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Background and Purpose: Recent research linking choline-containing lipids to degen-

eration of basal forebrain cholinergic neurons in neuropathological states illustrates

the challenge of balancing lipid integrity with optimal acetylcholine levels, essential

for memory preservation. The endocannabinoid system influences learning and mem-

ory processes regulated by cholinergic neurotransmission. Therefore, we hypothe-

sised that activation of the endocannabinoid system may confer neuroprotection

against cholinergic degeneration.

Experimental Approach: We examined the neuroprotective potential of sub-chronic

treatments with the cannabinoid agonist WIN55,212-2, using ex vivo organotypic tis-

sue cultures including nucleus basalis magnocellularis and cortex and in vivo rat

models of specific cholinergic damage induced by 192IgG-saporin. Levels of lipids,

choline and acetylcholine were measured with histochemical and immunofluores-

cence assays, along with [35S]GTPγS autoradiography of cannabinoid and muscarinic

GPCRs and MALDI-mass spectrometry imaging analysis. Learning and memory were

assessed by the Barnes maze and the novel object recognition test in rats and in the

3xTg-AD mouse model.

Key Results: Degeneration, induced by 192IgG-saporin, of baso-cortical cholinergic

pathways resulted in memory deficits and decreased cortical levels of lysophosphati-

dylcholines (LPC). WIN55,212-2 restored cortical cholinergic transmission and LPC

levels via activation of cannabinoid receptors. This activation altered cortical lipid

homeostasis mainly by reducing sphingomyelins in lesioned animals. These modifica-

tions were crucial for memory recovery.

Abbreviations: AA, arachidonic acid; aCSF, artificial cerebrospinal fluid; AD, Alzheimer's disease; BM, Barnes maze; BFCN, basal forebrain cholinergic neurons; DG, dentate gyrus; DHA,

docosahexaenoic acid; DIV, days in vitro; DR, discrimination ratio; eCB, endocannabinoid; HMDB, Human Metabolome Database; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPS,

lipopolysaccharide; MALDI-MSI, matrix-assisted laser desorption/ionisation mass spectrometry imaging; MCI, mild cognitive impairment; NBM, Nucleus basalis magnocellularis; NGS, normal goat

serum; NORT, novel object recognition test; P7, postnatal day 7; PB, phosphate buffer; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, propidium iodide; WT, wild-type.

Received: 7 March 2024 Revised: 19 September 2024 Accepted: 27 September 2024

DOI: 10.1111/bph.17381

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Author(s). British Journal of Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.

Br J Pharmacol. 2024;1–21. wileyonlinelibrary.com/journal/bph 1

https://orcid.org/0000-0002-9980-9365
https://orcid.org/0000-0002-0701-9076
https://orcid.org/0000-0003-0586-1857
https://orcid.org/0000-0001-8536-197X
https://orcid.org/0000-0001-5440-2695
https://orcid.org/0000-0003-0958-4738
https://orcid.org/0000-0003-4517-5114
mailto:rafael.rodriguez@ehu.es
mailto:marta.morenor@ehu.eus
mailto:marta.morenor@ehu.eus
https://doi.org/10.1111/bph.17381
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/bph


Conclusion and Implications: We hypothesise that WIN55,212-2 facilitates an alter-

native choline source by breaking down sphingomyelins, leading to elevated cortical

acetylcholine levels and LPCs. These results imply that altering choline-containing

lipids via activation of cannabinoid receptors presents a promising therapeutic

approach for dementia linked to cholinergic dysfunction.
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cannabinoids, cholinergic system, lipids, MALDI, memory

1 | INTRODUCTION

The selective vulnerability of basal forebrain cholinergic neurons

(BFCN) plays a crucial role in the pathophysiology of dementia in

Alzheimer's disease (AD) (Grothe et al., 2012, 2013). A significant loss

of cholinergic neurons in the nucleus basalis of Meynert and

decreased levels of presynaptic cholinergic markers in the neocortex

have been described, correlating with cognitive decline in AD (Potter

et al., 2011; Whitehouse et al., 1981). Currently, the largest class of

drugs approved for the treatment of AD are inhibitors of the enzyme

acetylcholinesterase (AChE) to increase acetylcholine (ACh) at the

synaptic cleft, however the clinical benefits of these drugs are limited.

Therefore, there is a significant need to develop novel drugs to

enhance the functionality of the BFCN projection system especially

when damage has already occurred (Moreta et al., 2021). Recently,

studies have successfully traced cholinergic pathways in vivo, demon-

strating that the integrity of these pathways is disrupted not only in

patients with mild cognitive impairment (MCI) and AD but also in indi-

viduals with subjective cognitive decline (Nemy et al., 2023;

Schumacher et al., 2023).

Given the importance of the above-described cholinergic neuro-

transmission in AD, animal models of cholinergic dysfunction based on

experimental manipulations of the BFCN have been developed as an

appropriate tool to study the memory deficits (Rossner, 1997; Schliebs

et al., 1996). While the BFCN lesion model does not exhibit the histo-

pathological characteristics of AD such as neurofibrillary tangles and

β-amyloid plaques, as seen in genetic models of AD like the 3xTg-AD

mouse model (Oddo, Caccamo, Kitazawa, et al., 2003), it provides a

valuable tool for exploring treatments targeted at improving cognition

after cholinergic damage has occurred. Cholinergic neurons have a

unique requirement for choline, which is utilised in the synthesis of

various choline-containing lipids, including phosphatidylcholine (PC),

lysophosphatidylcholine (LPC), choline plasmalogens and sphingomye-

lins. These lipids play a crucial role in maintaining the integrity of cho-

linergic membranes and in the synthesis of the neurotransmitter, ACh

(Blusztajn & Wurtman, 1983; Tayebati & Amenta, 2013). The recent

description of a close association between choline-containing lipids

and BFCN degeneration in AD (Shanks et al., 2022), suggests that,

under pathological conditions, the cholinergic system may encounter a

dilemma, having to choose between preserving the structural integrity

of choline-containing lipids in the membrane and maintaining optimal

levels of ACh. Therefore, it is crucial to understand the vulnerabilities

of the BFCN and explore novel approaches and pathways to maintain

the integrity of the cholinergic system.

The endocannabinoid (eCB) system is a neuromodulator system that

plays important roles in learning and memory processing, distributed in

areas of the brain related to cognition (Harkany et al., 2003) and impli-

cated in cholinergic neurotransmission (Goonawardena et al., 2010;

Puighermanal et al., 2012). Cannabinoid agonists induce memory impair-

ment (Broyd et al., 2016; Urits et al., 2021), but in the last decade, evi-

dence has been accumulating showing a beneficial effect of low

cannabinoid doses upon cognitive impairment (Bilkei-Gorzo et al., 2017;

Calabrese & Rubio-Casillas, 2018; Ozaita & Aso, 2017). The role of the

eCB system in neurodegenerative diseases is still unknown. In AD, differ-

ent studies report changes in the density and activity of cannabinoid CB1

receptors, describing an up-regulation or down-regulation in this receptor

depending on factors such as disease stage, the animal model or the

cohort used and the analysed brain area (Fernandez-Moncada

et al., 2023; Lee et al., 2010; Manuel et al., 2014; Moreno-Rodriguez

et al., 2024; Mulder et al., 2011). Importantly, the other main subtype of

What is already known?

• There is a crosstalk between cannabinoid and cholinergic

systems.

• Both systems have a key role in memory.

What does this study add?

• Cannabinoids modify choline-containing lipids.

• Those choline-containing lipids may serve as an addi-

tional source of choline.

What is the clinical significance?

• WIN55,212-2 emerges as a potential candidate for

addressing memory deficits associated with cholinergic

dysfunction.
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cannabinoid receptors, the CB2 receptor, is also overexpressed in some

AD models and in post-mortem tissue from AD patients, as a key player

in β-amyloid-associated microglia (Benito et al., 2003; Medina-Vera

et al., 2023; Ruiz de Martin Esteban et al., 2022; Solas et al., 2013). Addi-

tionally, a case report revealed that micro-dosing of cannabinoids

improved mnemonic learning in a patient with AD (Ruver-Martins

et al., 2022). Although some studies showed that cannabinoids modulated

the ACh release in the hippocampus and cortex (Gessa et al., 1997; Gessa

et al., 1998; Nava et al., 2001), the specific mechanism through which

cannabinoids impact or enhance memory remains unknown.

