased neuronal viability in the presence of AD-associated protein aggregates.

Conclusions These multifaceted effects of CBD, ranging from molecular-level modulation to behavioral improve-
ments, underscore its potential as a comprehensive therapeutic approach for AD. The findings not only support CBD's
neuroprotective properties but also highlight its ability to target multiple pathological processes simultaneously,
offering a promising avenue for future AD treatment strategies.

Keywords CBD, Alzheimer's disease, CB;R, CB,R, Axonal transport, 3-amyloid, Tau, PTau

flu Raich and Jaume Lillo contributed equally to this work. ° Department of Pharmacology and Therapeutic Chemistry, Institut de
Neurociencies, University of Barcelona, Barcelona, Spain

6 School of Chemistry, Universitat de Barcelona, Barcelona, Spain

7'School of Pharmacy and Food Science, University of Barcelona, Diagonal

gnavarro@ub.edu 643, Barcelona 08027, Spain
! CiberNed, Network Center for Neurodegenerative diseases, National ! 2P

Spanish Health Institute Carlos Ill, Madrid, Spain

2 Molecular Neurobiology laboratory, Department of Biochemistry

and Molecular Biomedicine, Faculty of Biology, Universitat de Barcelona,
Barcelona, Spain

? Institut de Neurociéncies UB, Campus Mundet, Barcelona 08035, Spain

4 Molecular Neuropharmacology Laboratory, Department of Biochemistry
and Physiology, School of Pharmacy and Food Science, Universitat de
Barcelona, Barcelona, Spain

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

*Correspondence:
Gemma Navarro


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13195-025-01756-0&domain=pdf

Raich et al. Alzheimer’s Research & Therapy (2025) 17:109

Introduction

Alzheimer’s disease (AD) is nowadays the most common
form of dementia worldwide, with two-thirds of cases in
individuals over 65 years old. It is estimated that more
than fifty million people are affected by this condition
[1]. AD is caused by a combination of genetic, lifestyle,
and environmental factors, being age the main risk. Thus,
these numbers will increase in the coming years due to
the global aging of the population, doubling the number
of cases in the following decades.

Two different AD subtypes exist: familial and sporadic.
At the molecular level, both express plaques formed by
the parenchymal amyloid-p (AP) deposition and intra-
neuronal accumulation of hyperphosphorylated Tau
protein [2—4]. These aberrant protein aggregates lead to
inflammation and oxidative stress, but also to microglial
activation, astrogliosis, characteristic losses of neurons,
neuropil, and synaptic elements, provoking a progressive
impairment of cognitive and behavioral functions includ-
ing comprehension, language, memory, attention, rea-
soning, and judgment. Nowadays, this pathology has no
cure, only treatments to counteract the symptomatology.
In this sense, seven available drugs have been approved:
an antagonist of the N-methyl-D-aspartate (NMDA)
receptor (memantine), three acetylcholinesterase inhibi-
tors (rivastigmine, donepezil, and galantamine) [5], and
three monoclonal antibodies against f3-amyloid protein
(aducanumab, donanemab and lecanemab) [6, 7].

The Endocannabinoid System (ECS) plays an essential
role in cognitive function and brain memory in different
aspects [8]. The Cannabinoid System is made up of three
main components: the CB; and CB, cannabinoid recep-
tors, that are known to interact forming CB;R-CB,R het-
eromers [9], being CB;R the most expressed membrane
receptor at the CNS level, and the CB, receptor having a
strong involvement in the immune system [10], the endo-
cannabinoid compounds, and the enzymes of synthesis
and degradation of these. Cannabinoids are divided into
endocannabinoids, anandamide and 2-AG (2-arachi-
donoylglycerol) are the most studied with greater involve-
ment at a physiological level, synthetic cannabinoids, and
phytocannabinoids, which are those compounds directly
extracted from the Cannabis sativa plant.

Published data point to CB,R as a key player to com-
bat neuroinflammation, as CB,R expression is increased
in activated microglia [9]. On the other hand, CB;R
seems to have a more important role in neuroprotec-
tion [11]. CB;R expression shows complex changes in
AD, with some studies indicating initial hyperactiv-
ity in certain brain areas that later decrease with dis-
ease progression, while other areas show unchanged or
even decreased CB,R levels compared to controls [12].
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However, increased expression levels of 2-AG and its
degrading enzyme monoacylglycerol lipase (MAGL)
have been found in AD patients [13].

Cannabis sativa contains more than 500 distinct
compounds, and 120 are classified as phytocannabi-
noids, showing different structures and pharmaco-
logical properties [14]. Cannabinoids are involved in
synaptic responsiveness and plasticity [15]. Specifically,
low doses of A°>-THC (A°-tetrahydrocannabinol) have
been demonstrated to induce neurogenesis and reduce
AP toxicity and plaque deposition in rodents’ hip-
pocampus and other dementia symptoms in both pre-
clinical and clinical studies [16]. Cannabidiol (CBD) is
the second most abundant phytocannabinoid; it com-
prises up to 40% of the total extracted compounds. It
can bind to both cannabinoid receptors, acting as an
allosteric modulator at nanomolar concentrations on
both receptors [17, 18] and binding to the orthosteric
site of CB;R at micromolar concentrations. It shows a
biased functionality [19] with anti-oxidant [20], anti-
neuroinflammatory [21], anxiolytic [22], antipsychotic,
and neuroprotective properties. Moreover, multiple
basic and clinical assays have demonstrated its poten-
tial to combat different pathological conditions such
as schizophrenia, social phobia, post-traumatic stress,
depression, bipolar disorder, sleep disorders, epilepsy,
substance abuse and dependence, and neurodegen-
erative diseases such as Parkinson’s [23]. Specifically,
different studies demonstrate the capacity of CBD to
decrease neuroinflammation and reactive gliosis as well
as to induce neurogenesis, preventing the development
of cognitive deficits in AD rodent models [24]. Mean-
while, it is important to point out that apart from can-
nabinoid receptors, CBD induces some of its effects by
activating a broad spectrum of other receptors, such
as some orphan receptors plus serotonin (5-HT; ,),
peroxisome proliferator-activated receptors (PPARs),
vanilloid receptors, adenosine receptors, N-methyl-
D-aspartate (NMDA) receptor, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors
opioid receptors, and dopamine receptors [25, 26].

Hence, the main objective of the study consists of
investigating the potential beneficial effects of canna-
bidiol in the neurodegenerative disease of Alzheimer’s.
We have focused our attention on studying the effect
of CBD on memory impairment in 5xFAD and CL2006
AD models, protein aggregation and axonal transport,
glia activation, neuronal plasticity, ROS formation and
neuronal death. The interest in CBD relies on the lack
of psychoactive effects and its beneficial effects in dif-
ferent pathophysiology conditions, converting it into
a powerful compound with multiple benefits for AD
treatment.
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Fig. 1 Determination of cell viability and ROS species in primary neurons treated with AB3,_, or Tau aggregates. A, B. Cellular viability determination
was performed in primary cultures of cortical (A) or hippocampal (B) neurons from C57BL/6 J mice treated with NMDA (30 uM), AB;_4, (500 nM)

or vehicle, and subsequently stimulated with CBD (200 nM) or vehicle for 48 h. Cells were stained with Trypan Blue and sampled in a Neubauer
chamber. The unstained (viable) and stained (nonviable) cells were counted separately, and the percentage of viability was calculated as the total
number of viable cells/total number of cells x 100. Experiments were performed in samples from 6 different pregnant females. One-way ANOVA
followed by Dunnett’s multiple comparison post-hoc test was used for statistical analysis. *p < 0.05, *p < 0.005 ***p < 0.001. C, D Detection of ROS
species levels was determined using Dihydroethidium as an indicator. Cells were treated with AB,_,, (500 nM), Tau (1 pM), a-synuclein (4 u))

or vehicle, and subsequently stimulated with CBD (200 nM) or vehicle for 48 h. Values are the mean £ S.E.M. of 5 independent experiments. One-way
ANOVA followed by Bonferroni's multiple comparison post hoc test were used for statistical analysis *p < 0.05, **p < 0.005, ***p < 0.001

Results

CBD stimulation increases neuronal viability

while decreasing ROS species after AB treatment

In AD, neuronal death is correlated with memory impair-
ment, one of the main symptoms of the pathology [27].
To better understand the effect of CBD on neuronal
death, primary cultures of cortical and hippocampal neu-
rons were seeded in 6 well plates at 50% confluency for
12 days. After, neurons were treated with Ap; 4, (500
nM) and then stimulated with CBD or vehicle for 48 h.
Results showed that AP, ,, treatment induced around
45% of neuronal death that was practically reverted in
cells treated with CBD (Fig. 1A, B). A similar experi-
ment was performed in primary cultures of cortical and
hippocampal neurons treated with NMDA (30 uM) or

vehicle and then stimulated with CBD for 48 h. NMDA
toxicity induced around 40% of neuronal death. CBD
stimulation counteracted this effect, restoring neuronal
survival to similar values as those of cells treated with a
vehicle (Fig. 1A, B). Then, CBD stimulation recovers neu-
ronal survival from AB;_,, and NMDA toxicity to levels
similar to those of vehicle-treated cells.