Consequently, to investigate memory deficits and the role of the

eCB system in a model of BFCN degeneration, our group previously

employed intra-parenchymal injections of the p75NTR-binding

192IgG-Saporin toxin into the nucleus basalis magnocellularis (NBM)

in rats. The studies showed that after the lesion, rats showed memory

impairment, increased levels of CB1 receptor activity (Llorente-

Ovejero et al., 2017) and altered levels of choline-containing lipids

(Llorente-Ovejero et al., 2021) in both the NBM and cortex. These

results suggested that choline-containing lipids and the eCB system

play a key role in the specific degeneration of basal forebrain-cortical

cholinergic circuits. These findings led us to use cannabinoid agonists

as a therapeutic approach to treat cholinergic deficits. In this study,

we have used the in vivo animal model of BFCN degeneration to

present evidence of an alternative cellular source of choline that uses

the synthetic cannabinoid WIN55,212-2 to restore ACh levels,

the choline-containing lipids, to induce cognitive improvement.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures were in accordance with

European animal research laws (Directive 2010/63/EU) and the Spanish

National Guidelines for Animal Laws (RD 53/2013, Law 32/2007) and

were approved by the Local Ethics Committee for Animal Research of

the University of the Basque Country (CEEA M20-2018-52 and 54).

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020).

Ex vivo hemibrain organotypic cultures were derived from 25 male

Sprague–Dawley rats' postnatal day 7 (P7), weighing 14–20 g, and for

the in vivo experimental model, 121 adult male Sprague–Dawley rats,

weighing 200–250 g, were used for 192IgG-saporin or vehicle admin-

istration. All rats were housed in cages (50-cm length � 25-cm

width � 15-cm height), four or five per cage, at 22�C in a humidity-

controlled (65%) room with a 12:12-h light/dark cycle, with access to

food and water ad libitum. Seven-month-old C57BL/6 male 3xTg-AD

mice (n = 17) harbouring PS1M146V, APPSwe and TauP301L genes pro-

vided by Prof. Lydia Giménez-Llort from Universitat Autònoma de

Barcelona and age-matched wild-type C57BL/6 (n = 20) from Envigo

(Indianapolis, IN, USA) weighing 25–30 g were also used. Mice were

housed in groups of 3–4 per cage at a temperature of 22�C and in a

humidity-controlled (65%) room with a 12:12-h light/dark cycle, with

access to food and water ad libitum.

Every effort was made to minimise the discomfort of the animals

and to use the minimum number of animals. The study is focused

exclusively on male rodents to avoid the significant effects of fluctua-

tions in hormonal levels, particularly oestrogen and progesterone,

which are derived from lipids; therefore, further experiments in female

animals should report interesting findings.

2.2 | Ex vivo model of cholinergic degeneration in
organotypic cultures and cannabinoid treatments

P7 Sprague–Dawley rats were killed by decapitation and brains were

quickly dissected under aseptic conditions inside a laminar flow cabinet.

The protocol used was described in detail by Llorente-Ovejero et al.

(2021). In brief, approximately six slices containing cholinergic neurons

within the NBM were obtained from each brain, and these were imme-

diately transferred into cell culture inserts over membranes of 0.4-μm

pore size (PIC50ORG, Millipore, MA, USA), placed in six-well culture

dishes (Falcon, BD Biosciences Discovery Labware, Bedford, MA) con-

taining cell culture medium. The culture medium consisted in 49% (v/v)

neurobasal medium (NB, Sigma-Aldrich), 24% (v/v) Hanks' balanced salt

solution (HBSS, Gibco), 24% (v/v) normal horse serum (NHS, Gibco), 1%

(v/v) d-glucose, 0.5% glutamine (Sigma-Aldrich), 0.5% B27 supplement

serum free (Gibco) and 1% antibiotic/antimycotic. The culture plates

were incubated at 37�C in a fully humidified atmosphere supplemented

with 5% CO2. The ex vivo hemibrain organotypic cultures were ran-

domly divided into two groups: in group 1 fresh cell culture medium was

added. In group 2 fresh cell culture medium containing 192IgG-saporin

(100 ng/ml) was added on Days 2 and 5 in vitro (DIV). Both groups were

treated with WIN55,212-2 (1 nM or 10 nM) dissolved in ethanol. The

maximum final ethanol concentration in culture medium was set at

0.01% (v/v), according to previous reports (Koch et al., 2011). To verify

receptor specificity of the effect exerted by the cannabinoid agonist

WIN55,212-2, a third group of animals were treated as those in group

2 with the addition of the CB1 receptor antagonist AM251 (1 μM)

(Koch et al., 2011). After 8 DIV, organotypic cultures were incubated in

the presence of 5 μg�ml�1 of propidium iodide (PI) to mark degenerating

cells (bright red) for 2 h prior to fixation with paraformaldehyde. The

ex vivo outcomes were assessed under blinded conditions; the data ana-

lyst was unaware of the treatment assignments for each group.

2.3 | In vivo rat model of basal forebrain
cholinergic degeneration and cannabinoid treatments

Basal forebrain cholinergic degeneration was induced following bilat-

eral stereotaxic (�1.5 mm anteroposterior from Bregma, ±3 mm med-

iolateral from midline, +8 mm dorsoventral from cranial surface)

injection of 192IgG-saporin (130 ng�μl�1) into the NBM, as previously

described (Llorente-Ovejero et al., 2017). Control rats received an

injection of artificial cerebrospinal fluid (aCSF) into the NBM. Rats
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were allowed to recover from surgery for 7 days. On Day 8, we initi-

ated treatments and training on the Barnes maze (BM) and novel

object recognition test (NORT), as described below.

In the BM performance, aCSF and 192IgG-SAP groups received

i.p. injections of WIN55,212-2 (0.5 or 3 mg�kg�1) or vehicle solution

(1:1:18; DMSO:Kolliphor: saline) for five consecutive days, 1 h prior

to the performance of the task. To verify receptor specificity of the

cannabinoid effect, another group of animals received an

i.p. injection of WIN55,212-2 (0.5 mg�kg�1) along with CB1 receptor

antagonist SR141716A (0.5 mg�kg�1, i.p.). WIN55,212-2 and

SR141716A were administered sequentially, one after the other,

both 1 h before behavioural performance. Rats were randomly

selected for each group: (n = 28) aCSF; (n = 12) aCSF + W0.5;

(n = 8) aCSF + W3; (n = 7) aCSF + SR; (n = 30) 192IgG-SAP;

(n = 12) 192IgG-SAP + W0.5; (n = 8) 192IgG-SAP + W3; (n = 9)

192IgG-SAP + W + SR; (n = 9) 192IgG-SAP + SR.

In the NORT performance, WIN55,212-2 (0.5 mg�kg�1, i.p.,

5 days) was administered daily for five consecutive days, 1 h before

each phase of the behavioural test. Different groups of rats were

used for the BM test because using the same animals for different

tests can alter the outcomes, as previously reported by our group

(Bengoetxea de Tena et al., 2022), making it unsuitable for consistent

memory measurement. The following groups of rats were used: con-

trol group aCSF (n = 10), aCS + WIN0.5 (n = 10), 192IgG-saporin

(n = 10) and 192IgG-SAP + W0.5 group (n = 10). Animals were

killed by decapitation 3 days after the last WIN55,212-2/vehicle

administration. The decision to wait for 3 days between behavioural

testing and tissue measures was based on the requirements of auto-

radiography studies. These studies demand a washout period to

ensure that the brain is free from drug interference deriving from the

compounds administered in vivo, thus ensuring accurate experimen-

tal outcomes.

The in vivo outcomes were assessed under blinded conditions;

the data analyst was unaware of the treatment assignments for each

group.

2.4 | WIN55,212-2 administration in the 3xTg-AD
mouse model of familial AD

Given that the loss of basal forebrain cholinergic projections is an

early feature of AD, we studied if the same cannabinoid treatment

would also be beneficial in an animal model of familial AD, the 3xTg-

AD mouse, which shows the histopathological hallmarks of the dis-

ease (Oddo, Caccamo, Shepherd, et al., 2003). WIN55,212-2

(0.1 mg�kg�1, equivalent to 0.5 mg�kg�1 in rats, i.p., 5 days) (Nair &

Jacob, 2016) was administered daily for five consecutive days, 1 h

before each phase of BM test to 3xTg-AD and age-matched wild-type

C57BL/6 mice. The following groups of animals were used: control

group (WT, n = 10), WIN55,212-2 (0.1 mg�kg�1) group (WT

+ WIN0.1, n = 10), 3xTg-AD group (3xTg-AD, n = 8) and 3xTg-AD +

WIN55,212-2 (0.1 mg�kg�1) group (3xTg-AD + WIN0.1, n = 9), only

tested in BM and not in NORT.