AD is also associated with an increase in oxidative
stress. To depict CBD’s potential role in reactive oxygen
species (ROS) formation, primary cultures of cortical
neurons were treated with AB;_,, (500 nM), Tau (1 uM),
or a-synuclein (4 uM) as control and then stimulated
with CBD or vehicle for 48 h. After analyzing the fluores-
cence emitted by the indicator Dihydroethidium, it was
observed that all protein aggregates induced a significant
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increase in the formation of ROS species in cortical neu-
rons that was counteracted by CBD treatment (Fig. 1C).
However, in hippocampal neurons, only Af3; ,, and Tau
protein aggregates induced a significant effect, that was
not altered by CBD treatment (Fig. 1D).

CBD treatment improves neurite patterning
while decreasing protein aggregates formation in neuronal
primary cultures treated with AB, Tau, and pTau proteins
Another characteristic neuropathological change of AD
is the loss and alteration of synaptic elements that evolve
in parallel with amyloid plaques and neurofibrillary tan-
gles (NFTs) accumulation [28]. In this sense, we first eval-
uated the AP, ,, effect on neurite pattering. To detect
neurite pattering, an immunocytochemistry assay was
conducted in cortical neuronal primary cultures treated
with AB;_4, (500 nM), Tau (1 pM), or pTau (1 uM) pro-
tein aggregates for 48 h. Synapses were detected with an
anti-Nectin antibody over neurons stained with an anti-
F-actin antibody conjugated to an Alexa 488 fluorophore.
Data demonstrates an essential loss in neurite formation
after 48 h of AP,_,,, Tau, and pTau treatments (around
55%, 60%, and 65%, respectively). Then, to evaluate the
potential neurogenic effect of CBD, the experiment
was repeated, treating cortical neuronal primary cul-
tures with CBD (200 nM) for 48 h. It was observed that
cannabidiol partially reverted the neurite pattern loss
induced by AP;_4,, Tau, and pTau proteins (Fig. 2A,C).
The same experiment was repeated with hippocampal
neurons, obtaining similar results (Fig. 2D). As a control,
we tested the effect of a-synuclein, which is main com-
ponent of Lewy bodies, and a hallmark of several neu-
rodegenerative diseases such as Parkinson’s. Contrary to
AB,_,5, Tau and pTau proteins, the neurite loss induced
by a-synuclein was not counteracted by CBD treatment
(Fig. 2A,C,D).

To analyze the capacity of CBD to reduce protein
aggregate formation, neuronal primary cultures were

(See figure on next page.)
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treated with AB,_4, (500 nM), Tau (1 pM), or pTau (1
uM) protein aggregates and subsequently stimulated with
CBD (200 nM) for 48 h. Results in Fig. 2E, F indicate that
CBD treatment induced an important reduction in AB;_
42 (61%), Tau (82%), and also pTau (69%) aggregation.
These results agree with the involvement of cannabinoids
in altering Tau aggregation [29]. As a control, CBD’s
capacity to decrease a-synuclein (4 uM) aggregation was
tested (Fig. 2E, F). This reduction in protein aggregation
could underlie the mechanism explaining the beneficial
effects induced by CBD in AD.

CBD treatment decreases AB,_;,, Tau and pTau axonal
transport in neuronal primary cultures

One of the mechanisms that could slow down the pro-
gression of Alzheimer’s disease is the decrease in the
transport of abnormal aggregates of pTau and beta-
amyloid proteins. In this sense, microfluidic devices with
two different chambers were prepared to demonstrate
CBD’s potential to regulate protein axonal transport. As
Tauopathies extend further to the entorhinal-hippocam-
pal connection, the first chamber was cultured with cor-
tical neurons and treated with AB;_,, (500 nM), Tau (1
uM), pTau (1 pM) or a-synuclein (4 uM) as control, while
the second chamber was cultured with non-treated hip-
pocampal neurons. Then, cortical neurons were treated
with CBD or vehicle for 48 h. Immunocytochemistry
assays demonstrated that AP, ,, aggregates were trans-
ported from cortical to hippocampal neurons (Fig. 3A).
Interestingly, neurons treated with CBD showed a
strong decrease in Ap;_,, axonal transport. Although
the deposits of AP forming plaques are one of the most
important features of Alzheimer’s disease, this pathol-
ogy also exhibit tangles of twisted fibers of Tau protein.
Then, the axonal transport of Tau protein was analyzed.
First, Tau aggregates were shown to be transported from
cortical neurons in chamber 1 to hippocampal neurons
in chamber 2 in the microfluidic device. Furthermore,

Fig. 2 Effect of CBD over neurite patterning and AR, Tau, and pTau protein aggregation. A-D On DIV 10, cortical and hippocampal neurons

were treated with AB;_, (500 nM), Tau (1 uM), pTau (1 pM) or a-synuclein (4 pM) and subsequently stimulated with CBD (200 nM) or vehicle

for 48 h. Neurite patterning was detected by immunocytochemistry using an anti-Nectin 3 antibody (Abcam, 1/1000). Neurons were detected
with the anti-F-actin antibody fused to an Alexa 488 fluorophore (ThermoFisher, 1/400). Cell nuclei were stained with Hoechst (blue). C, D Neurite
quantification was performed over segments of 15 um. Each red dot represents a neurite formation. Values are the mean +S.E.M. of 9 independent
experiments performed in triplicates. One-way ANOVA followed by Bonferroni’s multiple comparison post hoc test were used for statistical analysis
*p < 0.05, **p < 0.005, ***p < 0.001 versus control condition. B A schematic representation of the section length used to quantify the neurite
formation. E, F Cortical neurons were treated with AB;_4, (500 nM), Tau (1 uM), pTau (1 pM) or a-synuclein (4 uM) and subsequently treated

with CBD (200 nM) or vehicle for 48 h. Protein aggregates were detected by immunocytochemistry using rabbit anti-A@3 (1/100, ab201060),

rabbit anti-Tau (1/100, Abcam ab32057), rabbit anti-pTau (5396) (1/100, Abcam ab109390) or mouse anti-a-synuclein (1/100, ab1903) antibodies
and subsequently marked with a Cy3 anti-rabbit (1/200, Jackson InmunoResearch) secondary antibody (red). Cell nuclei were stained with Hoechst
(blue). Values are the mean +S.E.M. of 5 independent experiments performed in triplicates. One-way ANOVA followed by Bonferroni's multiple
comparison post hoc test was used for statistical analysis *p < 0.05, **p < 0.005, ***p < 0.001. Scale bar: 10 um
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CBD treatment significantly reduced the spread of Tau
from cortical to hippocampal cells (Fig. 3B). Tau pro-
tein is highly phosphorylated in AD at several residues,
specifically Ser202 and Thr205 being the most common
ones. Then, it was also investigated pTau axonal trans-
port. Results indicated that pTau protein is less trans-
ported than Tau protein, while CBD treatment induced
an important decrease in pTau spread from cortical to
hippocampal neurons (Fig. 3C). Axonal transport of
a-synuclein, a protein that forms aggregates in Parkin-
son’s disease, was investigated as a control. Confocal
images showed low levels of a-synuclein transport from
cortical to hippocampal neurons, even lower in those
neurons treated with CBD (Fig. 3D).

CBD injection in 5xFAD mice polarizes microglia

to a neuroprotective M2 phenotype

Microglia, the brain’s resident immune cells, can polar-
ize into different phenotypes in response to several sig-
nals. To test CBD involvement in microglia polarization,
the 5xFAD mice model of AD was injected with one daily
dose of CBD (10 mg/Kg) for 4 weeks. AD is a multifacto-
rial pathology that mainly affects cortical and hippocam-
pal areas [30]). In this sense, cortical and hippocampal
brain sections of the AD mice model 5xFAD treated or
not with CBD, as well as control mice, were analyzed by
immunohistochemistry. First, activated microglia was
detected by Ibal primary antibody and a secondary Cy3
conjugated anti-rabbit antibody in cortical sections. As
shown in Fig. 4A, 5xFAD mice exhibited a significant
increase in activated microglia compared to control mice,
which was not affected by CBD treatment. However,
when analyzing Arginase I staining, a marker of the M2
neuroprotective phenotype, a significant increase was
observed in 5xFAD animals compared to controls, that
was even more pronounced in those animals injected
with CBD (Fig. 4B). The inducible nitric oxide synthase
(iNOS), a marker of the microglia M1 proinflamma-
tory phenotype, was also analyzed. The signal in the AD

(See figure on next page.)
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mice model triplicated the fluorescence of control mice
(Fig. 4C), while CBD injections reduced this effect.

These results show that CBD injections polarize micro-
glia to an M2 neuroprotective phenotype in the AD
mice model 5xFAD, indicating a neuroprotective role of
CBD. The expression of oligodendrocyte precursor cells
that differentiate in mature oligodendrocytes providing
myelin to neurons was assessed by detecting the oligo-
dendrocyte transcription factor 2 (Olig2). Similar Olig2
immunoreactivity was detected when comparing 5xFAD
animals and controls. However, CBD-treated animals
showed a significant increase in the number of oligoden-
drocyte precursor cells (Fig. 4D). Finally, the amount of
reactive astroglia was identified by the antibody against
the glial fibrillary acidic protein (GFAP). After quantifi-
cation with Andy’s algorithm Fiji’s plug-in, a significant
increase in GFAP immunoreactivity was observed in
5xFAD animals compared to control mice. However, this
effect was completely reverted in animals treated with
CBD (Fig. 4E). These results demonstrate that CBD treat-
ment promotes oligodendrocyte precursor cell expres-
sion while decreases activated astroglia cells in the AD
mice model 5xFAD. When the same experiments were
performed in hippocampal neurons, similar results were
obtained (Fig. 5). The only difference was observed in
Olig2 immunoreactivity, where CBD treatment showed
no increase in comparison to 5xFAD or control mice.

CBD reduces IL-18 while increases IL-10 expression

in microglial primary cultures of 5xFAD mice

AD is also characterized by differences in cytokines
release compared to physiological conditions. On the one
hand, IL-1f is related to a proinflammatory condition.
On the other hand, IL-10 is related to an anti-inflam-
matory state, which can protect neurons and promote a
healthier brain environment [31]. Therefore, microglial
primary cultures of WT or 5xFAD mice were treated with
CBD (200 nM) for 48 h. Interestingly, after collecting the
supernatant it was observed that 5xFAD mice showed a
significant increase in IL-1{ levels that was counteracted

Fig. 3 Detection of AB,_,,, Tau and pTau axonal transport in mice cortical and hippocampal neurons. Mice cortical and hippocampal neurons
were grown in the microfluidic devices (A-D). On DIV 10 and once the axons fully crossed the microgrooves (150 pm distance), AB;_4, (500 nM)
(A), Tau (1 uM) (B), pTau (1 uM) (C) or a-synuclein (4 uM) (D) proteins were added into the top left well of each device, together with CBD (200 nM)
or vehicle for 48 h. Neurons were labeled with a rabbit anti-Ap antibody (1/100, ab201060), rabbit anti-Tau antibody (1/100, Abcam ab32057), rabbit
anti-pTau (5396) antibody (1/100, Abcam ab109390) or mouse anti-a-synuclein antibody (1/100, ab1903) and subsequently marked with a Cy3
anti-rabbit (1/200, Jackson InmunoResearch) secondary antibody (red). Following 2 h of incubation, cells were washed and subsequently imaged
using a confocal microscope with 25X (yellow squares) and 40X (green squares) objectives (Zeiss LSM 880). The bar graph shows the quantification
of the amount of fluorescence in the microfluidic channel opposite to the treated channel in comparison with total fluorescence. Values are

the mean +S.E.M. of 3 independent experiments performed in triplicates. One-way ANOVA followed by Bonferroni's multiple comparison post hoc
test was used for statistical analysis *p < 0.05, **p < 0.005, ***p < 0.001. E A schematic representation of the microfluidic device and the location

of the treatment, allowing migration through the axons in the microchannels. Scale bar: 20 pm
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in cells treated with CBD (Fig. 6A). However, both WT
and 5xFAD mice showed similar levels of IL-10 that were
significantly increased in the presence of CBD (Fig. 6B).

After that, it was analyzed whether CBD was also capa-
ble of decreasing Af3; ,, aggregation. Thus, sections of
5xFAD mice treated or not with daily injections of CBD
at 10 mg/Kg were analyzed by immunohistochemistry.
Results indicate the capacity of CBD treatment to reduce
AR, ,, expression in cortex but also in hippocampus
(Fig. 6C, B).

Finally, the capacity of CBD to reduce AD progres-
sion was also analyzed by detecting Tau axonal transport
in the 5xFAD mouse model. Then, microfluidic devices
were cultured with 5xFAD neuronal primary cultures
and treated with pTau (1 uM) protein. By immunocyto-
chemistry, it was observed that CBD induces a decrease
in pTau transport also in the 5xFAD AD mouse model
(Fig. 6E), and thus, it could reduce the progression of the
pathology in AD mouse models.

5xFAD CBD injected mice show a reduction in cannabinoid
CB, and CB, receptors expression

An important increase in receptor expression has been
observed in neuroinflammation processes [32]. To eval-
uate the expression levels of cannabinoid receptors in
5xFAD mice, a quantitative PCR was performed with the
mRNA obtained from dissected cortex and hippocam-
pus. In Fig. 6F-1, two-fold expression of the cannabinoid
CB, receptor can be observed in 5xFAD animals com-
pared to control mice (C57BL/6) both in the cortex and
hippocampus. As expected, the analysis of CB,R expres-
sion showed a stronger increase with eight- and five-fold
higher expression in 5xFAD cortex and hippocampus
compared to control mice, respectively (F ig. 6G, I).
When the quantitative PCR was performed in animals
that had received a daily injection with CBD (10 mg/
Kg) for 4 weeks, it was observed that cannabinoid CB,
receptor expression returned to levels similar to those
of control mice in both tissues, cortex, and hippocam-
pus (Fig. 6F, H). Cannabinoid CB, receptor expression
showed similar levels to those of control mice in the hip-
pocampus, while a two-fold increase of expression was
found in the cortex (Fig. 6G, I).

(See figure on next page.)
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Cognitive improvement after CBD treatment in the in vivo
animal models C. elegans and 5XFAD mice

Cognitive deficits, particularly impairments in spatial
memory, are hallmark symptoms of AD, significantly
impacting the quality of life of the affected individu-
als. Studying potential interventions that could mitigate
these cognitive deficits is crucial for developing effective
treatments. Cannabidiol, known for its neuroprotective
properties, could be an interesting strategy to improve
cognitive impairment in AD.