2.5 | Barnes maze

This test was performed using two white circular platforms, one for

rats (130 cm of diameter, 100 cm from the floor, 20 holes 10 cm each

and 2.5 cm between holes) and one for mice (92 cm of diameter,

100 cm from the floor, 20 holes 5 cm each and 2.5 cm between

holes). Only one of the holes leads to a dark chamber located under

it. Two bright lights (400 W, approximately 1310 luxes light condition)

and visual cues were placed around the platform. Each rodent was

placed in the middle of the maze and was allowed to explore the maze

for 3 min. If a rodent did not reach the target hole in the given 3 min,

it was gently guided to it. During 4 days of training, rodents con-

ducted four trials per day, with 15 min between trials. During the

training days, total latency (the time to reach the target hole) was

measured. A gradual decrease in this parameter over the four training

days is indicative of spatial memory. On Day 5, the target hole was

closed, and rodents were allowed to explore the maze for 3 min. As

an additional measure of spatial memory, time in the target quadrant

(the quadrant where the target hole was located) was measured. The

maze was cleaned using a 10% ethanol solution after every trial. All

the procedures were analysed by SMART 3.0 video tracking software

(Panlab Harvard apparatus, Barcelona, Spain, RRID:SCR_002852).

2.6 | Novel object recognition test

The novel object recognition test (NORT) was performed in a white

open-field arena (90 � 90 � 50 cm) (Panlab S.L., Barcelona, Spain) in

a room under one lux light condition. A video camera placed above

the shuttle box recorded the behaviour of the rats. The test was

divided into four distinct phases that were carried out throughout

5 days: habituation phase (3 days), familiarisation phase, short-term

testing (5 h after familiarisation) and long-term testing (24 h after

familiarisation). Before each phase, rats were transported to the

experimental room for about 10 min and each rat was gently handled

individually for 1 min, having its neck and back stroked by the experi-

menter's fingers, before entering the arena. After leaving the arena,

rats were gently handled again. Habituation phase lasted for 3 days

and consisted in placing rats in the arena to allow them to explore the

compartment for 5 min. In the familiarisation phase, which was carried

out on the fourth day, rats were presented with two identical objects

(Object A and Object A), built with five to six mega blocks, with a

height of about 10 cm. The objects were positioned diagonally in

opposite corners of the arena, approximately 10 cm away from their

respective walls, and were mirror images of each other. To avoid pos-

sible bias regarding the location of the objects, these were rotated

after the familiarisation phase of each rat. A 25-s exploration thresh-

old for both objects combined was established and rats remained in

the arena until that threshold was met. If rats failed to reach the 25-s

exploration threshold in 15 min, they were excluded from the study.

Exploration of the objects was considered when the rats touched the

object or faced it with their nose being less than 2 cm away from

it. Five hours after the familiarisation phase, short-term testing was

4 MORENO-RODRÍGUEZ ET AL.
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performed. In that phase, rats were again placed in the arena and were

presented with one of the familiar objects (Object A) and with a new

object (Object B). Rats were given 5 min to explore the objects.

Twenty-four hours after the familiarisation phase, on the fifth day,

long-term testing was performed. Rats were again placed in the arena

and were presented with the familiar object (Object A) and a third,

new object (Object C). Rats were given 5 min to explore the objects.

In the first habituation phase, which is equivalent to an open field test,

the total path length of the rats and their speed were measured using

an automated tracking system (SMART, Panlab S.L., Barcelona, Spain)

as indicators of exploratory behaviour. In the short and long-term

testing phases, the amount of time dedicated to exploring the familiar

and new objects was measured and the object discrimination ratio

(DR) was calculated using the following formula: DR = [(novel object

exploration time � familiar object exploration time)/total exploration

time]. A higher DR was indicative of more time exploring the new

object compared to the familiar one and was thus considered a posi-

tive performance in the test (good recognition memory). DR scores

approaching zero reflect no preference for the new object and nega-

tive scores indicate preference for the familiar object, which reflect

impairment of recognition memory in both cases. Moreover, the total

exploration time spent by the rats in short- and long-term testing

phases was measured to investigate the effect of the different model,

or the drugs administered on object exploration.

2.7 | Tissue preparation

Organotypic cultures on Day 8 were gently and extensively rinsed

with 0.9% saline solution (37�C) followed by immersion in 4% parafor-

maldehyde and 3% picric acid in 0.1 M PB (4�C) for 1 h. Groups of

animals which had been tested on the BM, on Day 15 after the lesion,

were anaesthetised with ketamine/xylazine (90/10 mg�kg�1; i.p.) and

killed by decapitation or transcranial perfusion to obtain fresh or fixed

tissue, respectively. Fresh brains from experimental groups (n = 96)

were quickly removed by dissection, fresh frozen, and kept at �80�C.

Later, brains were cut into 20 μm coronal sections using a Microm

HM550 cryostat (Thermo Scientific, Waltham, MA, USA) equipped

with a freezing-sliding microtome at �25�C and mounted onto

gelatin-coated slides and stored at �25�C. Animals from experimental

groups (n = 25) were transcardially perfused with 50 ml of warm

(37�C), calcium-free Tyrode's solution (0.15 M NaCl, 5 mM KCl,

1.5 mM MgCl2, 1 mM MgSO4, 1.5 mM NaH2PO4, 5.5 mM glucose,

25 mM NaHCO3; pH 7.4), 0.5% heparinized, followed by 4% parafor-

maldehyde and 3% picric acid in 0.1 M phosphate buffer (PB) (4�C)

(100 ml per 100 g; 37�C, pH 7.4). Brains were removed and placed in

a cryoprotective solution consisting of 20% sucrose in PB overnight at

4�C, and frozen by immersion in isopentane and kept at �80�C.

Brains were cut into 12-μm coronal sections as described above,

mounted onto gelatin-coated slides and stored at �25�C until used

for the immunofluorescence assays.

Fresh frozen sections were used for [35S]GTPγS autoradiography,

AChE detection and MALDI-mass spectrometry imaging analysis. The

remaining brain sections were dissected to isolate the cortical area for

choline/acetylcholine assays, rat brain cortex incubation and MALDI-

MS analysis. Fixed sections were only used for immunofluorescence

assays.

2.8 | Immunofluorescence

The immunofluorescence studies complies with the BJP guidelines

for immunoblotting and immunohistochemistry (Alexander

et al., 2018). Organotypic culture sections were blocked and permea-

bilised with 4% normal goat serum (NGS) with 0.6% Triton X-100 in

PBS (0.1 M, pH 7.4) for 2 h at 4�C. The incubation was performed

using the free-floating method at 4�C (48 h) with rabbit anti-p75NTR

(1:500; Cell signalling, MA, USA, Cat# 4201, RRID:AB_1904041) with

0.6% Triton X-100 in PBS with 5% BSA. The primary antibody was

then revealed by incubation for 30 min at 37�C in darkness with

donkey anti-rabbit Alexa 488 (1:250; Thermo Scientific, Waltham,

MA, USA, Cat# A-21206, RRID:AB_2535792) with Triton X-100

(0.6%) in PBS. For the processing of fixed rat tissue, 12-μm coronal

sections were blocked and permeabilised with 3% donkey serum

with 0.25% Triton X-100 PBS (0.1 M, pH 7.4) and 2 h later they

were labelled with mouse anti-Iba1 (1:500; Fujifilm Wako Chemicals,

VA, USA, Cat# 016–26,721, RRID:AB_2811160) or rabbit anti-

p75NTR (1:750; Cell signalling, MA, USA, Cat# 4201, RRID:AB_

1904041) overnight. After several washes, the appropriate secondary

antibody (1:200) was applied (Donkey anti-rabbit Alexa fluor-488

Cat# A-21206, RRID:AB_2535792 for p75NTR and donkey anti-

mouse Alexa fluor-555 Cat# A-31570, RRID:AB_2536180 for Iba1;

Thermo Scientific, Waltham, MA, USA) for 2 h. Controls of immuno-

fluorescence consisted in primary antibody omission resulting in the

absence of immunoreactivity.