To evaluate the impact of CBD on the progression of
AD, the CL2006 strain, one of the best characterized
transgenic AD strains, was employed. This strain contains
the Punc-54::AB,_,, transgene, which results in progres-
sive adult-onset paralysis, that has been correlated with
increased levels of AP aggregates. As shown in Fig. 6H-
J, treatment with CBD at 10 pM and 100 uM resulted in
improved motility of CL2006 worms compared to the
CL2006 control group. Accordingly, CBD treatment sig-
nificantly increased travel distance and speed (Fig. 6]-
L), confirming the delay of the progressive adult-onset
paralysis in CL2006. We also measured the Af3 deposits
in the head of the C. elegans strain CL2006, demonstrat-
ing that CBD treatment at both 10 pM and 100 pM con-
centrations shows efficacy to reduce the degree of Ap
oligomerization. In addition, Fig. 6M shows Af deposits
detected in CL2006. These findings strongly suggest that
the administration of CBD holds promise in mitigating
the progression of AB-induced AD in C. elegans, offering
a potential avenue for future research and treatment.

To investigate any potential role of cannabidiol in
cognitive improvement, spatial memory was evaluated
in the AD mice model 5xFAD treated or not with daily
injections of CBD at 10 mg/Kg. The exploration time
during the familiarization phase of the novel object
recognition test (NORT) task was unchanged by CBD
treatment. The short-term memory was evaluated
with the NORT 2 h after the first trial-familiarization.
Results revealed that 5xFAD animals exhibited a sig-
nificant cognitive deficit (Fig. 6N) compared to control
mice (C57BL/6). However, CBD treatment strongly
reduced short-term memory loss (Fig. 6N). Then, the
long-term memory was analyzed with the novel object

Fig.4 Ibal, Arginase |, iNOS, Olig2, and GFAP immunohistochemistry in cortical sections from 5xFAD mice injected with CBD. A-E. Cortical sections
from 5xFAD mice (5xFAD), 5xFAD mice treated with i.p. injection of pure CBD (5xFAD +CBD) and control Wild Type mice (WT), were analyzed

by immunohistochemistry using specific anti-Iba1, anti-Arginase |, anti-INOS, anti-Olig2 and anti-GFAP antibodies. Confocal microscopy images
(stacks of 3 consecutive panels) show protein immunoreactivity in red over Hoechst-stained nuclei (blue). Protein immunoreactivity was quantified
using the Andy’s algorithm Fiji's plug-in. Samples from 5 different animals were processed and analyzed. One-way ANOVA followed by Dunnett’s
multiple comparison post-hoc test was used for statistical analysis. *p < 0.05, **p < 0.005, ***p < 0.001. Scale bar: 20 um
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recognition test (NORT) 24 h after the first trial famil-
iarization. Again, an important deficit in cognition was
observed that was practically reverted in those animals
after 4 weeks with daily injections of CBD at 10 mg/Kg
(Fig. 60).

These data present CBD as a potential target to com-
bat not only molecular deficits in AD but also cognitive
impairment, offering a promising therapeutic approach
that could potentially slow disease progression and
improve quality of life for AD patients.

CBD beneficial effects in AD models are mediated by CBD
binding to cannabinoid receptors

CBD can bind different receptors such as serotonin-
ergic, adenosine, opioid or cannabinoid receptors
between others. We questioned if CBD beneficial effects
on AD models were due to CBD binding to cannabi-
noid receptors. Then, neuronal primary cultures were
pretreated with CB,R selective antagonist, rimonabant,
the CB,R selective antagonist, SR144528 or vehicle for
30 min and subsequently treated with Af3; ,, and stim-
ulated with CBD or vehicle during 48 h. After, neuronal
plasticity was determined by detecting neurite patter-
ing. As observed in Fig. 7B, CBD recovered nerite loss
due to Af3;_,, treatment and this effect was counter-
acted by rimonabant but not by SR144528 (Fig. 7A, B).
Furthermore, CBD improvement of cell viability after
Af3,_,, treatment was also blocked by rimonabant, but
not by SR144528 (Fig. 7C). Finally, microglia primary
cultures were pretreated with rimonabant, SR144528
or vehicle for 30 min and then treated with Af3; ,, and
CBD for 48 h more. Results indicated that both rimona-
bant and SR144528 blocked CBD induced increase in
the neuroprotective M2 microglia phenotype, detected
by Arginase I immunocytochemistry (Fig. 7D, E).

These results demonstrate that CBD beneficial effects
on neuronal primary cultures treated with Af3;_,,
depend on CBD binding to CB;R while CBD beneficial
effects on Af}; ,, induced activated microglia depend
on CBD binding to both CB;R and CB,R.

(See figure on next page.)
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Discussion

The findings of this study provide compelling evidence for
the potential of cannabidiol as a therapeutic agent in Alz-
heimer’s disease, demonstrating its ability to address multi-
ple pathological aspects of the disease through both in vitro
and in vivo methodologies. The results highlight CBD’s
capacity to reduce neuroinflammation, decrease pTau and
AP aggregation, and promote neuroprotective effects, ulti-
mately leading to improvements in spatial memory.

One of the key findings of this study is CBD’s posi-
tive impact on neuronal plasticity. Neuronal plasticity,
the brain’s ability to form and reorganize synaptic con-
nections, is crucial for learning, memory, and cognitive
function. In AD, this plasticity is severely compromised,
contributing to cognitive decline. The current study dem-
onstrates that CBD treatment partially recovers neurite
formation loss induced by AP;_,,, Tau, and pTau pro-
teins. This effect on neuronal plasticity is particularly
significant as it suggests CBD’s potential to not only halt
disease progression but also to promote neuronal repair
and regeneration.

On the one hand, it has been proposed that CBD shows
neuroprotection and antioxidant properties on f-amyloid
peptide-induced toxicity in cultured rat PC12 cells [20]
and also modulates microglial cell function in vitro [33,
34]. More specifically, it has been described that can-
nabinoids prevent AB-induced microglial activation. In
this sense, we analyzed microglial phenotype in the AD
mice model 5xFAD, that expresses human PSEN1 and
APP transgenes with a total of five mutations linked to
Alzheimer’s disease: the M146L and 1286 V mutations in
PSEN and the Swedish (K670 N/M671L), Florida (1716
V), and London (V717I) mutations in APP. By immuno-
histochemistry assays we demonstrated that CBD treat-
ment shows a neuroprotective role in the AD mouse
model 5xFAD in cortical and hippocampal neurons by i)
polarizing microglia to a neuroprotective M2 phenotype
ii) decreasing the activated astroglia cells and iii) increas-
ing the expression of oligodendrocyte precursor cells
expression in cortex. These results agree with previous
data showing that the endocannabinoid AEA shows anti-
inflammatory and neuroprotective effects [35].

Fig.5 Ibal, Arginase I, iNOS, Olig2 and GFAP immunohistochemistry in hippocampal sections from 5xFAD mice injected with CBD. A-E. Hippocampal
sections from 5xFAD mice (5xFAD), 5xFAD mice treated with i.p. injection of pure CBD (5xFAD +CBD) and control Wild Type mice (WT) were analyzed
by immunohistochemistry using specific anti-lba1, anti-Arginase |, anti-iINOS, anti-Olig2 and anti-GFAP antibodies. Confocal microscopy images
(stacks of 3 consecutive panels) show protein immunoreactivity in red over Hoechst-stained nuclei (blue). Protein immunoreactivity was quantified
using the Andy’s algorithm Fiji's plug-in. Samples from 5 different animals were processed and analyzed. One-way ANOVA followed by Dunnett’s
multiple comparison post-hoc test was used for statistical analysis. *p < 0.05, **p < 0.005, ***p < 0.001. Scale bar: 20 um
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CBD can bind to both CB,; and CB, cannabinoid recep-
tors; however, different data point to CB,R as responsible
for microglia skew to a neuroprotective phenotype. For
instance JWH-133, a selective CB,R agonist, attenuates
microglial activation and downregulates the concentra-
tions of pro-inflammatory mediators in pneumococ-
cal infection in vitro and in vivo [36]. Moreover, in the
APPg,, 1,4 AD mice model, CB,R activation favors the M2
microglia phenotype [37, 38]. Consequently, the induced
effect of CBD over microglia polarization seems to be
mediated through CB,R activation.

The role of plaques and tangles in AD is still
unknown. Different studies propose a close relation-
ship between plaque formation and Tau phosphoryla-
tion. For example, it has been demonstrated that AB-pE
[3] and pTau Ser202/Thr205 levels strongly correlate
in murine and human tissues, suggesting that APB-pE
[3] could amplify Tau phosphorylation [39]. Some-
how, experts believe that AP and pTau aggregates could
contribute to blocking neuronal cell communication,
inducing cell death, causing memory failure, behavioral
changes, and other AD symptoms. On the other hand,
Sativex administration, a cannabis extract used to com-
bat neuropathic pain, spasticity, and other symptoms of
multiple sclerosis, has shown an important reduction
in phosphorylated Tau, GSK3 expression, and levels
of AP oligomers in transgenic mice model and human
[33, 40]. In this regard, CBD has shown an important

(See figure on next page.)
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inhibition of P-amyloid-induced Tau protein hyper-
phosphorylation and nitric oxide production [41, 42].

One possibility to stop AD progression would con-
sist on reducing the anterograde AP and pTau axonal
transport by reducing the spread of aberrant proteins
between different neuronal regions and thus decreas-
ing the neuroinflammation and neurodegeneration
patterns. After analyzing APB;_,,, Tau, and pTau axonal
transport from cortical to hippocampal neurons in
microfluidic devices of two chambers, we observed
that all AP, ,,, Tau, and pTau proteins had spread
from one neuron to another. Moreover, treatment with
CBD for 48 h significantly decreased AB;_,,, Tau and
pTau axonal transport, being the effect over AB;_,, the
strongest decrease.

Our results show that CBD decreases the formation
of ROS species induced by Af3; ,,, Tau, and pTau and
recovers neuronal survival after both AP, ,, peptide
and NMDA-induced toxicity in primary cortical neu-
rons. These data agree with those published in primary
neuronal cultures that show a strong antioxidant effect
of CBD against glutamate toxicity [43] and protection
from amyloid B-peptide,; ss-induced neurotoxicity [44].
In this context, transmission electron microscopy assays
have also shown that CBD treatment up-regulated the
autophagy pathway in hippocampal neurons of APP/PS1
mice model of AD [45].

It is well accepted that cannabinoid CB, receptor is
upregulated in proinflammatory processes both in the

Fig. 6 Effect of CBD over IL-10 and IL-18 cytokine levels and short- and long-term memory on 5xFAD mice. A, B Microglia cultured from 5xFAD
(5xFAD) and control mice (WT) were treated with CBD (200 nM) or vehicle. After 2 days, cell supernatant was collected, and proinflammatory (IL-18)
(A) and anti-inflammatory (IL-10) (B) cytokines levels were quantified using an ELISA detection kit as described in methods. Values are the mean
+S.EM. of 3 independent experiments performed in triplicates. One-way ANOVA followed by Bonferroni's multiple comparison post hoc test

was used for statistical analysis (*p < 0.05, versus 5xFAD condition). C, D Quantification of A3,_,, aggregates was performed in sections of cortical
(€) and hippocampal (D) 5xFAD mice treated with i.p. injection of pure CBD (5xFAD +CBD) or vehicle (5xFAD) and control Wild Type mice (WT)

by immunohistochemistry. One-way ANOVA followed by Bonferroni's multiple comparison post hoc test was used for statistical analysis (**p < 0.01,
***p < 0.001 versus WT animals). E Cortical neurons of 5xFAD mice were grown in microfluidic devices. On DIV 10, pTau (1 uM) protein was added
into the top left well of each device. On DIV 11, neurons were treated with CBD (200 nM) or vehicle. Neurons were labeled with a rabbit anti-pTau
(S396) antibody (1/100, Abcam ab109390) and subsequently marked with a Cy3 anti-rabbit (1/200, Jackson InmunoResearch) secondary antibody
(red). Cells were imaged using a confocal microscope with 25X (yellow squares) and 40X (green squares) objectives (Zeiss LSM 880). The bar graph
shows the quantification of the amount of fluorescence in the microfluidic channel opposite to the treated channel in comparison with total
fluorescence. Values are the mean +S.EM. of 5 independent experiments performed in triplicates. One-way ANOVA followed by Bonferroni’s
multiple comparison post hoc test was used for statistical analysis *p < 0.05, **p < 0.005, ***p < 0.001. Scale bar: 20 um. F, G, H, I Quantification

of CB,R and CB;R mRNA extracted from the cortex (F, G) or hippocampus (H, 1) of 5xFAD mice treated with i.p. injection of pure CBD (5xFAD +CBD)
or vehicle (5xFAD) and control Wild Type mice (WT) was performed by gPCR analysis and normalized with the b-actin housekeeping gene. J, K, L, M
The transgenic CL2006 strain (dvis2 [pCL12(unc-54/human AR peptide 1-42 minigene) + rol-6(su1006)]) were treated with CBD 10 uM, 100 uM

or vehicle and analyzed by motility assays (J, K, L) or ThS-positive particles detection (M). Representative images of the head region of the CL2006
strain from each group were tested. Results were compared to WT N2 animals treated with vehicle. Values are the mean +S.EM. of 4 independent
experiments with 50-60 worms in each group. One-way ANOVA followed by Bonferroni's multiple comparison post hoc test was used for statistical
analysis. *p < 0.05, **p < 0.005, ***p < 0.001 ****p < 0.0001. N,O A novel object recognition test (NORT) was performed 2 h (Short-term memory)

or 24 h (Long term memory) after the first trial familiarization. Experiments were performed in samples from 28 different animals (10 WT animals, 10
5xFAD animals, and 8 5xFAD animals treated with CBD (10 mg/Kg)). One-way ANOVA followed by Bonferroni’s multiple comparison post hoc test
was used for statistical analysis. *p < 0.05, **p < 0.005, ***p < 0.001
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Fig. 7 Analysis of CB,R and CB,R antagonists eficacy to block CBD induced activity. A-C On DIV 10, Cortical neurons were incubated with CB,R
(Rimonabant) or CB,R (SR144528) selective antagonists or vehicle for 30 min and subsequently treated with AB,_,, (500 nM) and CBD (200 nM)

or vehicle, for 48 h. Neurite patterning was detected by immunocytochemistry (A, B) and the Trypan Blue unstained (viable) and stained (nonviable)
cells were counted separately, and the percentage of viability was calculated as the total number of viable cells/total number of cells x 100 (C).
Neurite quantification was performed over segments of 15 um. Values are the mean +S.E.M. of 5 independent experiments performed in triplicates.
One-way ANOVA followed by Bonferroni's multiple comparison post hoc test were used for statistical analysis *p < 0.05, **p < 0.005, ***p < 0.001
versus control condition. D, E Microglia primary cultures were activated with 1 uM lipopolysaccharide (LPS) and 200 U/mL interferon- (IFN-y)

and incubated for 30 min with rimonabant or SR144528 selective antagonists or vehicle. After, cells were treated with AB (500 nM) and CBD (200
nM) or vehicle for 48 h. Arginase | was detected by immunocytochemistry and quantified using the Andy’s algorithm Fiji's plug-in. Samples from 5
different animals were processed and analyzed. One-way ANOVA followed by Bonferroni's multiple comparison post-hoc test was used for statistical

analysis. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 25 um

periphery, such as in the inflammatory bowel disease
[46], and in the central nervous system, being upregu-
lated in the hippocampus and entorhinal cortex of AD
patients in neuritic plaque-associated microglia [47,
37]. In the same line, we have detected an upregulation
of not only CB,R, but also CB,R, although at lower lev-
els, in 5xFAD mice. Interestingly, the expression of both

cannabinoid receptors returned to levels like those of
control mice after daily CBD injections for one month.
Other well-established effect of CBD is its capacity to
decrease AD-associated gene expression, including genes
coding for A production, such as the beta- and gamma-
secretase or proteins responsible for Tau phosphoryla-
tion [48]. Likewise, in the hippocampus of AB-induced
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neuroinflammation mice, CBD avoids the expression of
proinflammatory glial peptides [48]. In this sense, here
we described that CBD treatment decreases Af3; ,,, Tau
and pTau protein aggregation. Due to protein aggregate-
induced cytotoxicity, this significant result could underlie
other beneficial effects induced by CBD. In parallel, the
involvement of cannabidiol in promoting neurogenesis
has been shown [24]. To deepen in CBD-induced effects,
we further analyzed neurite formation in neuronal pri-
mary cultures treated with AB;_,,, Tau, and pTau proteins
in the presence or in the absence of CBD. The capacity
of CBD to recover neuronal plasticity has been explained
in the analyzed data. In this sense, we have observed that
CBD treatment can partially decrease the neurite forma-
tion loss induced by AP;_,, and also Tau and pTau pro-
teins treatment.