2.9 | Cells quantitation

In organotypic cultures, 200-fold magnification photomicrographs of

the BFCNs within the NBM were acquired by means of an Axioskop

2 Plus microscope (Zeiss) equipped with a CCD imaging camera

(SPOT Flex Shifting Pixel). Both p75NTR immunoreactive and PI posi-

tive cells were stereologically counted and the total number of cells

in the whole image was reported. The population of p75NTR immu-

noreactive or PI-stained cells was expressed as p75NTR or PI

cells�mm�2. In rat tissue, 200-fold magnification photomicrographs

of NBM in both hemispheres were randomly acquired by Axioskop

2 Plus microscope (Carl Zeiss) equipped with a CCD imaging camera

SPOT Flex Shifting Pixel. p75NTR immunoreactive positive cells were

stereologically counted at three different stereotaxic levels (�1.20,

�1.56 and �1.92 mm from Bregma), in six different rats per group

and the total number of cells in the whole image was obtained. The

density of cholinergic cells was expressed as p75NTR positive

cells�mm�3. Iba1 immunoreactive positive cells were counted at ste-

reotaxic level �1.56 mm from Bregma, in three different rats per

MORENO-RODRÍGUEZ ET AL. 5
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group and the total number of cells in the whole image was

obtained. The number of Iba1 positive cells was expressed as

cells�mm�2.

2.10 | MALDI-MSI

Matrix-assisted laser desorption/ionisation mass spectrometry imag-

ing (MALDI-MSI) was performed using fresh 20-μm sections for each

sample. MBT matrix was deposited on the tissue surface by sublima-

tion. The sublimation was performed using 300 mg of MBT, and the

deposition time and temperature were controlled (23 min, 100�C). For

the recrystallisation of the matrix, the sample was attached to the

bottom of a glass Petri dish face-down, which was placed on

another Petri dish containing a methanol-impregnated piece of filter

paper on its base. The Petri dish was then placed on a hot plate

(1 min, 38�C) (Martinez-Gardeazabal et al., 2023). A MALDI

LTQ-XL-Orbitrap (Thermo Fisher Scientific, San Jose, CA, USA)

equipped with a nitrogen laser (λ = 337 nm, rep rate = 60 Hz, spot

size = 80 μm � 120 μm) was used for mass analysis. Thermo's Image-

Quest software was used to analyse MALDI-MSI data and image

acquisition in positive ion mode. The used range was 400–1000 Da

with 10 laser shots per pixel at a laser fluence of 15 μJ. The target

plate stepping distance was set at 150 μm for both x- and y-axes by

the MSI image acquisition software. The data were normalised using

the total ion current values. Each of the m/z values was plotted for

signal intensity for each pixel (mass spectrum) across a given area (tis-

sue section) using MSiReader software (Robichaud et al., 2013). The

m/z range of interest was normalised using the ratio of the total ion

current for each mass spectrum. The data were expressed as absolute

intensity in arbitrary units. The assignment of lipid species was facili-

tated using the databases Lipid MAPS (http://www.lipidmaps.org/)

and the Human Metabolome Database (HMDB) (https://hmdb.ca).

The 5-ppm mass accuracy was selected as the tolerance window for

the assignment.

2.11 | [35S]GTPγS autoradiography

Fresh 20-μm slices from all experimental groups were dried, followed

by two consecutive incubations in HEPES-based buffer (Sigma-

Aldrich, St. Louis, MO, USA) (50-mM HEPES, 100-mM NaCl, 3-mM

MgCl2, 0.2-mM EGTA and 0.5% BSA, pH 7.4) for 30 min at 30�C to

remove endogenous ligands. Then, slices were incubated for 2 h at

30�C in the same buffer but supplemented with 2-mM GDP, 1-mM

DTT, adenosine deaminase (3 units�L-1) and 0.04 nM [35S]GTPγS.

Basal binding was determined in two consecutive slices in the

absence of the agonist. The agonist-stimulated binding was deter-

mined in another consecutive slice with the same reaction buffer, but

in the presence of the corresponding receptor agonists, CP55,940

(10 μM) for CB1 receptors and carbachol (100 μM) for muscarinic

M2/M4 receptors (mAChR M2/M4). Non-specific binding was defined

by competition with non-radioactive GTPγS (10 μM) in another

section. Then, slices were washed twice in cold (4�C) 50-mM HEPES

buffer (pH 7.4), dried and exposed for 48 h to β-radiation sensitive

film with a set of [14C] standards (American Radiolabeled Chemicals,

St. Louis, MO, USA) calibrated for [35S].

2.12 | Histochemistry for AChE detection

Fresh 20-μm slices from all experimental groups were air dried and

post-fixed with 4% paraformaldehyde for 30 min at 4�C. Slices were

rinsed twice in 0.1 M Tris-maleate buffer (pH 6.0) for 10 min and

incubated in the AChE reaction buffer: 0.1 M Tris-maleate; 5-mM

sodium citrate; 3-mM CuSO4; 0.1-mM iso-OMPA; 0.5 mM K3Fe(CN)6

and 2-mM acetylthiocholine iodide as reaction substrate. The incuba-

tion time to stain cholinergic fibres was 100 min. The enzymatic reac-

tion was stopped by two consecutive washes (2 � 10 min) in 0.1 M

Tris-maleate (pH 6.0). Slices were then dehydrated in increasing con-

centrations of ethanol and covered with DPX as the mounting

medium. Finally, the stained slices were scanned at 600 ppi resolution,

the images were converted to 8-bit grey-scale mode and AChE posi-

tive fibre density was quantified by Image J software (NIH, Bethesda,

MD, USA). Software measured the optical density (O.D.) of AChE

reactivity in each anatomical area.

2.13 | Rat brain cortex incubation

Samples (10mg) of fresh cortical tissue (motor cortex M1/2 and soma-

tosensorial cortex S1) were collected, washed in cold PBS and resus-

pended in 500 μl of choline/acetylcholine assay kit choline assay

buffer (Abcam, Cambridge, UK, Cat# ab65345). The tissue was homo-

genised with a homogeniser (Heidolph RZR 50 Homogeniser 300–

2000 RPM w/Barnant 50001-92 Stand 115V), sitting on ice, with 10–

15 passes. The samples were incubated in choline assay buffer at

37�C and collected every 15 min, for 2 h. After incubation, samples

were centrifuged at 25,258 x g for 5 min at 4�C. Supernatants were

collected to use them with the choline/acetylcholine assay buffer and

dry pellets were analysed by MALDI-MS.

2.14 | Choline/acetylcholine assay

Choline and acetylcholine were quantified in rat cortical tissue (motor

cortex M1/2 and somatosensorial cortex S1) from all experimental

groups using a choline/acetylcholine assay kit (Abcam, Cambridge,

UK, Cat# ab65345). Fresh cortical tissue (10 mg) were harvested,

washed in cold PBS and resuspended in 500 μl of choline assay

buffer. The tissue was homogenised with a homogeniser (Heidolph

RZR 50 Homogenizer 300–2000 RPM w/Barnant 50001-92 Stand

115V), sitting on ice, with 10–15 passes. Samples were centrifuged at

25,258 x g for 5 min at 4�C. Supernatants were collected and used

with the choline/acetylcholine assay buffer. The assay was carried out

in accordance with the manufacturer's instructions, in the absence
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and presence of acetylcholinesterase to identify values of total and

free choline, which allowed an indirect quantification of acetylcholine.

The relative sample fluorescence was determined using Varioskan

LUX Reader (Thermo Scientific, Waltham, MA, USA).