It has been demonstrated that hemiparkinsonian
females in the estrus phase and males show different
answers in the nociceptive tests after different doses
of CBD therapy. Thus, CBD therapy seems effective for
parkinsonism-induced nociception [49]. In this line, as
control, it was tested if a-synuclein, the characteristic
protein aggregates of Parkinson’s disease, could alter neu-
ronal plasticity. An important decrease in neurite forma-
tion was observed, however, CBD treatment was not able
to counteract this effect, contrary to what happens upon
AB,_,», Tau and pTau proteins treatment. This result was
intriguing, due to the fact that CBD was able to reduce
a-synuclein aggregation.

Finally, the capacity of CBD to combat cognitive
impairment in AD was evaluated. Most studies point to
the involvement of CBD in preventing cognition deficits
in neurodegenerative diseases. Some examples are the
improvement of social recognition memory in the dou-
ble transgenic APP X PS1 mouse model of AD [50], the
beneficial effects observed in neuropsychiatric symp-
toms in AD patients after CBD consumption [51, 52], the
preserved memory in APP/PS1 transgenic mice when
A°-THC, CBD or both are chronically administrated in
botanical extracts, the attenuation of contextual condi-
tioned fear in rats induced by cannabidiol [53] or the pre-
vention of the development of a social recognition deficit
in AD transgenic mice [50]. Despite the large amount
of data, there continues to be some controversy, as the
improvement in spatial memory detected in 14-month-
old female TAUS58/2 transgenic mice [54] was not
observed in 4-month-old male TAU58/2 transgenic mice
[55]. In our hands, the NORT test presents CBD as a
potential tool to combat cognitive impairment as it dem-
onstrates that daily CBD injections can revert short- and
long-term memory deficits in AD mice model 5xFAD.
We have also used the CL2006 strain, which contains
the Punc-54::Af3,_,, transgene, as a model for f3-amyloid
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toxicity, although it does not show any tauopathy. The
CL2006 strain treated with CBD showed improved motil-
ity and a decrease in Af3 aggregation. These results high-
light the capacity of CBD to delay the progressive onset
paralysis in CL2006 strain, and thus suggest CBD as a
promising compound to mitigate AD progression.

Therefore, in this work we have demonstrated a wide
spectrum of beneficial effects induced by CBD, ranging
from the molecular to the behavioral level, and which
may be based on the reduction of the formation of beta-
amyloid plaques and the prevention of phosphorylated
Tau tangles [48]. More studies are required to underscore
the mechanisms of action of CBD and to translate the
preclinical studies into clinical assays.

The multifaceted effects of CBD observed in this study
— from reducing pathological protein aggregation and
spread, to modulating neuroinflammation and enhanc-
ing neuronal plasticity — highlight its potential as a com-
prehensive treatment approach for AD. Unlike current
AD treatments that typically target single aspects of the
disease, or the new anti-amyloid monoclonal antibod-
ies, that can produce little benefits while showing harm-
ful effects [6], CBD’s broad spectrum of effects addresses
multiple pathological processes simultaneously. Moreo-
ver, despite the capacity of CBD to bind different recep-
tors, these effects are due to CBD binding to canabinoid
CB,R in neurons and to CB;R and CB,R in microglia.

In conclusion, this study provides robust evidence
for CBD’s therapeutic potential in AD, demonstrating
its ability to modulate key pathological processes and
improve cognitive outcomes. The findings on neuronal
plasticity are particularly promising, suggesting that CBD
may not only slow disease progression but also promote
neural repair. While further research is needed to fully
elucidate the mechanisms of CBD’s effects and to trans-
late these findings to human patients, this study lays a
strong foundation for the continued exploration of CBD
as a novel treatment strategy for Alzheimer’s disease.

Material and methods

Reagents

CBD was purchased from Cerilliant (Texas, US). The
antibodies used were the following: Monoclonal mouse
anti-Arginase I (ref. 610,708, BD Bioscience), monoclonal
mouse anti-iNOS (MA5-17,139, Invitrogen), polyclonal
goat anti-GFAP (PA5-18,598, Invitrogen), polyclonal goat
anti-Ibal (ab107159, Abcam), monoclonal mouse anti-
Olig2 (ab216020, Abcam), polyclonal rabbit anti-Nectin
3 (ab63931, Abcam) and polyclonal rabbit anti-F-actin
antibody fused to an Alexa 488 fluorophore (A12379,
ThermoFisher). N-methyl-D-aspartate (NMDA) was
purchased from Tocris Bioscience (Bristol, United King-
dom). a-synuclein was prepared as described [56] and
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Tau and pTau proteins were kindly provided by Prof.
J. Avila (CBM, UAM-CSIC, Madrid, Spain). Detailed
descriptions of the elaboration and processing of proteins
can be found elsewhere [57].

Neuronal primary cultures

To prepare primary cultures of cortical and hippocampal
neurons, brains from fetuses of pregnant C57BL/6 ] mice
were removed (gestational age: 19 days). Neurons were
isolated as described in Hradsky et al. [58]. Briefly, the
samples were dissected and, after a careful removal of the
meninges, digested for 20 min at 37°C with 0.25% trypsin.
Trypsinization was stopped by adding an equal volume
of culture medium (supplemented DMEM). Cells were
brought to a single-cell suspension by repeated pipetting
followed by passage through a 100 pm-pore mesh. Pel-
leted (5 min, 200 X g) cells were resuspended in supple-
mented DMEM and seeded at a density of 3.5 x 10°cells/
mL in 6-well plates. The day after, medium was replaced
by neurobasal medium supplemented with 2 mM L-glu-
tamine, 100 U/mL penicillin/streptomycin and 2% (v/v)
B27 medium (GIBCO). Neuronal cultures were assayed
12 days after. Using NeuN as a marker, it was detected a
percentage of neurons in the culture >90%.

Microglial primary cultures

Primary cultures of microglia were obtained from
2-3-day-old pups. Cells were isolated as described in
[59] and plated at a confluence of 40,000 cells/0.32 cm?.
Briefly, the samples were dissected, carefully stripped of
their meninges and digested with 0.25% trypsin for 20
min at 37 °C. Trypsinization was stopped by repeated
washes with Hanks0 balanced salt solution (HBSS com-
position: 1.26 mM CaCl,, 5 mM KCl, 0.44 mM KH,PO,,
0.5 mM MgCl,, 0.4 mM MgSO,, 137 mM NacCl, 0.34
mM Na,HPO, and 10 mM Hepes, pH: 7.4). Cells were
brought to a single cell suspension by repeated pipet-
ting followed by passage through a 100 uM-pore mesh.
Cells were then resuspended in supplemented DMEM
and seeded at a density of 3.5 x10° cells/mL in 96 well
plates for detection of inflammatory and anti-inflamatory
cytokines. Cultures were maintained at 37 °C in a humid-
ified 5% CO, atmosphere. Immunodetection of specific
markers (CD-11b) showed that microglia preparations
contained at least 98% microglial cells.

Preparation of human a-synuclein fibrils

a-synuclein fibrils were prepared by shaking purified
recombinant «-synuclein as described [57, 60]. Briefly,
purified recombinant a-synuclein (5 mg/ml) contain-
ing 30 mM Tris—HCI (pH 7.5), 10 mM DTT, and 0.1%
sodium azide were incubated for 7 days at 37°C in a
horizontal shaker at 200 rpm, then ultracentrifuged at
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113,000 x g for 20 min at 25°C. The pellets were washed
with saline and ultracentrifuged as before. The resulting
pellets were collected as a-synuclein fibrils and resus-
pended in 30 mM Tris—HCI (pH 7.5). The fibrils were
fragmented using a cup horn sonicator (Sonifier® SFX,
Branson) at 35% power for 180 s (total 240 s, 30 s on, 10 s
off) [57]. Before use, aliquots were left at room tempera-
ture and placed in PBS 1x (pH 7.2) to a final concentra-
tion of 0.1 pg/pL. These preparations were subjected to
60 pulses of sonication (runtime 30 s: 0.5 s on, 0.5 s off in
a BBR03031311 digital SONIFIER sonicator). Sonicated
fibril preparations were diluted in pre-warmed medium
and immediately added to cells.

Viability assay

Neurons were resuspended with neurobasal medium
supplemented with 2 mM L-glutamine, 100 U/mL peni-
cillin/streptomycin and 2% (v/v) B27 (GIBCO). Trypan
blue staining was performed mixing 1 part of 0.4% trypan
blue and 1 part of cell suspension in a plastic tube. After
~3 min of incubation at room temperature, 10 pl of
the mixture was sampled in a Neubauer chamber. The
unstained (viable) and stained (nonviable) cells were
counted separately, and the percentage of viability was
calculated as: total number of viable cells/total number of
cells x 100.

Detection of ROS levels

Cortical neuronal primary cultures distributed in 96
well microplates were treated with AB;_,, (500 nM), Tau
(1 uM), a-synuclein (4 uM) or vehicle and subsequently
stimulated with 200 nM CBD or vehicle for 48 h. The
day of the experiment, cells were washed twice with PBS
and treated with a solution of Dihydroethidium (Ther-
moFisher) 5 uM diluted with PBS for 10 min and the
fluorescence signal was determined in fluorimeter VIC-
TOR Nivo Multimode Microplate Reader (Perkinelmer,
Waltham, Massachusetts) using the excitation/emission
filters of 518/605 nm at 20 min.

Neurite patterning determination

Cortical neuronal primary cultures were treated with
rimonabant (1 uM) or SR144528 (1 pM) for 30 min and
subsequently treated with APB,_,, (500 nM), Tau (1 uM),
pTau (1 uM) or a-synuclein (4 pM) and with CBD (200
nM) or vehicle for 48 h on DIV 10. Then, cells were fixed
in 4% paraformaldehyde for 15 min and then washed
twice with PBS containing 20 mM glycine followed by
permeabilization with the same buffer containing 0.2%
Triton X-100 (15 min incubation). Samples were treated
for 1 h with blocking solution (PBS containing 1% bovine
serum albumin) and labeled with polyclonal rabbit anti-
Nectin 3 antibody (Abcam, 1/1000). Neurons were
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detected with anti-F-actin antibody fused to an Alexa
488 fluorophore (ThermoFisher, 1/400). Then, sections
were incubated at RT for 2 h with a Cy3-conjugated anti-
rabbit secondary antibody (1/200, 711-166-152, Jackson
ImmunoResearch). Samples were washed several times
with PBS and mounted with 30% Mowiol (Calbiochem,
San Diego, CA, USA). Nuclei were stained with Hoechst
(1/100). Samples were observed under a Zeiss 880 confo-
cal microscope (Leica Microsystems, Wetzlar, Germany).
Quantification of neurite formation was performed over
segments of 15 pum. Each red dot represents a neurite
formation.

Protein aggregation detection

Cortical neuronal primary cultures were treated with
ABy_4p (500 nM), Tau (1 pM), a-synuclein (4 pM) or vehi-
cle and subsequently stimulated with 200 nM CBD or
vehicle for 48 h. Then, cells were fixed in 4% paraformal-
dehyde for 15 min and then washed twice with PBS con-
taining 20 mM glycine before permeabilization with the
same buffer containing 0.2% Triton X-100 (15 min incu-
bation). The samples were treated for 1 h with blocking
solution (PBS containing 1% bovine serum albumin) and
labeled with a rabbit anti-Ap antibody (1/100, ab201060),
a rabbit anti-Tau antibody (1/100, Abcam ab32057), a
rabbit anti-phospo-Tau (S396) antibody (1/100, Abcam
ab109390) or a mouse anti-a-synuclein antibody (1/100,
ab1903) and subsequently marked with a Cy3 anti-rabbit
(1/200, Jackson InmunoResearch) secondary antibody
(red). Following 2 h of incubation, cells were washed and
subsequently imaged using confocal microscope with
25X (yellow squares) and 40X (green squares) objectives
(Zeiss LSM 880).

Age-synchronized CL2006 worms were fixed in 4%
paraformaldehyde/PBS, pH 7.5, for 24 h at 4 °C, and per-
meabilized in 5% fresh B-mercaptoethanol, 1% Triton
X-100, 125 mm Tris, pH 7.5, at 37 °C for another 24 h.
The nematodes were stained with 0.125% Thioflavin S
(ThS) (CAS# 1326-12-1, Sigma Aldrich, St Louis, MO,
USA) in 50% ethanol for 2 min, de-stained in 50% EtOH
for 2 min, washed three times with PBS, and transferred
in approximately 10 uL volume on a droplet of Fluoro-
mount G (CAT#17,984-25, Electron Microscopy Sci-
ences, Hatfield, PA, USA) on a glass slide for microscopy.
Fluorescence images were acquired using a 20 A ~ objec-
tive of a fluorescence microscope. Amyloid deposits in
the head regions of the worms were quantified by count-
ing the number of ThS-positive spots using Image], and
were expressed as Af$ deposits/anterior area.

Protein trafficking
Microfluidic standard neuronal devices (with 150 pm
microgroove barriers located between the channels;
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AXISTM AXon Investigation System, EMD Millipore)
were handled according to the manufacturer’s protocol.

The pure cortical neurons from mouse embryos (E19)
were isolated from neuronal primary cultures. Before
neuronal seeding, each assembled device was coated
with poly-D-lysine (0.1 mg/mL, Gibco A3890401) for
1 h. After, ten microliters of cell suspension (5-6 mil-
lion neurons/mL) were introduced to both chambers of
each device by passive pumping. After 30 min incubation
at 37°C to allow cell attachment, 200 pL of neurobasal
medium (supplemented with 2 mM L-glutamine, 100 U/
mL penicillin/streptomycin, and 2% (v/v) B27 supple-
ment (Gibco)) was added. Neurons were maintained at
37 °C in humidified 5% CO, atmosphere. Medium was
replaced every three days in each device (a 50 pL differ-
ence in media volume was maintained to prevent sponta-
neous diffusion).

On DIV 10, once the axons fully crossed the micro-
grooves (150 pum distance) into the axonal compartment
of a device, AB;_;, Tau, pTau, or a-synuclein were added
into the compartment A of each device and maintained
for 48 h. On DIV 12, neurons were treated with CBD
(200 nM) or vehicle for 48 h more. Neurons were labeled
with a rabbit anti-Af antibody (1/100, ab201060), a rabbit
anti-Tau antibody (1/100, Abcam ab32057), a rabbit anti-
phospo-Tau (S396) antibody (1/100, Abcam ab109390) or
a mouse anti-a-synuclein antibody (1/100, ab1903) and
subsequently marked with a Cy3 anti-rabbit (1/200, Jack-
son InmunoResearch) secondary antibody (red). Follow-
ing 2 h of incubation, cells were washed and subsequently
imaged using a confocal microscope Zeiss LSM 880 with
25X and 40X objectives.

CL2006 animal model

The study employed two strains of C. elegans: the WT N2
and the transgenic CL2006 strain (dvIs2 [pCL12(unc-54/
human A peptide 1-42 minigene) +rol-6(sul006)]).
Both strains were obtained from the C. elegans Genetic
Center (CGC). The N2 strain was maintained at 20 °C,
while the CL2006 strain was kept at 16 °C in a temper-
ature-controlled incubator on a solid nematode growth
medium (NGM) seeded with Escherichia coli (E. coli)
OP50 strain as a food source.