2.15 | Cortical sample preparation for MALDI-MS

Cortical lipid composition was analysed in all experimental groups by

MALDI-MS. Dry pellets from rat cortical tissue (motor cortex M1/2

and somatosensorial cortex S1) from all experimental groups were

obtained and the protein concentration was determined using the

Bradford method. Samples were reconstituted with water at the same

concentration. A mixed sample (3 μl of sample and 7 μl of matrix-

saturated solution of MBT) was deposited on a MALDI plate contain-

ing 96 wells, using the dried droplet method. Xcalibur software was

used for MALDI data acquisition in both positive and negative ion

modes. The positive ion range was 400–1,000 Da, and the negative

ion range was 400–1100 Da, with 3 min of shots per well at a laser

fluence of 15 μJ. The m/z range of interest was normalised using the

ratio of the total ion current for each mass spectrum. The data were

expressed as absolute intensity in arbitrary units. The assignment of

lipid species was facilitated using the databases Lipid MAPS (http://

www.lipidmaps.org/, RRID:SCR_003817) and the Human Metabo-

lome Database (HMDB, https://hmdb.ca, RRID:SCR_007712). The

5-ppm mass accuracy was selected as the tolerance window for the

assignment.

2.16 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2022). For the in vitro, statis-

tical analysis was performed only when the group size was n ≥ 5

independent values. In vivo studies the variability in sample num-

bers in behavioural studies arises from the diverse preparation

methods of tissue, whether frozen or fixed. The groups were

designed to generate of equal size and the variation in group size

within an experiment was due to unexpected death of animals. Sta-

tistical analysis was performed only for studies where each group

size was at least n ≥ 5 independent values. Data are expressed as

mean ± SEM. Although some of our data met the assumptions for

parametric analysis, the small sample size (<20) made non-

parametric statistics more appropriate for accurate results. Data

evaluated across the groups used the Kruskal–Wallis test followed

by Dunn's post hoc tests for multiple comparisons. Spearman rank

for correlations (SigmaPlot 12.5, RRID:SCR_003210) and false dis-

covery rate were used to adjust for multiple comparisons between

correlations. Statistical significance was set at P < 0.05 (two tailed).

However, a two-way repeated measures ANOVA was used only for

the learning data in the BM, followed by Tukey's multiple

comparisons post hoc test. Statistics and data were graphically

represented using GraphPad Prism 9 (GraphPad Software, RRID:

SCR_002798). The heat map generation was performed using the

freely available software programme Heatmapper (http://www.

heatmapper.ca/). Additionally, blinding procedures were implemen-

ted throughout all the experiments to minimise bias and enhance

the validity of the results.

2.17 | Materials

192IgG-saporin (Cat# MAB390, RRID:AB_94979) was from Millipore

(Temecula, CA, USA); AM251 and SR141716A were supplied by

Tocris Bioscience (Bristol, UK). Acetylthiocholine iodide, adenosine

deaminase, carbachol, CP55,940, GTPγS and WIN55,212-2 were

supplied by Sigma-Aldrich (St. Louis, MO, USA); [35S]

GTPγS (1250 Ci�mmol�1) was supplied by PerkinElmer (Boston,

MA, USA).

2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos, et al., 2023; Alexander, Fabbro,

et al., 2023).

3 | RESULTS

3.1 | WIN55,212-2 protects cell viability after
BFCN degeneration in organotypic cultures

PI uptake was quantified as a measure of cell death in the NBM

after treatment with 192IgG-saporin and different cannabinoid

treatments in rat postnatal day 7 (P7) hemibrain organotypic cul-

tures. Ex vivo application of 100 ng�ml�1 of the toxin 192IgG-

saporin at days two and five produced a significant increase in the

density of PI-stained cells (PI+ cells�mm�2; control, 14.22 ± 2;

192IgG-saporin: 63.3 ± 7. Figure S1a,c). Pretreatment of organotypic

cultures with either 1 or 10 nM of WIN55,212-2, 2 h prior to the

application of 192IgG-saporin, induced protective effects on cell via-

bility (192IgG-saporin: 63.3 ± 7; 192IgG-saporin + W [10 nM]:

17.78 ± 7. Figure S1a,c). p75NTR+ cells in the same area were

counted as a specific marker of cholinergic neurons. The application

of the immunotoxin at days two and five led to a statistically signifi-

cant decrease in the density of cholinergic cells in NBM (p75NTR+

cells�mm�2; aCSF: 61.87 ± 4 ; 192IgG-SAP: 26.22 ± 7. Figure S1b,c),

while pretreatment of cultures with either dose of WIN55,212-2,

2 h prior to the application of the toxin, did not change the number

of p75NTR+ cells.
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3.2 | WIN55,212-2 restored spatial and
recognition memory on an in vivo model of cholinergic
degeneration

In the Barnes Maze (BM), a progressive reduction in the total latency of

the experimental groups indicates proper memory function during the

acquisition training (Figure 1a). On the probe day, lesioned animals spent

significantly less time in the target quadrant compared to the control

group (Figure 1b,c), showing memory impairment after toxin administra-

tion. Administration of either dose of WIN55,212-2 (0.5 and 3 mg�kg�1)

after the BFCN lesion increased the time in the target quadrant, reaching

control levels (Figure 1c). Co-treatment with SR141617A, a specific CB1

receptor antagonist, blocked the cognitive improvement following

WIN55,212-2, indicating that cognitive restoration was mediated by the

F IGURE 1 WIN55,212-2 improved cognitive impairment evaluated by BM and NORT following BFCN lesion. (a) Analysis of the total latency,
which is the time spent by the rats to reach the target hole during 16 trials throughout 4 days for all the groups. Data shown are means ± SEM.
*P < 0.05, significantly different as indicated; two-way repeated measures ANOVA followed by a Tukey's multiple comparisons post hoc test.
(b) Time in target quadrant of the rats on day 5, which is the time spent in the target quadrant. aCSF, aCSF + W0.5, 192IgG-SAP + W0.5 and
192IgG-SAP + W3 spent more time in target quadrant than the rest of experimental groups. Data shown are individual values with means ±

SEM. *P < 0.05, significantly different as indicated; Kruskal–Wallis test, post hoc test Dunn's multiple comparison; (n = 28) aCSF; (n = 12) aCSF
+W0.5; (n = 8) aCSF + W3; (n = 7) aCSF + SR; (n = 30) 192IgG-SAP; (n = 12) 192IgG-SAP + W0.5; (n = 8) 192IgG-SAP + W3; (n = 9)
192IgG-SAP + W + SR; (n = 9) 192IgG-SAP + SR. (c) Image of the Barnes Maze with the target quadrant delineated in red and the trajectories
of aCSF, 192IgG-SAP and 192IgG-SAP + W0.5 groups. (d) On the left a scheme depicting a simplified version of the protocol followed for the
assessment by NORT. On the right total exploration time of the objects in the short-term and the long-term for aCSF, aCSF + W0.5, 192IgG-SAP
and 192IgG-SAP + W0.5. Data shown are individual values with means ± SEM. *P < 0.05, significantly different as indicated; Kruskal–Wallis test
with post hoc test Dunn's multiple comparison; (n = 10) aCSF; (n = 9) aCSF + W0.5; (n = 10) 192IgG-SAP; (n = 8) 192IgG-SAP + W0.5.
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F IGURE 2 Legend on next page.
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activation of CB1 receptors. Interestingly, the high dose of WIN55,212-2

produced opposite effects: cognitive function was improved in lesioned

rats, while it was impaired in control rats (Figure 1c). We conducted addi-

tional experiments using a single acute dose of WIN55,212-2 on day 5 of

Barnes maze. Lesioned animals exhibited cognitive impairment with only

one dose of WIN55,212-2 (0.5 mg�kg�1), whereas the control group did

not show any memory deficit in the probe trial (unpublished data). To

complete this study, we employed the most effective dose from the BM,

0.5 mg�kg�1, to analyse the discrimination ratio in the novel object recog-

nition test (NORT) in both the short-term (5 h post-familiarisation with

the objects) and the long-term (24 h post-familiarisation). In the short-

term, sub-chronic treatment with WIN55,212-2 impaired memory in con-

trol rats (Figure 1d), as already observed with the high dose of 3 mg�kg�1

in the BM. Short-term recognition memory was relatively preserved in

the 192IgG-SAP group. In the long-term test, WIN55,212-2 clearly

impaired recognition memory in control rats as measured by a decrease

in the discrimination ratio (DR), while 192IgG-SAP caused a significant

decrease in the DR in the long-term (Figure 1d), indicating recognition

memory impairment following the depletion of BFCNs in the long-term,

but not in the short-term. Importantly, administration of WIN55,212-2 to

lesioned rats improved memory in the NORT test in the long-term,

increasing the DR to control levels (Figure 1d).