C. elegans motility assay

For the CBD effects, we followed a detailed procedure
as described in [61]. In essence, a suspension of the L1
larval stage, containing 25-35 larvae, was incubated
with 20 pL of inactivated E. coli and 25 pL of different
CBD concentrations (10 pM and 100 uM) in a 96-well
plate. The movements of the worms were then meticu-
lously recorded for 20 min using the WMicroTracker
mini (Phylumtech S.A., Argentina). The travel distance



Raich et al. Alzheimer’s Research & Therapy (2025) 17:109

and movement speed were further evaluated using the
WMicrotracker SMART equipment (Phylumtech S.A.,
Argentina).

5xFAD mouse model

Wild-type (Wt) and 5xFAD (n= 28) male mice of
4-month-old were used to perform cognitive and molec-
ular studies. We divided these mice randomly into three
groups: Wt Control (n= 10), 5xFAD Control (n= 10),
and 5xFAD treated with the phytocannabinoid cannabid-
iol (CBD) (5xFAD CBD (10 mg/Kg); n= 8). The sample
size for the intervention was chosen following previous
studies in our laboratory and using one of the available
interactive tools (http://www.biomath.info/ power/index.
html). Experimental groups received either one dose of
vehicle (2% w/v, Tween 80 (Fischer, USA) or one daily
dose of 10 mg/Kg/day of CBD dissolved in 2% Tween
80 via oral gavage for 4 weeks. Animals had free access
to food and water and were kept under standard tem-
perature conditions (22 +2 °C) and 12 h:12 h light—dark
cycles (300 1x/0 1x). After the treatment period, cognitive
tests were performed in the animals.

Studies and procedures involving mouse behavior test,
brain dissection and extractions followed the ARRIVE
and standard ethical guidelines (European Communi-
ties Council Directive 2010/63/EU and Guidelines for the
Care and Use of Mammals in Neuroscience and Behavio-
ral Research, National Research Council 2003) and were
approved by Bioethical Committees from the Univer-
sity of Barcelona and the Government of Catalonia. All
efforts were made to minimize the number of animals
used and their suffering.

Brain sampling

Mice were sacrificed under deep anesthesia (i.e., injec-
tion of diazepam/ketamine) and transcardially perfused
with saline and 4% paraformaldehyde. Brains were har-
vested and embedded in paraffin to obtain coronal Sects.
(30 pm thick) using a cryostat LEICA CM3050 S (Leica
Microsystems, Wetzlar, Germany).

Immunohistochemistry

Brain slices were fixed in 4% paraformaldehyde for 15
min and then washed twice with PBS containing 20 mM
glycine before permeabilization with the same buffer
containing 0.2% Triton X-100 (15 min incubation). The
samples were treated for 1 h with blocking solution (PBS
containing 1% bovine serum albumin) and labeled with
monoclonal mouse anti-Arginase I (1/100, ref. 610,708,
BD Bioscience), monoclonal mouse anti-iNOS (1/200,
MA5-17,139, Invitrogen), polyclonal goat anti-GFAP
(1/100, PA5-18,598, Invitrogen), polyclonal goat anti-
Ibal (1/100, ab107159, Abcam) or monoclonal mouse
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anti-Olig2 (1/200, ab216020, Abcam) or rabbit anti-Ap
antibody (1/100, ab201060) as primary antibodies and a
Cy3-conjugated anti-mouse IgG (1/200, 715-166-150,
Jackson ImmunoResearch), a Cy3-conjugated anti-goat
IgG (1/200, 705-167-003, Jackson ImmunoResearch)
or a Cy3 anti-rabbit (1/200, Jackson InmunoResearch)
as secondary antibodies. The samples were washed sev-
eral times and mounted with 30% Mowiol (Calbiochem,
San Diego, CA, USA). Nuclei were stained with Hoechst
(1/100). Samples were observed under a Zeiss 880 confo-
cal microscope (Leica Microsystems, Wetzlar, Germany).

Detection of inflammatory and anti-inflamatory cytokines
Microglia derived from 5xFAD mice (5xFAD) and control
Wild Type mice (WT) were cultured in 96-well plates.
After a 12-day incubation period, cells were exposed to
CBD (200 nM) or vehicle. Following a 5-day treatment,
the cell supernatant was harvested and centrifugated
for 5 min at 500xG. Levels of proinflammatory (IL-113)
and anti-inflammatory (IL-10) cytokines were quanti-
fied using an ELISA detection kit (KE10003, Proteintech)
according to supplier instructions.

Polymerase chain reaction (PCR)

The hippocampus and cortex were isolated from
C57BL/6 ] mice at age 4-month-old. After decapitation,
the hippocampus and cortex were dissected and imme-
diately transferred to PBS. mRNAs were isolated with
TRIzol™ Reagent protocol and treated with RNase-Free
DNase (Qiagen). The purity was verified with a Nan-
oDrop 2000 Spectrophotometer (Thermo Scientific).
Single strand cDNA was synthesized from the extracted
RNA (2 pg) using a MLV-reverse transcriptase (Fisher
Scientific), Random Hexamers and oligo-dT. The qPCR
was conducted with the ¢cDNA and PowerUp SYBR
Green Master Mix (AppliedBiosystems). Determina-
tions were conducted using real-time PCR technique on
an Applied Biosystems QuantStudio3 device in 96-well
plates.

The primer pair for the gene that codifies for CB;R was
CCAAGAAAAGATGACGGCAG (forward) and AGG
ATGACACATAGCACCAG (reverse). The primer pair
for the gene that codifies for CB,R was GGGTCGACT
CCAACGCTATC (forward) and AGGTAGGCGGGT
AACACAGA (reverse). Primers for beta-actin were used
as an internal control (forward, TTGACATCCGTAAAG
ACCTC; backward, AGGAGCCAGAGCAGTAAT).
Each experiment included a template-free control. The
PCR products were analyzed by the DNA melting curve.
The relative quantities of Cnrl and Cnr2 PCR products
were estimated with respect to the amount of the house
keeping gene beta-actin product using the ACt method:
%beta-actin = (2 Ct of Gapdh — Ct of CB,R) x 100.
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Novel object recognition test

The protocol employed was a modification of Ennan-
ceur and Delacour (1988). The experimental apparatus
used for this test was a 90-degree, two-arm, 25-cm-long,
20-cm-high maze of black polyvinyl chloride. Light inten-
sity in the middle of the field was 30 Ix. Briefly, the first
mouse was individually habituated to the apparatus for 10
min per day for 3 days. On day 4, the mice were allowed to
freely explore two identical objects (A and A or B and B)
placed at the end of each arm for 10-min acquisition trial
(First trial-familiarization). The mouse was then removed
from the apparatus and returned to its home cage. Then,
a 10-min retention trial (second trial) was carried out
for 2 (Short-term memory) or 24 h (Long term memory)
later. During the Short-term memory retention, objects
A and B were placed in the maze replacing one of them
(A and B or B and A), and the times that the animal took
to explore the new object (TN) and the old object (TO)
were recorded. The mice were tested again 24 h after the
acquisition trial, with a new object and an object identi-
cal to the new one in the previous trial (A and C or B and
C). The time that mice explored the Novel object (TN)
and Time that mice explored the Old object (TO) were
measured from the video recordings from each trial ses-
sion. A Discrimination index (DI) was defined as (TN-
TO)/(TN +TO). Exploration of an object by a mouse was
defined as pointing the nose towards the object at a dis-
tance <2 cm and/or touching it with the nose. Turning or
sitting around the object was not considered exploration.
In order to avoid object preference biases, objects A and
B were counterbalanced so that one-half of the animals
in each experimental group were first exposed to object
A and then to object B, whereas the other half first saw
object B and then object A. The maze, the surface, and
the objects were cleaned with 70% ethanol between the
animals’ trials to eliminate olfactory cues.

Data handling and statistical analysis

Data were analyzed blindly. Data are presented as the
mean +SEM. Statistical analysis was performed with
SPSS 18.0 software. The test of Kolmogorov—Smirnov
with the correction of Lilliefors was used to evaluate nor-
mal distribution and the test of Levene to evaluate the
homogeneity of variance. Significance was analyzed by
one-way ANOVA and Bonferroni’s multiple comparison
post hoc test. Significance was considered when p < 0.05.
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