In the 3xTg-AD mouse model, WIN55,212-2 was administered to

both wild-type (WT) and 3xTg-AD mice at a dose of 0.1 mg�kg�1, equiv-

alent to 0.5 mg�kg�1 in rats (Nair & Jacob, 2016). The time to reach the

target hole during each trial showed significant differences between the

groups. On Day 4 of the acquisition phase, both WT and 3xTg-AD mice

showed reduced total latencies, indicating a correct learning process for

both phenotypes, which was significantly slower for 3xTg-AD mice, sug-

gesting mild spatial cognitive deficits at 7 months of age in this AD

model. WIN55,212-2 administration in WT mice induced a deleterious

effect on learning, while in 3xTg-AD mice, the treatment did not reverse

the observed cognitive deficits (Figure S2a). In the probe trial, no statisti-

cally significant differences were observed between groups (Figure S2b).

3.3 | WIN55,212-2 did not modify the glial
response following the administration of 192IgG-
saporin

Glial activation following a lesion of the NBM was analysed in the

aCSF, 192IgG-SAP, aCSF + W0.5 and 192IgG-SAP + W0.5 groups.

Following 192IgG-saporin administration, quantification revealed a

significant decrease in the number of p75NTR+ cells (Figure 2a,c),

while the number of Iba1-positive cells increased (Figure 2b,c). After

WIN55,212-2 administration, the number of p75NTR or Iba1-positive

cells at the lesion site was not modified (Figure 2a–c). Given the

anti-inflammatory properties of cannabinoids and to describe poten-

tial changes in microglial phenotype or activation states (Blank

et al., 2022), microglial inflammation-associated lipid biomarkers in the

same experimental groups were evaluated by MALDI-MSI (Table S1).

Following the lesion, a significant increase in lysophosphatidylcholines

(LPC) C18 and C16 (LPC 18:0 a.u.; Control: 55207 ± 13,922

vs. 192IgG-SAP: 144700 ± 19,651, LPC 16:0 a.u.; Control: 13808

± 3,085 vs. 192IgG-SAP: 51672 ± 14,782), sphingomyelin (SM 34:1 a.

u.; Control: 14531 ± 4,591 vs. 192IgG-SAP: 38556 ± 4,956) and pal-

mitoyl (CAR 16:0) and oleoyl carnitine (CAR 18:1) levels were

described at the lesion site (CAR 16:0; Control: 9893 ± 4,149

vs. 192IgG-SAP: 65156 ± 8,637; CAR18:1; Control: 8120 ± 5,517

vs. 192IgG-SAP: 421720 ± 93,521), while C32-phosphatidylcholines

(PC 32:0) did not show a significant reduction. This lipidomic analysis

indicated that lipids associated with the microglial inflammatory

response were increased at the lesion site. For example, sphingomye-

lin 34:1, which is restricted to the choroid plexus in the control group,

was detected at the lesion site following immunotoxin administration.

Acyl-carnitines, which were only slightly detected in control rats, were

significantly increased at the lesion site following administration of the

immunotoxin (Figure S3).

3.4 | WIN55,212-2 increased cortical muscarinic
and cannabinoid receptor activity

The activity elicited by CB1 and muscarinic M2/M4 receptors was

analysed in the NBM (Figure S3a,e), hippocampus (Figure S3b–d,f,g) and

the cortex (Figure 3). The lesion selectively reduced M2/M4 receptor

activity in Layers III–IV of the cortex (Figure 3a,c), with no observed

effects in the NBM or hippocampus (Figure S3a–d). Conversely, low

doses of WIN55,212-2 increased CB1 receptor activity in lesioned ani-

mals in the same cortical layers (Figure 3b,c).

3.5 | WIN55,212-2 modified cortical
acetylcholinesterase activity, acetylcholine and choline
levels

We measured AChE activity, as well as ACh and choline levels in

the cortex in all the experimental groups. AChE activity in the cor-

tex decreased after the lesion (Figure 4a,b). Unexpectedly, both

low and high doses of WIN55,212-2, as well as SR141716A,

F IGURE 2 Immunofluorescent studies of (a) p75NTR and (b) Iba1 positive cells of aCSF, 192IgG-SAP, aCSF + W and 192IgG-SAP + W
groups in the NBM. (c) Labelling images of p75NTR positive cells (green) and Iba1 positive cells (red) of aCSF, 192IgG-SAP and 192IgG-SAP+W
(0.5 mg�kg�1) group. Note that 192IgG-SAP group had less p75NTR positive cells (cholinergic cells) but had more Iba1 positive cells (microglia).
WIN55,212-2 treatment did not modify cell number. Scale bar 100 μm (inset 50 μm) for p75NTR and scale bar 100 μm (inset 25 μm) and Iba1
images. Data shown are individual values with means ± SEM; Iba1: n = 6; p75NTR: n = 8. *P < 0.05, significantly different as indicated; Kruskal–
Wallis test with post hoc test Dunn's multiple comparison.
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reversed the down-regulation of AChE activity induced by the

toxin (Figure 4a,b). Cortical levels of free choline were increased in

the aCSF + W0.5 groups (aCSF: 721 ± 21 vs. aCSF + W0.5:

798 ± 23. Figure 4c) compared with the aCSF group. Additionally,

cortical ACh levels showed a tendency to increase in the 192IgG-

SAP + W0.5 group, but a significant increase was observed in the

192IgG-SAP + W3 group compared to 192IgG-SAP (Figure 4d).

3.6 | WIN55,212-2 modified cortical lipid
homeostasis

Cortical lipidomic analysis following WIN55,212-2 administration

revealed more pronounced changes in lipid homeostasis compared to

the effects of the cholinergic lesion alone (Figure 5a). After the lesion,

cortical saturated and mono-unsaturated lysophosphatidylcholine (LPC)

levels (e.g., LPC 16:0 + K+, LPC 18:0 + K+ and LPC 18:1 + K+) were

significantly reduced. There was also a reduction in two phosphatidyl-

cholines (PC) (PC 38:2 and PC O-38:7) and an increase in phosphatidyl-

ethanolamine (PE) (PE 38:5). Lipidomic changes in the 192IgG-SAP + W

group, which displayed cognitive improvement after the lesion, revealed

decreased arachidonic acid (AA) containing-phosphatidylcholines

(PC) and phosphatidylethanolamines (PE) (e.g., PC 18:1_20:4 + K+, PC

16:0_20:4 + K+, PE 18:0_20:4 + H+, PE 18:1_20:4 + K+) and

increased docosahexaenoic acid-containing phosphatidylcholines

(DHA-PC), (e.g., PC 40:7 (18:1_22:6) + K + and PC 40:6 (18:0_22:6)

+ K+). In addition, low doses of WIN55212-2 increased very long-chain

sulfatides (e.g., SHexCer (d18:1_22:0)-, SHexCer (d18:1_24:1)-) and hex-

oceramides (HexCer 36:1 + K+) and decreased sphingomyelins

(e.g., sphingomyelin 36:1 + K+, sphingomyelin 36:2 + K+, sphingomye-

lin 38:1 + K+, sphingomyelin 38:2 + K+). Furthermore, low doses of

WIN55,212-2 increased LPCs to control levels. Interestingly, LPCs were

the only lipids that correlated with behavioural parameters following BM

testing in the aCSF, 192IgG-SAP, 192IgG-SAP+W and 192IgG-SAP+W

+ SR groups (Figure 5b). We found negative correlations with LPCs and

sphingomyelins across groups (Figure 5c).

3.7 | In vitro breakdown of cortical sphingomyelins
leads to increased levels of choline and LPCs

A progressive decrease of some sphingomyelins and increased levels

of lysophosphatidylcholines (LPCs) were found (Figure 6a), as well as

an increase in choline levels (Figure 6b). Notably, incubation of cortical

tissue replicated the lipid changes observed in vivo after

WIN55,212-2 treatment. There was a strong correlation between cer-

amides/hexoceramides and choline levels, practically with a 1:1 ratio

(Figure 6c,d). Degradation of sphingomyelin produces ceramide and

phosphocholine, which is converted to choline (Figure 6e). Moreover,

LPCs increased conversely to sphingomyelins (Figure 6c).

4 | DISCUSSION

The role that the eCB system plays in restoring cognitive impairment is

an active area of research. Here we report that a low dose of the agonist

WIN55,212-2 improved cognition following a lesion in the NBM in a rat

model of cholinergic dysfunction in the CNS. In line with previous studies,

injection of the neurotoxin into the NBM resulted in a loss of cholinergic

p75NTR neurons and produced a profound impairment of spatial, recogni-

tion and contextual memory in the BM and NORT assays , more pro-

nounced in the long-term (Llorente-Ovejero et al., 2017; Llorente-

Ovejero et al., 2021). The absence of cholinergic damage in the hippo-

campus after administration of toxin in the NBM implies that the memory

impairment observed in both BM and NORT mainly reflects baso-cortical

cholinergic damage (Llorente-Ovejero et al., 2021). Considering that the

loss of this pathway is an early pathological feature of AD (Cummings &

Back, 1998; Geula et al., 2021), we extended our investigation to an ani-

mal model of familial AD (Oddo, Caccamo, Shepherd, et al., 2003). How-

ever, male 3xTg-AD mice at 7 months did not show strong memory

impairment in the BM. Using younger 3xTg-AD animals allowed us to

assess cognitive deficits before motor difficulties emerge around

6 months, which could interfere with BM data interpretation (Garvock-de

Montbrun et al., 2019). Although cognitive functions are already affected

at this stage due to the onset of AD pathology in the 3xTg-AD mice

(Belfiore et al., 2019; Muntsant et al., 2023), it appears that the cognitive

deficits as measured by BM, are manifested later in disease progression

(Webster et al., 2014). Although the basal forebrain cholinergic system is

affected early in 3xTg-AD mice (Perez et al., 2011), alterations are age

and gender-dependent, becoming more apparent after 13–15 months in

female mice, and more pronounced in the hippocampus, as opposed to

the basal forebrain cholinergic lesion model, where the lesioned area pri-

marily innervates the cortex (Dennison et al., 2021). These differences in

the pathological profile of both models might explain the divergent results

obtained in the BM test. We previously reported cognitive impairment

observed in this model at the same age (Llorente-Ovejero et al., 2018),

using an aversive memory test, which is more emotionally demanding

than the BM (Vorhees & Williams, 2024), but cannabinoids did not ame-

liorate the observed memory deficits. Given that the 3xTg-AD model at

this age does not exhibit severe cognitive deficits in BM, we were unable

F IGURE 3 Functional autoradiographic studies of mAChR M2/M4 and CB1 receptor in cortical areas of all the experimental groups. (a) Graph
of mAChR M2/M4 and CB1 receptor of all the experimental groups in Layers III–IV of the cortex. Scale bar = 4 mm. Data shown are individual
values with means ± SEM. *P < 0.05, significantly different as indicated; Kruskal–Wallis test with post hoc test Dunn's multiple comparison;
(n = 8) aCSF; (n = 7) aCSF + W0.5; (n = 6) aCSF + W3; (n = 6) aCSF + SR; (n = 8) 192IgG-SAP; (n = 7) 192IgG-SAP + W0.5; (n = 6) 192IgG-
SAP + W3; (n = 6) 192IgG-SAP + W + SR; (n = 6) 192IgG-SAP + SR). (b) Representative autoradiographic images of brain coronal sections of
muscarinic M2/M4 receptors and CB1 receptors of aCSF, 192IgG-SAP and 192IgG-SAP + W0.5. Note that 192IgG-SAP + W0.5 group has same
activity levels of M2/M4 receptors and CB1 receptors as the aCSF group.
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F IGURE 4 Cortical AChE activity, Ch, ACh and levels in all the experimental groups. (a) Levels of cortical AChE levels in all the experimental
groups. (b) Representative images from coronal sections of AChE enzymatic staining from aCSF, 192IgG-SAP, 192IgG-SAP + W0.5 and 192IgG-
SAP + W + SR groups. Note that WIN55,212-2 restores AChE cortical levels in the lesion animals. (c) Levels of cortical choline in all the
experimental group. (d) Levels of cortical acetylcholine in all the experimental groups. Data shown are individual values with means ± SEM.
*P < 0.05, significantly different as indicated; Kruskal–Wallis test with post hoc test Dunn's multiple comparison; (n = 8) aCSF; (n = 7) aCSF
+ W0.5; (n = 6) aCSF + W3; (n = 6) aCSF + SR; (n = 8) 192IgG-SAP; (n = 7) 192IgG-SAP + W0.5; (n = 6) 192IgG-SAP + W3; (n = 6) 192IgG-
SAP + W + SR; (n = 6) 192IgG-SAP + SR.
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to observe the improvements that this model could potentially offer, such

as those seen in other transgenic models of AD treated with synthetic

cannabinoids or enhancement of eCBs (Aso et al., 2015; Kanwal

et al., 2024; Nitzan et al., 2022). Therefore, we decided to focus the study

on the rat model of cholinergic dysfunction.

We did not observed a significant effect of the cannabinoid agonist

on the survival of cholinergic neurons in the ex vivo model of cholinergic

degeneration, despite previous studies demonstrating the protective

effect of WIN55,212-2 on cellular survival (Jeon et al., 2011; Su

et al., 2015, 2016). However, in the in vivo model of BFCN degeneration,

where cholinergic neurons are degenerated, the i.p. administration of a

low dose (0.5 mg�kg�1) of WIN55,212-2 restored cognitive impairment,

as assessed by both BM and NORT. The co-administration of

WIN55,212-2 with the specific CB1 receptor antagonist SR141716A

F IGURE 5 Cortical targeted lipidomic analysis. (a) Heatmap highlighting the 30 most differentially expressed lipid species between the

different groups following the lesion or WIN55,212-2 treatment. *P < 0.05, significantly different from CONTROL; #P < 0.05, significantly
different from 192IgG-SAP; † P < 0.05, significantly different from 192IgG-SAP + W0.5; Kruskal–Wallis test; post hoc test Dunn's multiple
comparison; (n = 8) aCSF; (n = 7) aCSF + W0.5; (n = 6) aCSF + W3; (n = 6) aCSF + SR; (n = 8) 192IgG-SAP; (n = 7) 192IgG-SAP + W0.5;
(n = 6) 192IgG-SAP + W3; (n = 6) 192IgG-SAP + W + SR; (n = 6) 192IgG-SAP + SR). (b) Linear regression showing significant correlations
between LPC 18:0, LPC 18:1, LPC 16:0 and LPA 18:0, and time in target quadrant on Day 5 of Barnes maze (Spearman's rank correlation
coefficient rs and P). (c) Matrix correlation between 192IgG-SAP and 192IgG-SAP + W, showing rs values of Spearman's correlations. Note the
strong positive correlation between LPCs and HexCer, and the opposite correlation between LPC and sphingomyelins.
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blocked cognitive recovery, suggesting that most of the effect was medi-

ated by CB1 receptors. However, as previously described by our group,

there is a slight contribution of CB2 receptors at the lesion site in this

model (Llorente-Ovejero et al., 2022). Therefore, we cannot rule out the

possibility that CB2 receptors may play a role at the lesion site, particu-

larly if the treatment exerts its positive effect through this specific area.

A high dose (3 mg�kg�1) of WIN55,212-2 had opposite effects depend-

ing on the treatment group, including impaired memory in controls, while

improving learning in lesioned animals in the BM. Similar effects were

observed in NORT with the dose of 0.5 mg�kg�1. It is widely accepted

that cannabinoid agonism induces memory impairment, especially short-

term memory (Kohut et al., 2022; Urits et al., 2021; Zhou &

Puche, 2021). Although numerous studies explore the role of cannabi-

noids in impairing spatial memory (Brodkin & Moerschbaecher, 1997;

Ferrari et al., 1999; Hampson & Deadwyler, 1998; Hoffman et al., 2007;

Varvel et al., 2001), to the best of our knowledge there have been no

studies conducted with cannabinoid agonists in rats using the BM as a

behavioural test. Meanwhile, earlier studies, using the NORT assay,

revealed that doses of WIN55,212-2 between 0.3 and 1.2 mg�kg�1 are

enough to completely impair short-term memory storage and different

stages of long-term recognition memory (Galanopoulos et al., 2014;

Schneider et al., 2008). However, there are other reports of either a

biphasic effect of cannabinoid agonism on cognition (Calabrese & Rubio-

Casillas, 2018), or a beneficial effects of low, as opposed to high, doses

(Nitzan et al., 2022; Sarne, 2019). These results suggest that the dual

effects of cannabinoids on cognition depend on several factors, for

example, the state of the baso-cortical cholinergic pathway, or, more

generally, the previous cognitive status of the subjects (Bilkei-Gorzo

et al., 2017). This may explain why the treatment did not yield the

expected positive results in 3xTg-AD mice. Significant cholinergic dam-

age, as demonstrated by the loss of BFCN, may be necessary for

WIN55,212-2 administration to be effective.

The loss of the BFCN led to an increase in Iba1-positive cells (micro-

glia) in the region containing the NBM, as previously described following

administration of 192IgG-saporin (Llorente-Ovejero et al., 2022; Seeger

et al., 1997). While several studies show that cannabinoid administration

reduces inflammatory activity of microglia in vitro (Facchinetti

et al., 2003; Rock et al., 2007; Young & Denovan-Wright, 2022), no sig-

nificant anti-inflammatory effect was observed following WIN55,212-2

administration with the dose and treatment protocol used in the present

animal model. This was confirmed by lipidomic analysis, which revealed

an increase in certain lipids related to microglial activation within the

lesion site in the 192IgG group (Blank et al., 2022). However, after

WIN55,212-2 administration, lipid levels did not decrease to control

levels, indicating that WIN55,212-2 did not alter either the number or

the phenotype of microglial cells at the lesion site. We previously

reported an up-regulation of CB1 receptor activity in the cortex and

NBM 1 week after the lesion (Llorente-Ovejero et al., 2017). Conversely,

our current findings indicate that 2 weeks after the lesion, there were no

changes in CB1 receptor activity due to the lesion in any area. A compara-

ble progression of the eCB system response has been reported in the

early stages of dementia patients, showing an increase in the initial stages

followed by a decrease in the later ones (Manuel et al., 2014; Moreno-

Rodriguez et al., 2024). While cortical CB1 and muscarinic receptor and

AChE activity increased after WIN55,212-2 treatment in the lesioned ani-

mals, no changes occurred at the lesion site. This suggests that the cortex

is capable of exhibiting a compensatory response similar to the up-

regulation of cholinergic activity reported in the cortex of elderly individ-

uals with mild cognitive impairment, which can be activated by cannabi-

noids (DeKosky et al., 2002; Ikonomovic et al., 2003; Moreno-Rodriguez

et al., 2024). Taken together, these findings suggest that continuous stim-

ulation of cortical CB1 receptors, emulating the initial response to CB1

receptor activation following cholinergic damage, could sustain choliner-

gic neurotransmission despite damage to the baso-cortical pathway.

Several earlier studies have shown that cannabinoids modulate ACh

release in the hippocampus and cortex (Gessa et al., 1998; Murillo-

Rodriguez et al., 2018; Nava et al., 2001; Tzavara et al., 2003). However,

the specific mechanisms underlying these effects remain incompletely

understood. Here, we demonstrated that, despite the loss of the majority

of BFCNs, WIN55,212-2 increased cortical ACh levels while maintaining

levels of choline. Conversely, in control animals, only cortical free choline

increased. WIN55,212-2 appears to induce choline production, which,

under conditions of cholinergic deficit, may be converted into A-

Ch. Choline-containing lipids, such as phosphatidylcholines (PC), lysopho-

sphatidylcholine (LPC) and sphingomyelins are a major source of choline

(Loft et al., 2022; Okudaira et al., 2010). Besides, the generation of ACh

through PC decomposition has been described (Blusztajn et al., 1987).

However, the only alteration observed in cortical lipids after the lesion

was a reduction in LPC levels, while CB1 receptor activation was restored

to control levels. Our group had previously reported an increase in the

production of these same LPCs with the activation of muscarinic recep-

tors (Llorente-Ovejero et al., 2021), directly connecting cholinergic signal-

ling with LPC levels. The positive correlation observed with the cognitive

status of animals in the BM assay suggests their pivotal role in maintain-

ing cognitive function, and they are under investigation for their potential

as cognitive enhancers (Tayebati & Amenta, 2013). Interestingly,

SR141716A affects cortical acetylcholine levels and AChE activity simi-

larly to WIN55,212-2 administration, as previously reported (Davis &

Nomikos, 2008; Degroot et al., 2006). However, SR141716A did not pro-

duce the same behavioural improvements as WIN55,212-2, suggesting

that other factors are crucial for cognitive improvement after cholinergic

lesions. The specific choline-containing lipid changes induced only by low

doses of WIN55,212-2 and antagonised by SR141716A along with their

correlation with behavioural outcomes, strongly suggests that both the

restoration of cortical cholinergic tone and the recovery of cortical

choline-containing lipids are essential for memory improvement. After

WIN5,212-2 administration, other choline-containing lipids, such as

sphingomyelins, were markedly decreased in the cortex, which negatively

correlated with LPCs. These lipids do not share a common metabolic

pathway; however, both are choline-containing lipids that could serve as

a potential source of choline to produce ACh. Surprisingly, the in vitro

assay revealed an increase in choline levels accompanied by elevated

levels of LPCs and Cer/HexCer, as well as a decrease in sphingomyelins,

with a strong correlation observed between choline and Cer/HexCer.

The increase in choline observed in vitro may result from the breakdown

of sphingomyelins by the activation of sphingomyelinases, which
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transform sphingomyelin into ceramide by cleaving the phosphocholine

group (Ong et al., 2015). We demonstrate for the first time in vitro that

choline can be generated by the breakdown of sphingomyelin. In addi-

tion, previous studies had shown that cannabinoids can produce ceramide

through the degradation of sphingomyelins from astrocytes and tumour

cells (Gomez del Pulgar et al., 2002; Guzman et al., 2001; Vijayaraghavan

et al., 2024). If ceramide is produced, it also means that phosphocholine,

the other component of the sphingomyelin molecule, is generated. This is

supported by the finding that sphingomyelins, which decreased in vivo

after WIN administration, are predominantly present in astrocytic mem-

branes (Martínez-Gardeazabal et al., 2024). Collectively, although more

research is needed on this pathway in vivo, we hypothesise that, follow-

ing BFCN degeneration, WIN55,212-2, through continuous activation of

CB1 receptors in the cortex (possibly in astrocytes), triggers sphingomyeli-

nase activation. This process leads to the generation of ceramide and free

choline, which may contribute to increased ACh levels, thereby restoring

cortical cholinergic neurotransmission and potentially improving memory.

While this study significantly advances our understanding of can-

nabinoid agonism in cholinergic lesions and memory, several limita-

tions must be considered when interpreting the results. First, the role

of CB2 receptors was not thoroughly investigated, and their potential

contributions to the observed effects remain unclear. Additionally,

there is a challenge of correlating behavioural outcomes with tissue

analyses, especially given the limitations of autoradiographic methods.

Thus, although the study indicates that WIN55,212-2 modified

choline-containing lipids and cholinergic neurotransmission, leading to

restoration of memory impairment, the exact molecular mechanisms

through which cannabinoid receptors mediate these effects require

further research for full elucidation. Despite these limitations, this

study showed that pharmacological modulation of the eCB system

could be a promising therapy for neurodegenerative disorders associ-

ated with basal forebrain cholinergic degeneration.
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F IGURE 6 Choline production in brain cortex homogenates from control rats. (a) Line graphs of lipid production (LPCs) or degradation
(sphingomyelins; SM) or ceramide (Cer) in rat brain cortex homogenates over time (n = 8, each time). (b) Changes in levels of cortical lipids and
choline after 2 h of incubation. Data shown are individual values with means ± SEM; n = 6. *P < 0.05, significantly different as indicated; Mann–
Whitney test. (c) Correlation matrix between the LPCs, sphingomyelins and choline, showing rs values of Spearman's correlations, n = 6. Note
that choline and Cer/HexCer showed strong positive correlation. (d) Linear regression shows significant correlations between Cer/HexCer and
choline levels at time 0 and 120 min (Spearman's rank correlation coefficient rs and P < 0.05). (e) Degradation of sphingomyelins. Degradation of
sphingomyelins generates ceramide and phospho-choline. Glycosylation of ceramide generates HexCer and dephosphorylation of phospho-

choline generates choline. Note that the same sphingomyelins and LPCs, whose levels are modulated by WIN55,212-2 in the cortex of lesioned
rats, changed after incubation over time.
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